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Incidence of Arthritis in Indigenous North American People
Large prospective observational studies of 
rheumatoid arthritis (RA) onset in largely 
white North American populations have 
suggested an age-adjusted incidence rate 

of 26.7 cases/100,000 
person-years. In this 
issue, Tanner et al  

(p. 1494) report on arthritis rates in indig-
enous North Americans from Alaska and 
Manitoba, Canada. The authors found that 
a large proportion of autoantibody-posi-
tive indigenous North Americans do not 
develop inflammatory arthritis but instead 
revert to an autoantibody-negative state. The 

reversion is particularly noteworthy since 
the study involved a cohort of at-risk rela-
tives of individuals with RA, a group that is 
known to have a high incidence of inflam-
matory arthritis.

Eighteen of 374 relatives developed 
inflammatory arthritis during the follow-
up, which reflects a transition rate of 9.2 
cases/1,000 person-years. Although 30% 
of those who developed inflammatory 
arthritis were seronegative at baseline, all 
were seropositive at the onset of inflamma-
tory arthritis. Moreover, while 30% of anti–
citrullinated protein antibodies (ACPAs)/

rheumatoid factor (RF) double-seroposi-
tive individuals developed inflammatory 
arthritis, the majority did not. 

When the investigators performed multi-
state modeling, they found a 71% and 68% 
likelihood of ACPA and RF seropositive 
state, respectively, reverting to a seronega-
tive states after five years. More than one-
third (39%) of patients who were ACPA/RF 
double seropositive became seronegative 
after 5 years. Those individuals who did go on 
to develop inflammatory arthritis experienced 
an expansion of their ACPA repertoire prior 
to the development of inflammatory arthritis. 

Systemic sclerosis (SSc) is a heterogeneous connective tissue 
disease that is typically subdivided based upon the extent of 
skin involvement into diffuse cutaneous SSc (dcSSc) and limited 
cutaneous SSc (lcSSc). However, this subclassification may not 

capture the entire variability of clinical 
phenotypes. Using prospective data from the 
European Scleroderma Trials and Research 

database, Sobanski et al (p. 1553) report the results of their 
cluster analysis study that aimed to distinguish homogeneous 
groups from a large population of 6,927 SSc patients (from 120 
centers). The authors sought to distinguish and characterize 
homogeneous phenotypes without any a priori assumptions, and 
to examine survival among the identified clusters. 

The clustering analyses provided a first delineation of 2 
clusters that showed moderate stability. The researchers note  
that the presence of these 2 clusters only partially reflects the 
expected dichotomy between dcSSc and lcSSc. The investigators 
next performed an analysis to characterize 6 homogeneous groups 
that differed according to their clinical features, autoantibody 
profile, and mortality.  While some of the groups resembled usual 
dcSSc or lcSSc prototypes, others exhibited unique features. For 
example, a majority of lcSSc patients had a high rate of visceral 
damage and antitopoisomerase antibodies. While prognosis  

varied among groups, the presence of organ damage markedly 
affected survival regardless of cutaneous involvement.

The researchers conclude that the practice of restricting 
subsets of SSc patients to those based only on cutaneous 
involvement may not capture the complete heterogeneity of the 
disease, and they suggest that organ damage and antibody profile 
be taken into consideration when individuating homogeneous 
groups of patients with a distinct prognosis.

Cluster Analysis to 
Decipher Systemic 
Sclerosis Phenotypes
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Figure 1. Dendogram of the 6,927 patients with SSc included in the cluster 
analysis. The length of the vertical lines represents the degree of similarity 
among patients. Patients were divided into 2 clusters (cluster A and B) and into 
6 clusters (clusters 1–6).
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Although cardiovascular disease is significantly increased in people 
with rheumatoid arthritis (RA) when compared to the general 
population, the value of statins in the RA patient population has 
not yet been established. In this issue, Kitas et al (p. 1437) report 

on their assessment of whether atorvastatin is 
superior to placebo for the primary prevention 
of cardiovascular events (CVEs) in RA patients. 

Results show that atorvastatin 40 mg once daily is safe for patients 
with RA and is associated with significantly greater reduction of low-
density lipoprotein (LDL) cholesterol level than placebo. Moreover, 
the authors calculated a 40% adjusted CVE risk reduction associated 
with atorvastatin treatment.  This level of risk reduction is consistent 
with the Cholesterol Treatment Trialists’ Collaboration meta-analysis 
of statin effects in other populations.

The Trial of Atorvastatin for the Primary Prevention of 
Cardiovascular Events in Patients with RA (TRACE RA) was designed 
to assess whether RA patients (n = 3,002) who were not already 
receiving statin therapy would benefit from atorvastatin for the 
primary prevention of CVEs. Patients in the trial were randomized 
without consideration of baseline variables and, therefore, current 
smoking and nonsteroidal antiinflammatory drugs/cyclooxygenase 2 

inhibitor usage was unexpectedly higher in the atorvastatin group. 
The investigators followed patients for a median of 2.51 years, then 
terminated the study early due to a lower than expected event rate. 

Of the 1,504 patients who received atorvastatin, 1.6% experienced 
a primary end point compared with 2.4% in the placebo group. At 
the end of the trial, patients receiving atorvastatin had a mean ± 
SD LDL cholesterol level of 0.77 ± 0.04 mmoles/liter lower than 
those receiving placebo. Patients in the atorvastatin group also had 
lower levels of C-reactive protein than the placebo group. CVE risk 
reduction per mmoles/liter reduction in LDL cholesterol was 42%. 
The rates of adverse events were similar between the two groups.

Atorvastatin for the 
Primary Prevention 
of Cardiovascular 
Events in Patients With 
Rheumatoid Arthritis

p.  1437

Risk Factors for Major Adverse Cardiovascular Events in 
Patients Treated With Tofacitinib
Tofacitinib is an oral JAK inhibitor used 
for the treatment of rheumatoid arthritis 
(RA). In this issue, Charles-Schoeman et al  
(p. 1450) report the results of their evalua-

tion of the risk of major 
adverse cardiovascular 
events (MACE) in 

patients with RA receiving tofacitinib. A 
post hoc analysis was performed of data 
from phase III and long-term extension 
studies of tofacitinib in patients with RA. 
The findings revealed that 24 weeks of 
tofacitinib treatment increased high-density 
lipoprotein (HDL) cholesterol but not low-
density lipoprotein (LDL) cholesterol or 
total cholesterol. Moreover, treatment with 

tofacitinib appeared to be associated with 
lower future MACE risk.

Fifty-two MACE were documented in 
4,076 patients over 12,873 patient-years of 
exposure. When the investigators performed 
univariable analyses of baseline variables, 
they found that traditional cardiovascular 
risk factors such as older age, higher body 
mass index, abnormal blood pressure, and 
a history of either hypertension or diabetes 
mellitus were associated with MACE risk, 
as were elevated baseline triglyceride and 
apolipoprotein B levels and glucocorti-
coid and statin use. In contrast, disease 
activity and inflammation measures were 
not associated with MACE risk. Subsequent 

multivariable analyses revealed that base-
line age, hypertension, and the total to HDL 
cholesterol ratio remained significantly 
associated with risk of MACE.

Treatment with tofacitinib resulted in an 
increase in HDL cholesterol and a decrease 
in the ratio of total to HDL cholesterol as 
well as decreased MACE risk. In contrast, 
changes in total cholesterol, LDL choles-
terol, and disease activity measures were 
not associated with decreased MACE risk. 
Increased erythrocyte sedimentation rates 
trended with increased future MACE risk. 
The authors conclude with a call for further 
investigation to better determine the cardio-
vascular safety of tofacitinib.

p.  1450

Figure 1. Cumulative incidence of first CVE for patients in the atorvastatin 
and placebo groups. HR = hazard ratio; 95% CI = 95% confidence interval.
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Clinical Connections

SUMMARY  
Immune checkpoints are vital regulatory pathways that maintain the homeostasis and tolerance of the immune 
system. Programmed death 1 (PD-1) is a major inhibitory receptor expressed by activated lymphocytes, 
engaging PD ligand 1 (PD-L1) or PD-L2, and is effectively targeted by cancer immunotherapy. In systemic lupus 
erythematosus (SLE), PD-1 expression is increased at baseline in naive and switched memory B cells as well 
as in CD3+ T cells. Notably, the up-regulation of PD-L1 is significantly diminished in SLE B cells upon key B cell 
stimulation conditions, such as CpG stimulation alone or in combination with anti–B cell receptor (anti-BCR) and 
CD40L. This finding correlated inversely with type I interferon (IFN) signature as well as lupus disease activity. 
The data from the study by Stefanski et al support the idea that post-activated hyporesponsive SLE B cells are 
marked by significantly enhanced PD-1 expression at baseline but show a functionally reduced PD-L1 response 
upon stimulation. Thus, diminished PD-L1 appears to reflect an impaired immune regulatory function by SLE B 
cells in suppressing activated T cells under the condition of lupus-related type I IFN inflammation.

Enhanced Programmed Death 1 and Diminished 
Programmed Death Ligand 1 Up-Regulation 
Capacity of Post-Activated Lupus B Cells
Stefanski et al, Arthritis Rheumatol 2019;71:1539–1544

CORRESPONDENCE 
Thomas Dörner, MD:  Thomas.Doerner@charite.de

KEY POINTS  

•  SLE-naive and switched memory 
B cells are phenotypically 
characterized by higher PD-1 
expression. 

•  Functionally, the ligand PD-L1, 
but not PD-L2, shows diminished 
up-regulation on B cells upon 
stimulation with anti-BCR, CpG, 
and CD40L.

•  Diminished PD-L1 up-regulation 
capacity in SLE B cells is inversely 
correlated with type I IFN and 
lupus activity. 
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Clinical Connections

SUMMARY  
Sexual dimorphism in murine models of autoimmune disease, including inflammatory arthritis, has received little 
attention to date, which is surprising given the strikingly increased prevalence of autoimmunity in females. The paucity 
of appropriate preclinical models greatly limits our understanding of the mechanisms that promote sexually dimorphic 
phenotypes and, most importantly, impedes efforts to develop targeted therapeutics that may differ between males 
and females. A great deal of attention is now focused on extraarticular manifestations that accompany immune-
mediated arthropathies, particularly cardiovascular disease, due to the negative impact on overall function and 
mortality. Moreover, there is growing evidence that heart and lung complications pose greater threats to females. 
The 3647 strain of the tumor necrosis factor–transgenic (TNF-Tg) mouse model of arthritis harbors a single copy 
of the human TNF gene and develops chronic destructive arthritis in a manner that parallels human rheumatoid 
arthritis. Female mice demonstrate an earlier onset of arthritis and also die at a much younger age than males from 
complications that stem from cardiopulmonary disease. In this study, Bell et al demonstrate that female mice with 
the TNF transgene die prematurely from right ventricular hypertrophy (RVH) secondary to pulmonary vascular 
occlusion and inflammatory lung disease (ILD).

Selective Sexual Dimorphisms in Musculoskeletal 
and Cardiopulmonary Pathologic Manifestations 
and Mortality Incidence in the Tumor Necrosis 
Factor–Transgenic Mouse Model of RA  
Bell et al, Arthritis Rheumatol 2019;71:1512–1523

CORRESPONDENCE 
Homaira Rahimi, MD:  Homaira_Rahimi@URMC.Rochester.edu

KEY POINTS  

•  Inflammation of the joints begins 
earlier in female TNF-Tg mice 
compared to male TNF-Tg mice, 
despite similar circulating TNF 
cytokine levels.

•  Compared to male mice, female 
mice die earlier due to the 
development of ILD, thickening  
of the small pulmonary vessels, 
and subsequent right-sided  
heart failure. 

•  TNF-Tg mice have an increased 
frequency of a dendritic cell 
subpopulation in their lungs. 
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E D I T O R I A L

Lipids and Cardiovascular Risk Through the Lens of 
Rheumatoid Arthritis
Katherine P. Liao1  and Daniel H. Solomon2

TR is a 61- year- old woman who has had seropositive rheu-
matoid arthritis (RA) for 11 years and no history of cardiovascular 
disease (CVD). She takes methotrexate and sulfasalazine and has 
low RA disease activity. Her total cholesterol level is 209 mg/dl, 
her low- density lipoprotein (LDL) cholesterol level is 124 mg/dl, her 
high- density lipoprotein cholesterol level is 62 mg/dl, and her tri-
glyceride level is 111 mg/dl. Her C- reactive protein (CRP) level is 5 
mg/liter. She is a former smoker but has no history of hypertension 
or diabetes mellitus (DM). Using the 2013 Atherosclerotic Cardio-
vascular Disease (ASCVD) Risk Estimator (1), her 10- year risk for 
ASCVD is 3.1%, lower than the threshold for recommended statin 
initiation.

TR’s case highlights a classic predicament when considering 
CV risk management in RA. She does not have a clear indication 
for a statin. However, we know that her risk can be 2- fold higher 
than estimated by a general population CV risk score, such as 
the Framingham Risk Score (2,3). Furthermore, based on a recent 
report from the American College of Cardiology and the American 
Heart Association (4), she has 2 “risk- enhancing” factors, RA and 
a CRP level of ≥2 mg/dl. Assuming, for the sake of argument, that 
her risk is 2- fold higher, her 10- year ASCVD risk is now estimated 
at 6.2%. She now falls into the “borderline risk” category where a 
discussion regarding moderate- intensity statins should be con-
sidered given her risk- enhancing factors. The question at hand 
is whether TR would benefit from statins for reduction of CV risk.

TR is in fact not a real patient but represents the “average” 
RA patient in the Trial of Atorvastatin for the Primary Prevention of 
Cardiovascular Events in Patients with RA (TRACE RA). TRACE 
RA, presented by Kitas and colleagues in this issue of Arthritis & 
Rheumatology (5), addresses the question raised by the profile 
of patients such as TR—is statin therapy beneficial in the primary 
prevention of CVD among RA patients who do not have an indica-
tion for statins using population- based CV risk scores? In TRACE 
RA, a multicenter, randomized, double- blind, placebo- controlled 

trial in 102 centers in the UK, patients were randomized to receive 
atorvastatin 40 mg daily or placebo. The inclusion criteria were ful-
fillment of the American College of Rheumatology 1987 criteria for 
RA and age >50 years or an RA disease duration of >10 years. All 
patients received stable RA therapy for at least 3 months prior to 
inclusion in the study and could not be taking a statin or have an 
indication for statin therapy, e.g., CVD or DM. These broad inclu-
sion criteria allowed the investigators to test the potential benefits 
of atorvastatin in a typical RA population.

After enrolling 3,002 RA patients, TRACE RA was prematurely 
terminated due to lower- than- anticipated CV event (CVE) rates. 
Patients enrolled in the study were followed up for a median of 2.5 
years rather than the planned 5 years. Analyzing the data availa-
ble, the investigators observed a hazard ratio of 0.66 (95% confi-
dence interval [95% CI] 0.39, 1.11) for the primary composite end 
point of CV death, myocardial infarction, stroke, transient ischemic 
attack, or any arterial revascularization. Patients receiving atorvas-
tatin 40 mg had on average a 29.8 mg/dl lower LDL cholesterol 
level than patients receiving placebo. The risk reduction associ-
ated per mmole/liter of LDL cholesterol was 42% (95% CI −14%, 
70%) (1 mmole/liter is equivalent to 38.7 mg/dl LDL cholesterol), 
consistent with the results of statin studies in non- RA populations 
(6). The adverse event rate was similar between the statin and pla-
cebo arms.

Despite the fact that the findings were not statistically signif-
icant, TRACE RA provides information about patients similar to 
TR. First, if one decides to initiate a statin for a patient like TR, 
statin use does not appear to be associated with increased side 
effects for patients receiving typical RA treatments. However, while 
the TRACE RA results are suggestive, the trial was not conclusive 
regarding whether statin therapy (e.g., atorvastatin 40 mg daily) 
is beneficial for the primary prevention of CVD. Reasons for this 
uncertainty likely include insufficient CVEs, as well as noncom-
pliance of the patients randomized to receive atorvastatin—only 
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62% of the patients in the atorvastatin arm were still taking the 
drug after 2 years. The investigators appropriately performed an 
intent- to- treat analysis, but this may have diluted the potential 
benefits of atorvastatin because of substantial noncompliance.

We laud the investigators of TRACE RA, as this is the first trial 
in RA that was designed to study hard CVD end points. While we 
believe the broad inclusion criteria for TRACE RA were appropri-
ate, the results suggest that we need better methods for identify-
ing the appropriate patient population in RA to target for CV risk 
reduction strategies.

The study by Giles and colleagues, which also appears else-
where in this issue of Arthritis & Rheumatology (7), may inform 
the targeting of patients with RA at high risk of CVEs. Their multi-
center study examined the association between LDL cholesterol 
and coronary artery calcium (CAC) scores. CAC scores are asso-
ciated with an increased risk of coronary heart disease (8) and are 
being considered as a modality to provide more clarity with regard 
to CV risk among patients who fall into the category of individuals 
who should probably be started on statins; these individuals are 
categorized as “intermediate risk,” and have a10- year risk for a 
CVE ranging from 7.5 to 20%.

Giles et al studied the association between LDL cholesterol 
and CAC scores using patients from multiple cohorts, and then 
compared this relationship to that in non- RA patients in the Multi- 
Ethnic Study of Atherosclerosis (MESA) (8). Their analyses showed 
that overall CAC scores were higher in RA patients across all levels 
of LDL cholesterol compared to MESA participants, confirming 
the known elevated CV risk in RA compared to non- RA popula-
tions. Additionally, RA patients with LDL cholesterol concentration 
<70 mg/dl had adjusted CAC scores similar to those for patients 
with the highest lipid levels, LDL cholesterol level >160 mg/dl. 
Moreover, the relationship between LDL cholesterol level and 
CAC score appeared to differ across patient subgroups. Giles and 
colleagues’ findings support the previously proposed notion that 
low LDL cholesterol levels in RA patients not taking lipid- lowering 
therapy may be a red flag for elevated CV risk rather than reassur-
ing (9,10). This unexpected relationship has been termed the lipid 
paradox—lower LDL cholesterol levels are associated with higher 
CV risk in RA patients (9), with subsequent studies demonstrating 
that lower lipid levels are inversely associated with higher levels of 
inflammation (11,12).

The studies by Kitas et al (5) and by Giles et al (7) both high-
light the need to identify RA- specific variables as a screening tool 
to assess CV risk. Investigators working on future CV prevention 
studies in RA might even consider selecting for patients with an 
LDL cholesterol level of <70 mg/dl who are not taking lipid- lowering 
therapy; although this approach may sound counterintuitive, it 
likely selects for a high- risk subgroup of RA patients. RA- specific 
risk scores exist and, if they are found to be valid across popula-
tions, they could also be considered for use in targeting patients 
at high CV risk (13,14). Low LDL cholesterol could be considered 
in future versions of the risk scores. If the risk scores use routinely 

available clinical information (versus specialized imaging), then 
they might have clinical value beyond targeting patients for trials. 
The two studies published in this issue of Arthritis & Rheumatology 
help fill the evidence base for managing CV risk in RA for research 
and ultimately in the clinic, and likely provide guidance for consid-
ering CV risk across other rheumatic diseases.
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E D I T O R I A L

New Relationships for Old Autoantibodies in Rheumatoid 
Arthritis
Miriam A. Shelef

In rheumatoid arthritis, there are 2 dominant categories of 
autoantibodies: anti–citrullinated protein antibodies (ACPAs) and 
rheumatoid factor (RF). ACPAs target many different citrullinated 
proteins and underlie diagnostic anti–cyclic citrullinated peptide 
antibody (anti- CCP) tests. RF, which is also used diagnostically, 
is an antibody of any isotype that binds to the Fc portion of IgG. 
Patients with rheumatoid arthritis also produce autoantibodies 
that bind to homocitrullinated (1), malondialdehyde- acetaldehyde–
adducted (2), and acetylated proteins (3), suggesting a propensity 
to generate antibodies against posttranslationally modified proteins 
in general. However, the reason that individuals with rheumatoid 
arthritis generate autoantibodies targeting a variety of posttransla-
tionally modified proteins as well as RF remains a mystery. More-
over, despite their distinct reactivities, ACPAs and RF often coexist 
in rheumatoid arthritis patients, suggesting a common thread to 
their development or an interaction between their developmental 
pathways.

Not only do RF and ACPAs often coexist, they also are 
associated with similar genetic and environmental risk factors. 
For example, smoking and the shared epitope, a 5–amino acid 
sequence motif present in some major histocompatibility complex 
(MHC) class II molecules, have been strongly linked to ACPAs and 
RF  (4–6). Interestingly, the link between smoking and ACPAs is 
primarily present in rheumatoid arthritis patients with the shared 
epitope (7). MHC class II molecules with the shared epitope 
bind citrullinated peptides more efficiently than native peptides 
(8), thereby providing a mechanistic rationale for the correlation 
between ACPAs and the shared epitope. In contrast, smoking can 
induce RF in mice (9), which do not have the shared epitope. Thus, 
although smoking and the shared epitope are correlated with the 
presence of RF and ACPAs, there have been hints that these risk 
factors may promote RF and ACPAs independently. Teasing apart 
the factors that uniquely drive ACPAs or RF has been challenging, 
due to their common coexistence, a frequently used study design 

that does not evaluate ACPAs or RF separately, and the fact that 
studies of RF were performed prior to the discovery of ACPAs.

In this issue of Arthritis & Rheumatology, Hedström and 
colleagues carefully dissect the links between smoking and 
the shared epitope to RF and ACPAs by analyzing 4 subsets 
of rheumatoid arthritis: CCP−RF−, CCP+RF−, CCP−RF+, and 
CCP+RF+ disease (10). They demonstrate that nonsmokers with 
the shared epitope have no significant increased risk of develop-
ing CCP−RF+ rheumatoid arthritis but do have an increased risk 
of developing CCP+RF− rheumatoid arthritis. In contrast, smok-
ers without the shared epitope have an increased risk of CCP−
RF+ rheumatoid arthritis, but not CCP+RF− rheumatoid arthritis. 
However, a connection between smoking and the shared epitope 
appears to exist, since smoking in homozygotes for the shared 
epitope is associated with increased risk of CCP+RF− disease. 
Furthermore, there is a much greater risk of developing CCP+RF+ 
rheumatoid arthritis in smokers with the shared epitope than in 
individuals with either risk factor alone.

Taken together, these data suggest that smoking may pri-
marily drive the development of RF, and the shared epitope may 
be the dominant driver of ACPAs. This conclusion shifts our view 
of rheumatoid arthritis pathogenesis from multiple risk factors trig-
gering autoantibodies to individual risk factors differentially induc-
ing distinct autoantibodies. However, the story is more complex 
given the coexistence of RF and ACPAs and the additional risk 
of ACPA development conferred by smoking in shared epitope–
homozygous individuals. Thus, a connection appears to exist 
between the smoking–RF and shared epitope–ACPA pathways, 
although we are left uncertain as to what this connection may be.

The authors hypothesized that these 2 pathways converge 
to accelerate the development of both ACPAs and RF. In a con-
vergent pathways model (Figure  1A), 1 of the 2 pathways that 
converge is initiated by smoking, inducing IgM- RF (IgM that binds 
the Fc portion of IgG) in a T cell–independent manner, similar 
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to the observed rise in the levels of IgM- RF in smokers without 
 rheumatoid arthritis (11). Consistent with this T cell–independent 
mechanism, RF+ B cells tend to have nonswitched Ig isotypes 
and low somatic hypermutation rates in rheumatoid arthritis (12).

In the second of the 2 pathways that converge, shared 
epitope–carrying individuals generate ACPAs, typically with class- 
switched isotypes and extensive somatic hypermutation (12), 
suggesting a T cell–, and thus MHC class II–, dependent process. 
The enhanced binding of shared epitope–containing MHC class 
II molecules to citrulline- containing peptides likely contributes 
to this pathology (8). Convergence of the 2 pathways in shared 
epitope–carrying smokers occurs via binding, internalizing, and 
processing of ACPA immune complexes by RF+ B cells, followed 
by presentation of citrullinated peptides to T cells via the B cell’s 
shared epitope–containing MHC class II molecules. An analogous 

process has been reported with RF+ B cells that are able to stim-
ulate tetanus toxoid–reactive T cells in the presence of tetanus 
toxoid immune complexes (13). In this manner, RF+ B cells could 
enlarge the pool of citrulline- reactive T cells, enhancing ACPA 
production. Additionally, levels of RF, primarily IgM- RF, rise with 
secondary exposure to an antigen in healthy individuals, possibly 
due to the activation of RF+ B cells by binding immune complexes 
(14). In this manner, recurrent exposure to citrullinated proteins, 
potentially in ACPA immune complexes, could enhance the devel-
opment of RF. Thus, the smoking–RF and shared epitope–ACPA 
pathways could converge to enhance each other’s production.

As with most models, a convergent pathways model alone 
does not explain all of the observations. For example, how does 
smoking enhance the development of CCP+RF− disease in 
shared epitope–carrying individuals, since RF is not present? One 

Figure 1. Two models depicting interactions between the shared epitope (SE), smoking, anti–citrullinated protein antibodies (ACPAs), and 
rheumatoid factor (RF). A, In the convergent pathways model, 1 of 2 converging pathways consists of antigen- presenting cells (APCs) presenting 
citrullinated peptides (green) on SE- containing major histocompatibility complex (MHC) class II molecules to activate T cells. Those T cells then 
provide help to citrulline- reactive B cells to generate ACPAs of the IgG isotype. In the second of 2 converging pathways, smoking drives IgM- 
RF–producing B cells. These pathways converge with RF+ B cells binding ACPA immune complexes to present citrullinated antigen via MHC 
class II to activate more citrulline- reactive T cells. Those T cells activate more citrulline- reactive B cells, leading to more ACPAs. Additionally, 
activated citrulline- reactive T cells can provide help to IgM- RF–producing B cells that bind ACPA immune complexes to generate IgG- RF. B, In 
the common antigen model, citrullinated IgG (green) is bound by IgM- RF–producing B cells, which then present citrullinated IgG peptides via 
SE- containing MHC class II to citrulline- reactive T cells. Those T cells then provide help to citrullinated IgG–binding B cells, leading to IgG that 
targets citrullinated IgG and could be called both an ACPA and an RF.
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possibility is that RF was elevated only during the preclinical phase 
of disease, contributed to ACPA development, and later fell below 
the levels of detection. Alternatively, since increased citrullination is 
seen in the lungs of smokers (15,16), perhaps smoking expands 
the amount and variety of citrullinated antigens presented by 
shared epitope–containing MHC class II molecules, leading to 
increased production of ACPAs. In this manner, smoking could 
drive RF through T cell–independent mechanisms, and ACPAs 
through T cell–dependent mechanisms.

Additional explanations for the coexistence of ACPAs 
and RF in rheumatoid arthritis could also be considered. Dis-
tinguishing between IgM- RF and IgG- RF would be helpful in 
this endeavor. Smoking induces IgM- RF, not IgG- RF, in healthy 
individuals (11). In contrast, IgG- RF is relatively common in indi-
viduals with rheumatoid arthritis (17). Furthermore, although 
RF+ B cells in rheumatoid arthritis have relatively low rates of 
somatic hypermutation (12), RF in rheumatoid arthritis patients 
displays increased affinity maturation compared to RF in immu-
nized healthy controls (18). Thus, IgG- RF in rheumatoid arthritis 
appears to require a break in tolerance and T cell help. However, 
unlike in the B cell compartment, there is normally tolerance in 
the T cell compartment against IgG (19). Therefore, questions 
still remain as to how and why tolerance against both citrullinated 
proteins and IgG is broken in rheumatoid arthritis to generate 
both ACPAs and IgG- RF.

One possible mechanism for the development of IgG- RF in 
CCP+RF+ rheumatoid arthritis fits nicely with the convergent path-
ways model (Figure 1A). Smoking- induced IgM- RF+ B cells bind 
ACPA immune complexes and display citrullinated peptides from 
those immune complexes via shared epitope–containing MHC 
class II molecules. Citrulline- reactive T cells then provide help to RF+ 
B cells via an immune synapse containing the T cell receptor bound 
to a citrullinated peptide that is presented by the B cell’s MHC class 
II molecule. In this manner, a citrulline- reactive T cell would provide 
help to an IgG- reactive B cell, leading to an affinity- matured, class- 
switched IgG- RF. A similar epitope mismatch is seen in systemic 
lupus erythematosus, with histone- reactive T cells providing help to 
DNA- reactive B cells to generate anti- DNA IgG (20).

Alternatively, an explanation for the break in tolerance against 
IgG as well as the coexistence of RF and ACPAs could lie in the 
notion of citrullinated IgG acting as a common antigen for some 
ACPAs and some RF (21,22). In a common antigen model (Fig-
ure 1B), smoking drives IgM- RF in the same manner as described 
above. IgM- RF–producing B cells bind citrullinated IgG and then 
present citrullinated IgG peptides via their shared epitope–con-
taining MHC class II molecules to activate citrulline- reactive T 
cells, the same break in tolerance that drives ACPAs in general. 
Activated T cells that recognize citrullinated IgG peptides then 
provide help to RF+ B cells that bind citrullinated IgG, thereby 
stimulating affinity maturation and class- switch recombination to 
generate IgG with high affinity for citrullinated IgG. Such antibodies 
could be classified as both ACPAs and RF, providing a missing 

link between these 2 autoantibody subsets as well as additional 
rationale for their common coexistence.

Taking this model further, autoantibodies against citrullinated 
IgG could trigger the development of the entire ACPA repertoire, 
due to epitope spreading and the extensive cross- reactivity and 
general citrulline reactivity of ACPAs (23,24). In this scenario, cit-
rullinated IgG would be “antigen zero” of ACPA development. 
However, additional versions of a common antigen model are also 
possible. For example, an ACPA could develop independently 
of citrullinated IgG, and yet still bind citrullinated IgG in a cross- 
reactive manner. This mechanism would create an autoantibody 
that is both an ACPA and an RF, but would not rely on citrullinated 
IgG as “antigen zero.” Of note, it is unlikely that all ACPAs react 
with IgG, given the presence of CCP+RF− disease.

The simplicity of a common antigen model is appealing, but it 
likely complements the convergent pathways model, as opposed 
to replacing it. These 2 models could coexist as well as inter-
sect with the binding of classic ACPA immune complexes, IgG  
anticitrullinated IgG complexes, or classic ACPA immune com-
plexes bound by RF (targeting native or citrullinated IgG) by B cells 
that can bind, process, and present citrullinated antigen, native 
IgG, or citrullinated IgG to activate T cells reactive to any of those 
antigens. Moreover, while the convergent pathways and common 
antigen models provide rationale for the coexistence of ACPAs 
and RF, their roles in CCP+RF− and CCP−RF+ disease, which 
may be driven preferentially by the shared epitope and smoking, 
respectively, likely would be minimal. Finally, neither model incor-
porates the emerging role of the microbiome and mucosal inflam-
mation in rheumatoid arthritis, despite reported connections with 
smoking, the shared epitope, RF, and ACPAs. For example, per-
iodontitis and its associated microbes have links to smoking, the 
shared epitope, citrullinated proteins targeted by ACPAs, auto-
antibodies against native antigens, RF, and rheumatoid arthritis 
(25–28). Eventually, comprehensive models will need to account 
for all of the factors linked to rheumatoid arthritis.

So, how do we get closer to finding a more definitive answer 
as to why 2 different autoantibody subsets exist in rheumatoid 
arthritis, and what drives their development? One direction of 
investigation should determine whether autoantibodies that spe-
cifically target citrullinated IgG exist, and if the targeting of IgG by 
RF is different in CCP+ rheumatoid arthritis, CCP− rheumatoid 
arthritis, and other diseases with RF. Correlates to these studies 
would include determining the conditions involved with the citrulli-
nation of IgG. Is IgG always citrullinated, functionally regulated by 
citrullination like other posttranslational modifications of IgG, cit-
rullinated during antigen processing, pathologically citrullinated by 
smoking, and/or modified in other ways that trigger autoantibody 
reactivity? Additionally, a determination of which RF isotypes are 
present in CCP+RF+ and CCP−RF+ disease, and if those different 
isotypes are associated with smoking and/or the shared epitope, 
would be informative. Finally, further studies are needed to clarify 
the intersection of the microbiome and mucosal inflammation with 
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ACPAs and RF. Thus, the study by Hedström and colleagues (10) 
brings us one step closer to understanding the pathophysiology 
of rheumatoid arthritis and opens the door for many more exciting 
discoveries.
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Objective. To develop new classification criteria for systemic lupus erythematosus (SLE) jointly supported by the 
European League Against Rheumatism (EULAR) and the American College of Rheumatology (ACR).

Methods. This international initiative had four phases. 1) Evaluation of antinuclear antibody (ANA) as an entry cri-
terion through systematic review and meta- regression of the literature and criteria generation through an international 
Delphi exercise, an early patient cohort, and a patient survey. 2) Criteria reduction by Delphi and nominal group tech-
nique exercises. 3) Criteria definition and weighting based on criterion performance and on results of a multi- criteria 
decision analysis. 4) Refinement of weights and threshold scores in a new derivation cohort of 1,001 subjects and 
validation compared with previous criteria in a new validation cohort of 1,270 subjects.

Results. The 2019 EULAR/ACR classification criteria for SLE include positive ANA at least once as obligatory en-
try criterion; followed by additive weighted criteria grouped in 7 clinical (constitutional, hematologic, neuropsychiatric, 
mucocutaneous, serosal, musculoskeletal, renal) and 3 immunologic (antiphospholipid antibodies, complement pro-
teins, SLE- specific antibodies) domains, and weighted from 2 to 10. Patients accumulating ≥10 points are classified. 
In the validation cohort, the new criteria had a sensitivity of 96.1% and specificity of 93.4%, compared with 82.8% 
sensitivity and 93.4% specificity of the ACR 1997 and 96.7% sensitivity and 83.7% specificity of the Systemic Lupus 
International Collaborating Clinics 2012 criteria.

This criteria set has been approved by the European League Against Rheumatism (EULAR) Executive Com-
mittee and the American College of Rheumatology (ACR) Board of Directors. This signifies that the criteria 
set has been quantitatively validated using patient data, and it has undergone validation based on an 
independent data set. All EULAR/ACR-approved criteria sets are expected to undergo intermittent updates.

The ACR is an independent, professional, medical and scientific society that does not guarantee, warrant, or 
endorse any  commercial product or service.
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Conclusion. These new classification criteria were developed using rigorous methodology with multidisciplinary 
and international input, and have excellent sensitivity and specificity. Use of ANA entry criterion, hierarchically clus-
tered, and weighted criteria reflects current thinking about SLE and provides an improved foundation for SLE research.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a complex autoim-
mune disease with variable clinical features (1,2). SLE manifesta-
tions are associated with multiple autoantibodies, ensuing immune 
complex formation and deposition, and other immune processes 
(2,3). This complex clinical presentation and pathogenesis makes 
SLE a difficult disease to grasp and define. Classification crite-
ria are essential for the identification of relatively homogeneous 
groups of patients for inclusion in research studies and trials (4,5). 
The 1982 revised American College of Rheumatology (ACR) SLE 
classification criteria (6) and their 1997 revision (7) have been used 
worldwide. Since then, our understanding of the disease has 
advanced. Additional specific skin manifestations were described, 

some clinical symptoms were better understood, and immuno-
logic tests, such as diminished levels of serum complement com-
ponents C3 and C4 or testing for anti–β2- glycoprotein I antibodies, 
entered routine clinical practice. Better understanding of organ 
system involvement, such as mucocutaneous abnormalities, led 
to questions about whether some of the independently counted 
criteria were in fact manifestations of the same phenomenon (8).

The 2012 Systemic Lupus International Collaborating Clin-
ics (SLICC) classification criteria addressed many of these issues 
(9). Mucocutaneous and neuropsychiatric manifestations were 
added, as were hypocomplementemia and new antiphospholipid 
antibody tests; and criteria definitions were refined. The SLICC 
criteria emphasized that SLE is primarily an autoantibody  disease, 
requiring at least one immunologic criterion to be present, and 
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open?id=1Ck_aksrVF9HhuHvI9k9komaKgjPmsuyK.
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categorized histology- proven nephritis compatible with SLE as 
sufficient for classification, if antinuclear antibodies (ANAs) or anti-
bodies to double- stranded DNA (dsDNA) were present. While 
achieving their goal of increasing sensitivity, the SLICC criteria 
have lower specificity than the 1997 ACR criteria (9,10).

Existing SLE classification criteria perform better in patients 
with longstanding disease than in new- onset SLE (11), and there 
is an increasing recognition and demand that subjects with early 
SLE should be included in clinical studies and trials. We there-
fore attempted to enrich our sample populations for early SLE in 
 several phases of the project.

In parallel with improved understanding of SLE, the field 
of classification criteria development has also seen advances  
(4,12–14). In order to minimize investigator bias, it is now recom-
mended that the cohorts in which the criteria are tested are from 
independent centers (4). Other methodologic recommendations 
include a balanced use of both expert- based and data- driven meth-
ods, and inclusion of the patient perspective (13,14). The approach 
chosen for these 2019 European League Against Rheumatism 
(EULAR)/ACR SLE classification criteria was specifically designed 
to maintain this balance and to uphold rigorous methodology.

METHODS

Methodologic overview. Using a methodologic approach 
based on measurement science the criteria were developed in 
four phases (10): 1) criteria generation, 2) criteria reduction, 3)  
criteria definition and weighting, and 4) refinement and validation 

(Figure  1). The whole initiative was overseen by a 12- member 
steering committee (MA, KHC, DID, MM, RR- G, JSS, DW, DTB, 
DLK, DJ, TD, and SRJ) nominated by EULAR and the ACR in 
equal numbers, based on SLE and/or methodologic experience 
and previous involvement in international projects.

The current project, jointly supported by the EULAR and the 
ACR, was originally based on two key concepts. One, we hypoth-
esized that the presence of ANA would be better employed as 
an entry criterion than as a classification criterion (10). Such an 
approach was thought to reflect underlying SLE pathogenesis, and 
take into account ANA test characteristics of high sensitivity and 
limited specificity. Two, we expected individual criteria would not be 
of equal utility (weight) for the classification of SLE (15), for exam-
ple, mucosal ulcers versus biopsy- proven lupus nephritis. Accord-
ingly, the validity of using positive ANA as an entry criterion was 
explicitly addressed in phase I of the current activity (16). Likewise, 
methodologic strategies to develop weighted criteria were used.

Phase I: Criteria generation. The purpose of phase I 
was to test ANA as a potential entry criterion and identify can-
didate criteria that should be considered for SLE classification 
using both data- based and expert- based methods, including 
the patient perspective. Phase Ia comprised a systematic liter-
ature review of Medline, Embase, and the Cochrane databases 
with meta- regression to evaluate the operating characteristics of 
ANA testing for consideration as an entry criterion (16). Phase Ib 
 consisted of a Delphi exercise of international SLE experts from 
the Americas, Europe, and Asia (17). These experts included 

Figure 1. Development and validation of systemic lupus erythematosus (SLE) classification criteria. ANA = antinuclear antibody.
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rheumatologists, dermatologists, nephrologists, pediatricians, 
and non- clinical SLE researchers, providing a broad perspective. 
The Delphi participants were asked to nominate a broad set of 
items potentially useful in the classification of SLE (17). In rounds 
2 and 3, participants rated the items from 1 (not at all appro-
priate) to 9 (completely appropriate) for classification of SLE. 
Criteria were retained if they reached a median rating of ≥6.5; 
that is, at least 50% of the ratings in the high range (7, 8, or 9). 
Participants were also asked about the importance of ANA and 
histopathology for classification of SLE. Phase Ic established 
an international cohort of patients with early SLE or conditions 
mimicking SLE to identify criteria that may discriminate subjects 
with early (less than 12 months) disease (18). Phase Id com-
prised a cross- sectional survey of SLE patients, administered 
via the quarterly journal of the German SLE patient organiza-
tion, which asked about symptoms within 1 year before and after 
the patient’s diagnosis of SLE (19). While at a risk of recall bias 
and not necessarily representative of other regions worldwide, 
this survey was done to explicitly take a patient standpoint into 
account.

For phases II and III, additional renowned European and 
North American SLE experts were nominated by the steering 
committee and invited to participate.

Phase II: Criteria reduction. Phase IIa. The objective 
of this phase was to select a set of criteria from phase I that 
maximized the likelihood of accurate classification of SLE, par-
ticularly of early disease. An independent panel of seven of the 
international SLE experts (RC, NC- C, DDG, BHH, FH, EM, and 
JS- G) ranked the candidate criteria from phase I. A consensus 
meeting of 19 international SLE experts (n = 7 nominal group 
technique [NGT] experts + steering committee + DK [modera-
tor]) using NGT was conducted to reduce the list of criteria (20). 
Data for each candidate criterion were reviewed and discussed 
until consensus was achieved. The NGT experts voted on items 
to be retained.

Phase IIb. NGT participants pointed out that some criteria 
could be correlated. With the idea of potentially clustering criter-
ia into domains, associations between candidate criteria were 
evaluated separately in two cohorts, the phase Ic early SLE and 
the Euro- lupus cohorts (21).

Phase III: Criteria definition and weighting. Phase 
IIIa. The operating characteristics of the retained candidate cri-
teria were evaluated by literature review. Candidate criteria were 
hierarchically organized into clinical and immunologic domains, 
and definitions for the candidate criteria were iteratively refined. 
SLE patient advocates participated in the review of data and the 
steering committee discussions (22).

Phase IIIb. One hundred sixty- four case vignettes reflect-
ing broad SLE clinical presentation were sampled from SLE 
centers across several countries. A panel of six of the inter-

national experts not involved in earlier phases of the project 
(BD, SJ, WJM, GR- I, MS, and MBU) and 11 members of the 
steering committee assessed and ranked a representative 
sample of the cases. Subsequently, at a face- to- face meeting, 
this panel of 17 international SLE experts iteratively compared 
pairs of criteria, using multicriteria decision analysis facilitated 
by 1000Minds software (23). The panel unanimously agreed 
to further reduce the list of criteria. Based on the results, 
provisional criteria weights were assigned and a provisional 
threshold score for classification was determined as the low-
est score at which the expert panel had achieved consensus 
on classifying a case vignette as SLE (24).

Phase IV: Refinement and validation. International 
SLE experts not involved in phase II or phase III panels were 
asked to contribute cases diagnosed as SLE and controls with 
conditions mimicking SLE sampled from patients evaluated at 
their centers. Each center was asked to contribute up to 100 
cases and an equal number of controls, preferentially sampling 
those with early disease, and regardless of their specific clin-
ical or immunologic manifestations. Pseudonymized data on 
the criteria were collected using a standardized data collection 
form. Ethics committee approval and informed consent were 
obtained as per local requirements. The status (“SLE” or not) 
of each case underwent independent adjudication by three of 
four SLE experts (GB, BFH, NL, and CT) from different centers. 
Queries were sent back to the submitting investigator for clari-
fication. Of this cohort, 501 SLE and 500 control subjects were 
randomly selected to comprise the derivation cohort, while the 
remaining 696 SLE and 574 control subjects formed the valida-
tion cohort.

Refinement. The performance of the draft criteria set was 
iteratively tested in the derivation cohort. A data- driven thresh-
old for classification was determined by receiver operating char-
acteristics (ROC) analysis and compared with the provisional 
expert- based consensus threshold. The data of SLE subjects 
below the threshold (misclassified) were reviewed for groups of 
patients with unequivocal SLE who still missed classification, and 
criteria weights adjusted slightly, while preserving the weighting 
hierarchy (details below in Results, Phase IV section). Sensitivity 
and specificity were tested against the ACR 1997 and the SLICC 
2012 criteria. In addition, ANA as an entry criterion was tested 
against not having an entry criterion. Finally, the criteria weights 
were simplified to whole numbers. Refinements to the criteria set 
were presented to the steering committee and phase III expert 
panel, and unanimously endorsed.

Validation. The sensitivity and specificity of the final criteria 
were tested in the validation cohort and compared with previous 
SLE criteria sets.

Statistical analysis. Descriptive statistics were used to sum-
marize the data. Confidence intervals (CIs) were calculated us-
ing the bias- corrected and accelerated bootstrap method (BCa 
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method) with B = 2000 bootstrap samples. The BCa method 
resamples the input data B times (with replacement) and calcu-
lates the required statistics (sensitivity, specificity, AUC). Based 
on the B bootstraps samples, the bias- correction is applied and 
the associated 95% CIs for the statistics are estimated. The BCa 
method has proven to yield very accurate coverage of estimated 
CIs (25). The number B of bootstrap resamples is recommended 
to be at least B = 1,000. We have chosen B = 2,000 and addi-
tionally checked if B = 5,000 bootstraps changed the estimated 
confidence bounds, which was not the case. Statistical analyses 
were performed using R, v.3.4.0 (The R Foundation of Statistical 
Computing).

RESULTS

Phase I: Criteria generation. Phase Ia: ANA as an 
 entry criterion. A systematic review of Medline, Embase, 
and the Cochrane database identified 13,080 patients from 
64 studies reporting ANA by immunofluorescence on HEp- 2 
cells. Meta- regression of the operating characteristics of ANA 
found a sensitivity of 97.8% (95% CI 96.8–98.5%) for ANA of 
≥1:80, supporting use of ANA as an entry criterion (16). Since 
some SLE centers do not have access to HEp- 2 ANA, and in 
view of ongoing work on the standardization of serology and 
potential future advances in the field, the steering committee 
and additional autoantibody consultants (MJF and PLM) rec-
ommended the provision “or an equivalent positive ANA test. 
Testing by immunofluorescence on HEp- 2 cells or a solid- 
phase ANA screening immunoassay with at least equivalent 
performance is highly recommended.”

Phase Ib: Delphi exercise. One hundred forty- seven inter-
national SLE experts nominated 145 candidate criteria (17). By 
rating the appropriateness for SLE classification, the participants 
in the second and third Delphi rounds reduced the list to 40 can-
didate criteria (Supplementary Table 1, on the Arthritis & Rheu-
matology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.40930/ abstract).

Phase Ic: International early SLE cohort. The cohort com-
prised 616 subjects who had been referred for possible SLE 
with a disease duration of less than 1 year (n = 389 early SLE 
and n = 227 mimicking diseases) from North America, Europe, 
Asia, and South America (18). In addition to supporting many of 
the 40 candidate criteria derived from the Delphi exercise, the 
comparison between early SLE and non- SLE patients showed 
that fever occurred more frequently (34.5% versus 13.7%;  
P < 0.001) in SLE, while SLE patients less commonly suffered 
from arthralgias (20.3% versus 42.7%; P = 0.001) and fatigue 
(28.3% versus 37%; P = 0.02).

Phase Id: Patient survey. Three hundred thirty- nine 
SLE patients (>99% Caucasian, 93% female) responded to 
the survey (19). More than half of these patients  reported 
 mucocutaneous findings in the first year of their disease (Sup-

plementary Table 1, http://onlin elibr ary.wiley.com/doi/10.1002/ 
art.40930/ abstract), but also fatigue (89%), joint pain (87%), 
and fever (54%) (19). Given that these items were highlight-
ed both in the early SLE cohort and the patient survey, fe-
ver, fatigue, and arthralgias were forwarded to the next phase 
in addition to the 40 Delphi items. Accordingly, phases Ia–Id 
resulted in a total of 43 candidate criteria for consideration 
(Supplementary Table 1).

Phase II: Criteria reduction. Phase IIa. The expert panel 
NGT exercise reduced the candidate criteria from 43 to 21 (26). 
The panel distinguished potential “entry criteria,” which would be 
required for classification, from potential “additive criteria.” They 
endorsed “positive ANA (≥1:80 by HEp- 2 immunofluorescence)” 
as an entry criterion. The 20 remaining additive criteria includ-
ed: lupus nephritis by renal biopsy, autoantibodies, cytopenias, 
fever, arthritis, serositis, mucocutaneous and neuropsychiatric 
manifestations (Supplementary Table 1).

Phase IIb. Associations between the candidate criteria were 
evaluated in 389 subjects in the early SLE cohort and the 1,000 SLE 
subjects of the Euro- lupus cohort. Modest statistically significant 
correlations were limited to the mucocutaneous  (r = 0.22–0.30), 
neurologic (r = 0.22), and immunologic (r = 0.33) domains in the 
early SLE cohort, and this modest correlation was replicated in the 
Euro- lupus cohort (21). Given these associations, criteria were clus-
tered within domains, so that only 1 criterion within each domain 
would be counted.

Phase III: Criteria definition and weighting. Phase 
IIIa. Based on the literature, definitions of the 20 candidate 
additive criteria were refined, using a data- driven evaluation of 
operating characteristics (22), retaining only feasible items with 
a prevalence of at least 1% according to literature. Literature 
review led to the consensus decision to evaluate 5 different 
candidate criteria within the neuropsychiatric domain (deliri-
um, psychosis, seizure, mononeuropathy, cranial neuropathy) 
and potential separation of acute pericarditis from pleural or 
pericardial effusions and between diminished C3 or C4 ver-
sus diminished C3 and C4. The resulting 23 candidate criteria 
(Supplementary Table 1, on the Arthritis & Rheumatology web 
site at http://onlin elibr ary.wiley.com/doi/10.1002/art.40930/ 
abstract) were organized into 7 clinical and 3 immunologic 
domains, with hierarchical clustering (22). Only the highest- 
ranking item in each domain was to be counted. Instead of 
devising exclusion definitions for each criterion, the decision 
was made to attribute any item to SLE only if no more likely ex-
planation was present. For leukopenia and joint involvement, it 
was decided to formally test alternative definitions in the der-
ivation cohort. Given the importance of testing for antibodies, 
particularly for anti- dsDNA, for which tests of relatively low 
specificity are in use, great care was taken to precisely define 

testing (Table 1).

http://onlinelibrary.wiley.com/doi/10.1002/art.40930/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40930/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40930/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40930/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40930/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40930/abstract
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Table 1. Definitions of SLE classification criteria*

Criteria Definition

Antinuclear antibodies (ANA) ANA at a titer of ≥1:80 on HEp- 2 cells or an equivalent positive test at least once. Testing by 
immunofluorescence on HEp- 2 cells or a solid- phase ANA screening immunoassay with 
at least equivalent performance is highly recommended

Fever Temperature >38.3°C
Leukopenia White blood cell count <4,000/mm³
Thrombocytopenia Platelet count <100,000/mm³
Autoimmune hemolysis Evidence of hemolysis, such as reticulocytosis, low haptoglobin, elevated indirect bilirubin, 

elevated LDH, AND positive Coombs’ (direct antiglobulin) test
Delirium Characterized by 1) change in consciousness or level of arousal with reduced ability to 

focus, 2) symptom development over hours to <2 days, 3) symptom fluctuation through-
out the day, 4) either 4a) acute/subacute change in cognition (e.g., memory deficit or 
disorientation), or 4b) change in behavior, mood, or affect (e.g., restlessness, reversal of 
sleep/wake cycle)

Psychosis Characterized by 1) delusions and/or hallucinations without insight and 2) absence of 
delirium

Seizure Primary generalized seizure or partial/focal seizure
Non- scarring alopecia Non- scarring alopecia observed by a clinician†
Oral ulcers Oral ulcers observed by a clinician†
Subacute cutaneous OR discoid 

lupus
Subacute cutaneous lupus erythematosus observed by a clinician:†

Annular or papulosquamous (psoriasiform) cutaneous eruption, usually  
photodistributed

 If skin biopsy is performed, typical changes must be present (interface vacuolar derma-
titis consisting of a perivascular lymphohistiocytic infiltrate, often with dermal mucin 
noted).

OR
Discoid lupus erythematosus observed by a clinician:†

Erythematous-violaceous cutaneous lesions with secondary changes of atrophic scarring, 
dyspigmentation, often follicular hyperkeratosis/plugging (scalp), leading to scarring 
alopecia on the scalp

If skin biopsy is performed, typical changes must be present (interface vacuolar dermatitis 
consisting of a perivascular and/or periappendageal lymphohistiocytic infiltrate. In the 
scalp, follicular keratin plugs may be seen. In longstanding lesions, mucin deposition may 
be noted)

Acute cutaneous lupus Malar rash or generalized maculopapular rash observed by a clinician†
If skin biopsy is performed, typical changes must be present  

(interface vacuolar dermatitis consisting of a perivascular lymphohistiocytic infiltrate, 
often with dermal mucin noted. Perivascular neutrophilic infiltrate may be present early 
in the course)

Pleural or pericardial effusion Imaging evidence (such as ultrasound, x- ray, CT scan, MRI) of pleural or pericardial 
effusion, or both

Acute pericarditis ≥2 of 1) pericardial chest pain (typically sharp, worse with inspiration, improved by leaning 
forward), 2) pericardial rub, 3) EKG with new widespread ST elevation or PR depression, 4) 
new or worsened pericardial effusion on imaging (such as ultrasound, x- ray, CT scan, MRI)

Joint involvement EITHER 1) synovitis involving 2 or more joints characterized by swelling or effusion OR 2) 
tenderness in 2 or more joints and at least 30 minutes of morning stiffness

Proteinuria >0.5 g/24 hours Proteinuria >0.5 g/24 hours by 24- hour urine or equivalent spot urine protein- to- 
creatinine ratio

Class II or V lupus nephritis on renal 
biopsy according to ISN/RPS 2003 
classification

Class II:
Mesangial proliferative lupus nephritis: purely mesangial hypercellularity of any degree or 

mesangial matrix expansion by light microscopy, with mesangial immune deposit. A few 
isolated subepithelial or subendothelial deposits may be visible by immunofluorescence 
or electron microscopy, but not by light microscopy

Class V:
Membranous lupus nephritis: global or segmental subepithelial immune deposits or their 

morphologic sequelae by light microscopy and by immunofluorescence or electron 
microscopy, with or without mesangial alterations

(Continued)
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Phase IIIb. The 1.5- day in- person consensus meeting us-
ing multicriteria decision analysis involved 74 decisions between 
pairs of criteria. Criteria weights were calculated by 1000Minds 
software based on these decisions (Table 2). International Socie-
ty of Nephrology/Renal Pathology Society class III or IV nephritis 
consistently attained higher weight than class II or V nephritis, 
so lupus nephritis by histology was separated into 2 different 
criteria. Class VI lupus nephritis as an end- stage manifestation 
was unanimously eliminated. Likewise, the experts unanimous-
ly voted to not retain mononeuropathy and cranial neuropathy, 
which had been included into the set of potential neuropsychiat-
ric items in phase IIIa but turned out to add little to SLE classifi-
cation. The use of weighted criteria led to a sum score that is a 
measure of the relative probability of a subject having SLE, with 
higher scores indicating higher likelihood. Experts reached full 
consensus on a classification of SLE at a provisional threshold 

score of >83 of a theoretical maximum of 305 (24).

Phase IV: Refinement and validation. Twenty- 
one centers from the US, Canada, Mexico, Austria, Croatia, 
France, Germany, Greece, Hungary, Italy, Portugal, Spain, the 
UK, Turkey, Hong Kong, and Japan submitted a total of 2,339 
cases from their cohorts; 1,197 SLE and 1,074 non- SLE diag-
noses (Table 3) were verified by 3 adjudicators blinded to the 
proposed classification criteria system. Due to lack of con-
sensus during adjudication, 68 subjects (2.9%) were excluded 

from the analysis.
Derivation cohort. Of the 2,271 triple- adjudicated cases, 

501 SLE and 500 non- SLE cases were randomly assigned to 
the derivation cohort. The provisional weighting system derived 

from phase III was tested in the derivation cohort. ROC analysis 
suggested a data- driven threshold of ≥70 (of a maximum of 305), 
with a sensitivity of 95.4% and a specificity of 95.2%, which was 
superior to the consensus- derived provisional threshold of >83 
that had high specificity (98.8%), but lower sensitivity (81.6%). 
Review of subjects below the threshold of 70 identified a sub-
group of SLE subjects with joint involvement and/or leukopenia. 
Thus, weights for leukopenia and joint involvement were each 
adjusted (Table 2) to reduce misclassification. When alternative 
definitions for leukopenia and joint involvement were tested, leu-
kopenia defined as a white blood cell count (WBC) <4000/mm3 
at least once (9) also had a slightly higher sensitivity + specificity 
(1.944 versus 1.942) than leukopenia defined as WBC <4,000/
mm3 on 2 or more occasions (6,26). Joint involvement defined 
as EITHER “synovitis involving 2 or more joints, characterized 
by swelling or effusion,” OR “tenderness in 2 or more joints and 
at least 30 minutes of morning stiffness” (9) had a higher com-
bined sensitivity and specificity than arthritis defined simply as 
synovitis of 2 or more joints (1.944 versus 1.900). When retest-
ed, the revised criteria had increased sensitivity, and maintained 
sensitivity + specificity. Evaluating ANA as an entry criterion, the 
criteria with the ANA entry criterion had better performance than 
without (sensitivity + specificity 1.944 versus 1.930). Next, the 
weights were simplified by division to whole numbers to achieve 
a threshold of 10 (Table 2). In the derivation cohort, the sensitivity 
and specificity of the final criteria set (Figure 2) were reaching the 

performance benchmarks set for this project (Table 4).
Validation. The validation cohort, that is, the full cohort mi-

nus the derivation cohort, comprised 1,270 triple- adjudicated 
subjects (n = 696 SLE, n = 574 controls). The criteria, with 

Criteria Definition

Class III or IV lupus nephritis on 
renal biopsy according to ISN/RPS 
2003 classification

Class III:
Focal lupus nephritis: active or inactive focal, segmental, or global endocapillary or extra-

capillary glomerulonephritis involving <50% of all glomeruli, typically with focal subendo-
thelial immune deposits, with or without mesangial alterations

Class IV:
Diffuse lupus nephritis: active or inactive diffuse, segmental, or global endocapillary or ex-

tracapillary glomerulonephritis involving ≥50% of all glomeruli, typically with diffuse sub-
endothelial immune deposits, with or without mesangial alterations. This class includes 
cases with diffuse wire loop deposits but with little or no glomerular proliferation

Positive antiphospholipid 
antibodies

Anticardiolipin antibodies (IgA, IgG, or IgM) at medium or high titer (>40 APL, GPL, or MPL, 
or >the 99th percentile) or positive anti- β2GPI antibodies (IgA, IgG, or IgM) or positive 
lupus anticoagulant

Low C3 OR low C4 C3 OR C4 below the lower limit of normal
Low C3 AND low C4 Both C3 AND C4 below their lower limits of normal
Anti- dsDNA antibodies OR anti- Sm 

antibodies
Anti- dsDNA antibodies in an immunoassay with demonstrated ≥90% specificity for SLE 

against relevant disease controls OR anti- Sm antibodies

* SLE = systemic lupus erythematosus; LDH = lactate dehydrogenase; CT = computed tomography; MRI = magnetic resonance imaging; 
EKG = electrocardiography; ISN = International Society of Nephrology; RPS = Renal Pathology Society; anti- β2GPI = anti–β2- glycoprotein I; 
 anti- dsDNA = anti–double- stranded DNA. 
† This may include physical examination or review of a photograph. 

Table 1. (Cont’d)
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positive ANA as an entry criterion, weighted criteria in 7 clini-
cal  domains (constitutional, hematologic, neuropsychiatric, mu-
cocutaneous, serosal, musculoskeletal, renal) and 3 immunologic  
domains  (antiphospholipid antibodies, low complements,  anti- Sm  
and anti- dsDNA as SLE- specific antibodies), and a classifica-
tion threshold score of ≥10 (out of a theoretical maximum of 51) 
(Figure 2), had a sensitivity of 96.1% and a specificity of 93.4% 
(Table 4). It demonstrated improved performance compared with 
the ACR 1997 and SLICC 2012 criteria.

DISCUSSION

New SLE classification criteria were developed with sup-
port by both the ACR and EULAR. Through a four- phase, 
iterative process, we have defined an additive, weighted mul-
ticriteria system that produces a measure of the relative prob-
ability that an individual can be classified as SLE. The system 
defines a threshold above which experts would classify cases 
as SLE for the purpose of research studies. We have care-
fully defined the criteria to improve reliability and precision, 

and have grouped the criteria into 10 hierarchical domains. 
We have validated the criteria against a large number of cases, 
including many patients with manifestations that resemble SLE 
but who do not have SLE. This approach, as well as the result-
ing criteria system, represents a paradigm shift for the classi-
fication of SLE.

We have defined positive ANA at any time as required 
entry criterion. There were three possible ways to deal with 
ANA testing. The previous criteria sets have treated ANA the 
same as the much more specific antibodies against Sm and 
dsDNA, which we considered suboptimal given important dif-
ferences in sensitivity and specificity. We could have excluded 
ANA completely in classifying lupus, but we still consider ANA 
a useful test and concept. We therefore decided to test ANA 
as an entry criterion, which reflects the use of ANA as a highly 
sensitive screening test.

Criteria using ANA as entry criterion had better performance. 
During the phase I Delphi exercise, 58% of SLE experts did not 
feel comfortable and an additional 19% were uncertain about 
classifying a patient with SLE in the absence of ever having a 

Table 2. Relative weights of the additive classification criteria items*

Domain Item Original Modification Revised Simplified

Constitutional Fever 13 13 2
Hematologic Leukopenia 12 +7 19 3

Thrombocytopenia 26 26 4
Autoimmune 

hemolysis
28 28 4

Neuropsychiatric Delirium 12 12 2
Psychosis 20 20 3
Seizure 34 34 5

Mucocutaneous Alopecia 13 13 2
Oral ulcers 14 14 2
SCLE/DLE 29 29 4
ACLE 38 38 6

Serosal Effusion 34 34 5
Acute pericarditis 38 38 6

Musculoskeletal Joint involvement 34 +4 38 6
Renal Proteinuria 27 27 4

Class II/V 55 55 8
Class III/IV 74 74 10

Antiphospholipid 
antibodies

Antiphospholipid 13 13 2

Complements C3 or C4 low 19 19 3
C3 and C4 low 27 27 4

SLE- specific antibodies Anti- Sm 40 40 6
Anti- dsDNA 38 38 6

* Weights derived from the phase III consensus meeting with multicriteria decisions analysis (original), added points for 
 leukopenia and joint involvement (modification), the resulting weights (revised), and the final simplified weights (simplified). 
SCLE = subacute cutaneous lupus erythematosus; DLE = discoid lupus erythematosus; ACLE = acute cutaneous lupus erythema-
tosus; SLE = systemic lupus erythematosus; anti- dsDNA = anti–double- stranded DNA. 
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positive ANA (17). The systematic literature review and meta- 
regression of data on 13,080 subjects demonstrated ANA ≥1:80 
to have a sensitivity of 98% with a lower limit of the 95% CI at 
97% (16). In the phase I early SLE cohort, 99.5% of the 389 SLE 
patients were ANA positive (18). The frequencies of ANA- positive 
SLE patients in the derivation and validation cohorts (99.6% and 
99.3%, respectively) were in the same range. Since both in the 
early SLE cohort and in the derivation and validation cohorts, 

patients were included in many centers worldwide independent of 
ANA positivity, the latter data provide additional support for ANA 
as an entry criterion.

Using ANA as entry criterion means the new criteria cannot 
classify SLE among patients who are persistently ANA negative. 
While possibly also distinguished by lower cytokine levels (27) 
and lower efficacy of immunomodulatory treatment (28), such a 
subgroup of patients exists. Although small, it may vary in size 

Table 3. Demographic characteristics of the derivation and validation cohorts*

Derivation cohort Validation cohort

SLE Non- SLE SLE Non- SLE

n 501 500 696 574
Female/male 447/54 421/79 608/88 490/84
Age, mean ± SD years 45 ± 14 54 ± 16 45 ± 14 56 ± 16
Disease duration, mean ± SD years 11 ± 8 9 ± 8 11 ± 8 9 ± 8
Ethnicity

Black 29 10 56 12
East Asian 36 29 53 34
Hispanic 59 48 73 51
South/Southeast Asian 16 6 21 11
White 355 404 480 461
Other 6 3 13 5

SLE 501 696
Non- SLE 500 574

Adult- onset Still’s disease 2 11
Autoimmune thyroiditis 6 5
Behçet’s disease 7 9
Cancer 2 3
Inflammatory myositis 37 27
Fibromyalgia 6 3
Membranous nephritis 11 14
Mixed connective tissue disease 9 15
Osteoarthritis 2 0
Primary antiphospholipid antibody 

syndrome
45 48

Psoriatic arthritis 12 9
Rheumatoid arthritis 94 110
Sarcoidosis 2 2
Sjögren’s syndrome 112 124
Spondyloarthritis 5 5
Systemic sclerosis 99 120
Tuberculosis 0 2
Undifferentiated connective tissue 

disease
16 20

Vasculitis 9 13
Viral infection 5 5
Other 19 29

* Inflammatory myositis includes dermatomyositis, polymyositis, and juvenile dermatomyositis. SLE = systemic lupus 
erythematosus. 



EULAR/ACR CLASSIFICATION CRITERIA FOR SLE |      1409

in different populations (16). This patient subset needs to be put 
high on the scientific agenda for further investigation. Additional 
characterization of this phenomenon may lead to an alternative 
entry criterion for this small group of patients. For the moment, we 

still think it is acceptable to exclude ANA- negative patients from 
clinical trials.

Molecular classification criteria were also considered during 
the development of these criteria (29). Many novel biomarkers were 

Figure 2. Classification criteria for systemic lupus erythematosus (SLE). § = additional criteria within the same domain will not be counted; * = 
in an assay with 90% specificity against relevant disease controls. Anti- β2GPI = anti–β2- glycoprotein I; anti- dsDNA = anti–double- stranded DNA.

Entry criterion
Antinuclear antibodies (ANA) at a titer of ≥1:80 on HEp-2 cells or an equivalent positive test (ever)

If absent, do not classify as SLE
If present, apply additive criteria

Additive criteria
Do not count a criterion if there is a more likely explanation than SLE.

Occurrence of a criterion on at least one occasion is sufficient.
SLE classification requires at least one clinical criterion and ≥10 points.

Criteria need not occur simultaneously.
Within each domain, only the highest weighted criterion is counted toward the total score§.

Clinical domains and criteria Weight Immunology domains and criteria Weight
Constitutional Antiphospholipid antibodies

Fever 2 Anti-cardiolipin antibodies OR
Hematologic Anti-β2GP1 antibodies OR

Leukopenia 3 Lupus anticoagulant 2
Thrombocytopenia 4 Complement proteins
Autoimmune hemolysis 4 Low C3 OR low C4 3

Neuropsychiatric Low C3 AND low C4 4
Delirium 2 SLE-specific antibodies 
Psychosis 3 Anti-dsDNA antibody* OR
Seizure 5 Anti-Smith antibody 6

Mucocutaneous
Non-scarring alopecia 2
Oral ulcers 2
Subacute cutaneous OR discoid lupus  4
Acute cutaneous lupus 6

Serosal
Pleural or pericardial effusion 5
Acute pericarditis 6

Musculoskeletal
Joint involvement 6

Renal
Proteinuria >0.5g/24h 4
Renal biopsy Class II or V lupus nephritis 8
Renal biopsy Class III or IV lupus nephritis 10

Total score:

Classify as Systemic Lupus Erythematosus with a score of 10 or more if entry criterion fulfilled.
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nominated, such as increased circulating B lymphocyte stimulator 
(BLyS), interferon- γ (IFNγ)–induced protein 10 kd  (IP- 10), mono-
cyte chemoattractant protein 1 (MCP- 1), tumor necrosis factor α 
(TNFα), type I IFN signature, or increased Th17 and plasma cell 
populations. They were all voted out in the expert Delphi exercise, 
largely because of limited availability in the clinical setting and/or 
insufficient evidence (5). However, inclusion of novel biomarkers, 
beyond autoantibodies, may ultimately further improve the speci-
ficity of SLE classification, increase alignment of classification with 
underlying disease pathogenesis, and improve the performance 
and information content of clinical trials. Thus, testing of biomark-
ers against these criteria is an important area for future research.

A new clinical criterion, unexplained fever, turned out to 
be common and remarkably characteristic for SLE. However, 
since infections are a major cause of death in SLE, it is of utmost 
importance to stress that fever, like all other criteria manifesta-
tions, should only be counted if no better explanation exists, 
and that infections have to be suspected first in any patient with 
(potential) SLE, particularly when C- reactive protein is elevated 
(30). The concept that all criteria are only to be counted if SLE is 
thought to be the most likely cause of the manifestation (i.e., no 
other more likely cause exists) is central to these new EULAR/
ACR criteria, and is explicitly stated as an overarching principle. 
Some criteria, such as delirium, psychosis, and acute pericardi-
tis, were in part redefined based on existing scientific definitions 
(22). Where alternative definitions were used, the performance 
of the alternative definitions was comparatively evaluated in the 
derivation cohort.

The differential weighting of criteria better represents their rel-
ative contribution to an individual’s classification of SLE. For SLE, 
renal biopsy with class III or IV lupus nephritis carries the most 
weight and in the presence of a positive ANA is enough to classify 
a patient as SLE. This further develops a concept of the SLICC 
criteria (9) and reflects the current thinking of SLE experts; in the 
Delphi exercise, 85% would classify SLE on renal pathology alone 
(17). Renal biopsy with class II or V lupus nephritis still carries a 

large weight (8 points) but is not by itself sufficient for the classifi-
cation of SLE.

The numerical goal of this project was to keep the specificity 
similar to the specificity of the ACR 1997 criteria, but increase 
the sensitivity to the high sensitivity level of the SLICC criteria, if 
possible. The validation cohort data suggest that this goal has 
been achieved. From our data, it appears that the SLICC cri-
teria increase in sensitivity was to a significant degree founded in 
accepting renal histology and adding subacute cutaneous lupus 
and low complement levels. These three advances are mirrored 
in the current criteria. Many of the other additional symptoms of 
the SLICC criteria were of very low frequency. Specificity was 
increased by weighting of criteria, by the NGT expert panel deci-
sion to not allow lymphopenia to go forward, and, importantly, by 
the decision that no criterion be counted if better explained by 
another condition.

The new criteria provide a simple, directed, and highly accu-
rate method for classifying SLE. An electronic “app” is in prepa-
ration, which will assist in the use of these criteria. However, it 
is important to stress that classification criteria are not designed 
for diagnosis or treatment decisions (5). They should never be 
used to exclude patients who do not fully meet these criteria 
from receiving appropriate therapies. This is also pertinent to 
patients with ANA- negative SLE discussed above. Diagnosis of 
SLE remains the purview of an appropriately trained physician 
evaluating an individual patient (5).

The new SLE classification system also provides new 
research opportunities. With much interest in early or latent 
SLE (31,32), the additive point system and the relative prob-
ability of classification it produces allows for systematic study 
of individuals who fall below the classification threshold. This 
will facilitate studies of disease evolution and early interven-
tion. Furthermore, the use of an additive scoring system will 
allow for studying the idea of “ominousity,” that is, the potential 
implications of having very high scores on disease severity and 
subsequent prognosis. This work would need to reconsider the 

Table  4. Operating characteristics of the new classification criteria compared with the ACR 1997 and SLICC 2012 
classification criteria in the derivation and the validation cohorts*

ACR 1997 
criteria

SLICC 2012 
criteria

EULAR/ACR 2019 
criteria

Derivation
Sensitivity (95% CI) 0.85 (0.81–0.88) 0.97 (0.95–0.98) 0.98 (0.97–0.99)
Specificity (95% CI) 0.95 (0.93–0.97) 0.90 (0.87–0.92) 0.96 (0.95–0.98)
Combined (95% CI) 1.80 (1.76–1.83) 1.87 (1.84–1.90) 1.94 (1.92–1.96)

Validation
Sensitivity (95% CI) 0.83 (0.80–0.85) 0.97 (0.95–0.98) 0.96 (0.95–0.98)
Specificity (95% CI) 0.93 (0.91–0.95) 0.84 (0.80–0.87) 0.93 (0.91–0.95)
Combined (95% CI) 1.76 (1.73–1.80) 1.80 (1.77–1.84) 1.90 (1.87–1.92)

* ACR = American College of Rheumatology; SLICC = Systemic Lupus International Collaborating Clinics; EULAR = Euro-
pean League Against Rheumatism; 95% CI = 95% confidence interval. 
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relative contribution of individual criteria (weights) and consider 
additional criteria that potentially contribute to ominousity.

It is anticipated that other groups will test these criteria, which 
will constitute important external validation. This will be particu-
larly important for pediatric SLE and those with organ- dominant, 
for example, skin- dominant, disease, since it is a limitation of this 
criteria project that the patient cohorts do not represent these 
subgroups. Similar limitations also pertain to several racial/ethnic 
groups (for example, African American/Black, Hispanic, and Asian 
patients) and to men with SLE, each only included in lower numbers 
(Table 3). It is important to independently test the EULAR/ACR cri-
teria in these subgroups. Leukocyte counts, for example, are more 
frequently below 4,000/mm3 in African Americans (33), which may 
have an influence on criteria performance. It is also possible that the 
academic center patient populations included differ from patients in 
community practice clinics. Investigators testing the new criteria in 
different populations are reminded about the critical importance of 
the correct attribution of each criterion. Criteria can only be counted 
when not better explained by another condition (see Supplemen-
tary Table 2, on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40930/abstract). The attri-
bution process requires diligence and clinical experience.

In summary, our multiphase methodologic approach and 
ensuing classification system using ANA as an entry criterion 
and weighted, hierarchically clustered criteria constitute a par-
adigm shift in the classification of SLE. These criteria have 
excellent performance characteristics and face validity, as the 
structure and weighting were designed to reflect current thinking 
about SLE. The inclusion of fever assists with the classification 
of early SLE. The separation of renal biopsy findings reflects their 
differential impact on the probability of SLE classification. These 
criteria have strong operating characteristics, with excellent sen-
sitivity and specificity. This classification system was built using 
rigorous methodology that was both data- driven and expert- 
based. With the inclusion of over 200 SLE experts from multi-
ple countries and medical disciplines, methodologists, patient 
advocates, and over 4,000 subjects, this work is the largest 
international, collaborative SLE classification effort to date.
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Cognitive Dysfunction in Systemic Lupus Erythematosus:  
A Case for Initiating Trials
Nina Kello, Erik Anderson,  and Betty Diamond

Cognitive dysfunction (CD) is an insidious and underdiagnosed manifestation of systemic lupus erythematosus 
(SLE) that has a considerable impact on quality of life, which can be devastating. Given the inconsistencies in the 
modes of assessment and the difficulties in attribution to SLE, the reported prevalence of CD ranges from 5% 
to 80%. Although clinical studies of SLE- related CD have been hampered by heterogeneous subject populations 
and a lack of sensitive and standardized cognitive tests or other validated objective biomarkers for CD, there are, 
nonetheless, strong data from mouse models and from the clinical arena that show CD is related to known disease 
mechanisms. Several cytokines, inflammatory molecules, and antibodies have been associated with CD. Proposed 
mechanisms for antibody-  and cytokine- mediated neuronal injury include the abrogation of blood–brain barrier in-
tegrity with direct access of soluble molecules in the circulation to the brain and ensuing neurotoxicity and microglial 
activation. No treatments for SLE- mediated CD exist, but potential candidates include agents that inhibit microglial 
activation, such as angiotensin- converting enzyme inhibitors, or that protect blood–brain barrier integrity, such as 
C5a receptor blockers. Structural and functional neuroimaging data have shown a range of regional abnormalities in 
metabolism and white matter microstructural integrity in SLE patients that correlate with CD and could in the future 
become diagnostic tools and outcome measures in clinical trials aimed at preserving cognitive function in SLE.

Introduction

Neuropsychiatric systemic lupus erythematosus (NPSLE) 
encompasses a range of neurologic, psychiatric, and cognitive 
disorders that collectively affect up to 40% of SLE patients at the 
time of diagnosis and a majority of SLE patients throughout the 
course of their disease (1). NPSLE is associated with worse quality 
of life independent of SLE activity and medications (1), high unem-
ployment and disability rates (2), high damage accrual (1), and a 
3–9- fold increase in mortality (3). The 1999 American College of 
Rheumatology (ACR) nomenclature organized the heteroge neous 
NPSLE conditions into 19 standardized “case definitions” (4). 
These can also be classified as central, peripheral, and vascular 
manifestations or, alternatively, as diffuse and focal manifestations. 
We will focus this review on cognitive dysfunction (CD), a common 
diffuse central nervous system (CNS) manifestation of NPSLE.

CD can be slowly progressive, and its presence or progres-
sion does not necessarily correlate with disease activity. Because 
the assessments are not standardized and the attribution to SLE 

is difficult, the reported prevalence of CD is highly variable at 
6–81% (5). SLE patients identify CD as one of their most distress-
ing symptoms (6) that detracts from quality of life; however, with 
poor screening and diagnostic metrics, CD is still grossly under-
recognized by rheumatologists. Its pathogenesis is poorly under-
stood and no treatments are available.

The ACR nomenclature defines CD as a significant deficit in 
any or all of the following cognitive domains: simple or complex 
attention, reasoning, executive skills, memory, visual- spatial pro-
cessing, language, and psychomotor speed (4). Previous studies 
have revealed attention, memory, and language to be among the 
most commonly affected domains in SLE (7). Two major obstacles 
to our understanding of the contribution of SLE to CD are the 
potential confounders in diagnosis and a lack of understanding 
of pathogenesis. Neurotoxic medications such as glucocorticoids 
and cyclophosphamide, as well as infection, metabolic disorders, 
and hypertension, can all cause symptoms that overlap with CD 
(1). Furthermore, it is important to recognize that other CNS man-
ifestations of SLE, such as seizures, stroke, and mood disorders, 
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may also contribute to CD. Another prevalent problem with the 
current approach to studying CD in SLE is that studies often 
include patients with both focal (such as ischemic stroke) and dif-
fuse manifestations within a single cohort, although pathogenesis 
is likely to differ in these 2 groups.

An additional obstacle to studying CD is that a wide variety 
of cognitive tests have been used across cohorts; some of these 
may not be sensitive to a particular cognitive deficit (7). Studies 
that explore pathogenic mechanisms and the contribution of 
autoantibodies, cytokines, or other mediators to CD may require 
specifically designed cognitive assessments and patient selection, 
as CD in different domains may result from different pathogenic 
mechanisms.

Detection of CD

The ascertainment of CD involves both clinical history, i.e., 
impaired functioning supported by patient- reported outcomes, 
and neuropsychological testing.

Neurocognitive testing is the gold standard in the diagnosis of 
CD in NPSLE. The most frequently used battery of tests to assess 
cognition in SLE, according to a recent review and meta- analysis 
(7), are comprehensive traditional assessments that are often 
administered by a psychologist or trained psychometrist (e.g., 
the Rey- Osterrieth Complex Figure Test, the Trail Making Test, or 
the Automated Neuropsychological Assessment Metric [ANAM]). 
Other tests used less frequently include the Modified Mini- Mental 
State Examination (MMSE), the Montreal Cognitive Assessment 
(MoCA), the Controlled Oral Word Association Test, and the Hop-
kins Verbal Learning Test- Revised, as well as various additional 
instruments. Importantly, the meta- analysis reported a wide prev-
alence of CD ranging between 3% and 81%. Several factors may 
have contributed to this wide range, including patient heterogene-
ity (SLE patients with and without predetermined NPSLE), the use 
of different assessments, including those that may not be sensitive 
to a particular cognitive deficit, and the lack of a standardized defi-
nition for CD despite the ACR guideline. Despite these complexi-
ties, the overwhelming evidence supports an increased frequency 
of CD in SLE patients compared to the general population.

While many studies have compared cognitive tests in SLE, 
many have included patients with neurologic or psychiatric dis-
ease (7), which makes interpretation difficult. Several studies 
have compared tests in those without known neuropsychiatric 
disease. One study compared the ANAM to a set of traditional 
measures, including those recommended by the ACR, and found 
that the ANAM subtests, particularly those testing learning and 
memory, correlated with the traditional measures (8). In regard 
to the search for an appropriate screening tool for CD in SLE, 
one study compared the MMSE, the MoCA, and the Cognitive 
Symptom Inventory, and showed the MoCA to be the most sen-
sitive/specific and with results that highly correlated with those 
obtained using the ACR- recommended assessments (9).

Neuroimaging in SLE CD 

Neuroimaging has the potential to be a valuable tool for 
understanding the pathogenesis of CD in SLE and for monitoring 
treatment response (Figure 1). We focus here on neuroimaging 
studies in SLE patients who lacked confounding CNS manifesta-
tions in order to summarize the associations of structural or func-
tional lesions with CD.

Magnetic resonance imaging (MRI) studies, both conven-
tional and functional, demonstrate abnormalities in SLE and in SLE  
patients with CD (10). Conventional MRI studies reveal decreased 
hippocampal volumes in SLE patients with CD compared to those 
without CD (10). One study demonstrated decreased activation of 
the hippocampus/parahippocampal gyrus on functional MRI dur-
ing a spatial working memory task in SLE patients (11), and another 
study showed abnormal regional activity in the parahippocampal 
gyrus on functional MRI during the resting state (12). This is of 
interest, as multiple lines of evidence in rodent models indicate  
that hippocampal integrity is critical for spatial memory (13). Sim-
ilarly, diffusion tensor imaging (DTI), an advanced MRI technique 
that assesses white matter integrity, demonstrates SLE- related 
abnormalities (14). White matter integrity in DTI is often measured 
by fractional anisotropy (FA), which describes the directionality of 
water diffusion in tissue. A low FA finding indicates isotropic dif-
fusion (directionless or random) and represents damaged white 
matter, which may be due to decreased axonal density, number, 
diameter, or myelination. Although studies in SLE patients reveal 
white matter abnormalities throughout the brain, two independ-
ent studies demonstrate an association of decreased FA in the 
external capsule in SLE patients with CD (15,16).

CD is also correlated with abnormalities in the ratio of choline 
to creatine on MR spectroscopy (17,18). This ratio is used as an 
index of white matter integrity; choline is essential to neuronal mem-
branes and myelin, while creatinine is a stored phosphate used as 
a reference. An elevated choline- to- creatinine ratio is interpreted 
as representing increased membrane turnover due to demyelina-
tion, ischemia, and/or gliosis. Additionally, single- photon emission 
computed tomography  displayed a focal area of hypoperfusion in 
the right precuneus (parietal lobe) in SLE patients with memory 
impairment compared to those without (19). Hypoperfusion in the 
parietal lobe was demonstrated in two other studies (20,21).

In vitro studies reveal microglial activation following expo-
sure to SLE serum (22), and studies of murine models of SLE 
demonstrated that type I interferon (IFN)–mediated microglial 
activation contributes to CNS damage and possibly to CD 
(23). Recent advances in neuroimaging enhance our ability to 
assess microglial activity in humans; the most utilized positron 
emission tomography (PET) target is the 18- kd translocator 
protein (TSPO). PET tracers targeting TSPO have shown that it 
is expressed on the outer mitochondrial membrane of microglia 
and is markedly up- regulated in response to brain injury and 
inflammation. In several neurodegenerative  diseases, including 
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Alzheimer’s disease (AD), there is compelling evidence for an 
association between TSPO overexpression in disease- specific 
brain regions and poor cognitive performance (24). In SLE, 
only one neuroimaging study using the TSPO ligand has been 
performed, revealing higher TPSO expression in the cerebel-
lum and hippocampus in those with CD compared to those 
without (25). Of note, TSPO overexpression in the hippocam-
pus is found in AD and Parkinson’s disease, and has been 
found in the cerebellum in AD (24).

Overall, these studies suggest that CD can be assessed 
through neuroimaging modalities, but better definition of cohorts 
will be needed to correlate specific abnormalities with impair-
ment in specific cognitive domains.

Potential molecular mediators of CD in SLE

A variety of mechanisms have been proposed as potential 
mediators of CD in SLE (Table 1). We highlight several of them 

below.

Cytokines and chemokines. Several cytokines, 
chemokines, and other proteins are associated with NPSLE. 
These associations have usually been studied in patients with a 
variety of NPSLE manifestations (diffuse and focal), which limits 
the ability to link a particular protein to a specific manifestation.

IFNα is the cytokine with the best described relationship 
with CD. In a recent study, mice with IFNα- mediated autoim-

munity displayed CD that was diminished by an anti- IFNα 
 receptor antibody (23). Moreover, wild- type mice injected periph-
erally with IFNα demonstrated CNS microglial activation with 
increased engulfment of neuronal synapses (synaptic pruning) 
and reduced synaptic density in the frontal cortex. The potential 
importance of IFNα in CD is corroborated by the observation 
of IFNα gene transcription in activated microglia in SLE brain 
tissue. These results are in accordance with clinical observations 
in patients with hepatitis C and liver cancer receiving exogenous 
IFNα therapy, which is associated with CD, including a spatial 
memory deficit independent of depression (26) and a lupus- like 
illness (27).

The source of IFNα in NPSLE can be systemic or central. 
Intrathecal immune complexes may play a key role in FNα pro-
duction in the brain in NPSLE, and act as powerful amplifiers 
of brain inflammation (28). Santer et al (28) showed that ce re-
bral spinal fluid (CSF) in NPSLE patients contains high levels of 
immune complexes that form as a result of autoantibodies that 
either traverse the blood–brain barrier or are locally produced 
by  infiltrating B cells. These antibodies bind to cellular antigens 
that are released by damaged neurons. They further demon-
strated ex vivo that these immune complexes bind Fc receptors 
on microglia and lead to the production of high levels of IFNα 
as well as other proinflammatory mediators, including  10- kd 
IFNγ- inducible protein, interleukin- 8 (IL- 8), and monocyte  
chemotactic protein 1.

Figure 1. Proposed mechanism of systemic lupus erythematosus (SLE)–mediated cognitive dysfunction (CD). Neuroimaging studies support 
the notion that CD begins with hippocampal injury and altered microstructural integrity in the parahippocampus, leading to decreased integrity 
of white matter outflow tracts and resulting in impaired cognition. DNRAb = DNA-reactive antibodies; anti-P = anti–ribosomal protein P antibody; 
IFNα = interferon- α; PET = positron emission tomography; DTI = diffusion tensor imaging.
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One candidate mechanism for IFNα- induced CD relates 
to its activation of indoleamine 2,3- dioxygenase (IDO) in the 
 kynurenine/tryptophan metabolic pathway. IFNα stimulates IDO, 
catalyzing the breakdown of tryptophan into kynurenine, which 
is further metabolized to quinolinic acid (QA) or kynurenic acid 
(KA). QA is an N- methyl- d- aspartate receptor (NMDAR) agonist, 
and can cause excessive glutamate excitotoxicity to neurons 
(29). QA is synthesized by microglia (29), and neurons cultured 
in supernatant from IFNγ- stimulated microglia exhibit reduced 
neurite outgrowth and complexity, which can be prevented by 
pretreatment of microglia with an IDO inhibitor or an NMDAR 
inhibitor (30). Notably, KA is an NMDAR antagonist (29), which 
can protect neurons from excitotoxic damage. An imbalance 
between QA and KA contributes to spatial memory deficits and 
functional and structural changes in the brain in animal models 
of neuroinflammation (31). In humans with SLE, an increased 

kynurenine- to- tryptophan ratio in blood has been reported (32) 
and correlates with IFNα gene expression (33). Additionally, lev-
els of QA in CSF are higher in SLE patients with NPSLE syn-
dromes (not limited to CD) than in those with CNS dysfunction 
not related to SLE or in healthy controls (34).

Among the multiple other cytokines associated with NPSLE, 
IL- 6 and IL- 8 have the most plausible association with neuronal 
damage, given their presence in CSF in association with pro-
teins that are indicative of neuronal and astrocytic damage (35). 
Other inflammatory mediators, such as TWEAK (36), CCL2 (37), 
myelin- associated neurite outgrowth inhibitor (38), matrix met-
alloproteinase 9 (39), lipocalin 2 (40), anti–α- internexin (41), and 
the renin–angiotensin system (42), are also associated with CD 
in SLE. TWEAK, a cytokine in the tumor necrosis factor (TNF) 
family, may be implicated in CD, as memory impairment is ame-
liorated in TWEAK- deficient MRL/lpr mice (36).

Table 1. Mechanisms of cognitive dysfunction in systemic lupus erythematosus*

Mechanism Authors, year (ref.)

Disruption of blood–brain barrier Schwartz et al, 2019 (5); Hirohata et al, 2014 (60); Diamond et al, 2009 (62); 
Yoshio et al, 2006 (63); Mahajan et al, 2016 (64); Mahajan et al, 2015 (83)

Mononuclear cell infiltration Jeltsch- David et al, 2014 (51); Kier, 1990 (55); Bracci- Laudierro 1999 (56)
Antibody- mediated injury Jeltsch- David and Muller, 2014 (43) 
Cytokine- mediated injury Jeltsch- David and Muller, 2014 (43)
Microglial synaptic pruning Bialas et al, 2017 (23)
Antibodies

DNRAb Tay et al, 2017 (59); Hirohata et al, 2014 (60); Chang et al, 2015 (66)
Anti- P/NSPA Segovia- Miranda et al, 2015 (45); Massardo et al, 2015 (84)
Antiphospholipid antibody Yelnik et al, 2016 (48)
Anti-αinternexin Lu et al, 2010 (41)

Cells
Neuronal injury Kowal et al, 2004 (13); Bialas et al, 2017 (23)
Microglial activation and pruning Bialas et al, 2017 (23); Nestor et al, 2018 (42); Chang et al, 2015 (66)

Cytokines
IFNα Bialas et al, 2017 (23)
TWEAK Stock et al, 2013 (36)
IL- 6 Kwiecińskietal,2009(35)
IL- 8 Kwiecińskietal,2009(35)

Chemokines
MCP- 1/CCL2 Duarte- García et al, 2018 (37)

Excitotoxicmediators
HMGB- 1 Nestor et al, 2018 (42)
Angiotensin II Nestor et al, 2018 (42)
Quinolinic acid Vogelgesang et al, 1996 (34)
MMP- 9 Ainiala et al, 2004 (39)
Myelin- associated neurite outgrowth 

inhibitor 
Lei et al, 2017 (38)

Lipocalin Mike et al, 2018 (40)

* DNRAb = DNA- reactive antibodies; anti- P = anti–ribosomal protein P antibody; NSPA = anti- neuronal surface P antigen; IFNα 
= interferon- α; IL- 6 = interleukin- 6; MCP- 1 = monocyte chemotactic protein 1; HMGB- 1 = high mobility group box chromosomal 
protein 1; MMP- 9 = matrix metalloproteinase 9. 
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The contribution of cytokines, chemokines, and other pro-
teins and molecules to specific molecular mechanisms in NPSLE 
is, for the most part, unclear. Cytokines and chemokines are 
known to recruit immune cells to the CNS, promote intrathecal 
antibody production by infiltrating B cells, and modulate neuro-
transmitter release (43). In CD, however, the effects may largely 
result from direct stimulation of neurons and microglia, as evi-
dence for cellular infiltration into the brain is limited.

Serology. To date, some antibody specificities have been 
associated with CD in mice and in patients. Undoubtedly, more 
await discovery.

Anti–ribosomal protein P antibody (anti- P) or anti–neuronal 
surface P antigen (anti- NSPA). Anti- P antibodies are associat-
ed with psychosis and CD in SLE patients, and studies in mice 
 reveal a plausible pathogenic mechanism behind this association 
(44). NSPA is an integral plasma membrane protein that is bound 
by anti- P. NSPA engagement by anti- P antibodies induces cal-
cium influx and glutamatergic transmission in neurons (45). By 
activating both AMPA receptors and NMDARs, anti- P–induced 
glutamatergic overactivation leads to suppression of long- term 
potentiation, which provides a mechanism for anti- P–mediated 
pathogenic alterations in the brain. In addition, glutamatergic 
dysfunction also mediates psychotic symptoms, as in NMDAR 
encephalitis (46). Although an association of anti- P with depres-
sion has not been confirmed in humans, mice injected intracer-
ebroventricularly with anti- P displayed depression- like behavior 
(47). Anti- NSPA antibodies, induced in rabbits by immunization 
with NSPA, trigger calcium influx, enhance glutamatergic trans-
mission, and induce memory impairment, mimicking the effect of 
anti- P antibodies (45).

Antiphospholipid antibody (aPL). In serum and CSF, aPLs, 
specifically IgG anticardiolipin antibody (aCL) and lupus anticoag-
ulant (LAC), correlate with CD in several studies (48), with up to 
a 3- fold increase of CD in SLE patients with positive aPLs. While 
aPLs are well- established in mediating a prothrombotic vasculop-
athy leading to stroke and multiinfarct dementia (48), experimental 
models of  antiphospholipid syndrome suggest that nonthrombotic 
mechanisms may also be responsible for aPL- mediated CD, such 
as direct toxic effects of aPL on neurons and glia (48,49). For aPLs 
to directly bind cells in the brain, they need to traverse the blood–
brain barrier; aPLs may affect blood–brain barrier permeability 
through endothelial cell dysfunction (50).

DNA- reactive antibody (DNRAb). These antibodies repre-
sent a subset of anti- DNA antibodies that cross- react with the 
NMDAR and are discussed in detail below.

Pathogenesis

Mouse models of CD. The limitations in studying patho-
genic mechanisms of CD in SLE patients, such as the paucity 
of brain tissue samples, their procurement postmortem, and the 

 heterogeneity of neuropsychiatric manifestations, have made 
experimental mouse models fundamental.

The most common and best- studied mouse strain is the 
MRL/lpr strain of mice. MRL/lpr mice display depression, anxiety, 
and CD by age 8 weeks that is positively correlated with serum 
anti–double- stranded DNA (anti- dsDNA) antibody titers and proin-
flammatory cytokines and can precede the onset of renal disease 
(51). These mice exhibit a notable decrease in midbrain and limbic 
brain volumes by age 5–8 weeks. Several mechanisms are likely 
involved in the neuropsychiatric manifestations, including autoan-
tibodies, cytokines, mononuclear cell infiltration, and disruption of 
the blood–brain barrier (51). In addition to anti- dsDNA antibodies, 
other autoantibodies such as anti- P, aCL, and DNRAb are often 
present in MRL/lpr mice and can lead to CNS disease. An early 
onset of neuropsychiatric disease may be explained by intrauter-
ine exposure of the fetal brain to maternal autoantibodies or to 
high cytokine levels (52) and a dysfunctional Fas/Fas receptor sig-
naling pathway, leading to abnormal hippocampal neurogenesis 
and postnatal brain development (51,53). Bialas et al (23) demon- 
strated that type I IFN–mediated microglial activation leads to den-
dritic pruning in MRL/lpr mice, which is likely related to the CD 
observed in this strain.

Several other mouse models have been used to study 
CD. Another commonly studied lupus- prone strain of mice, 
NZB/NZW F1 mice, display learning difficulties and mood- 
related disorders that occur later in the course of disease (54), 
but these findings can be confounded by the high prevalence 
of brain anomalies in the non–lupus- prone NZB parental strain. 
The mechanisms of disease include mononuclear cell infiltration 
of different brain regions, most notably the hippocampus and 
cortex, as well as disturbances in neuropeptides in the affected 
areas (55,56). BXSB male mice demonstrate impaired spatial 
and nonspatial learning. Like NZB mice, the BXSB male mice 
demonstrate congenital structural abnormalities (51). Geneti-
cally engineered lupus- prone mouse strains, such as the 564Igi 
strain, a B cell receptor knock- in model with IFNα receptor 1–
dependent pathogenesis (23), and the bicongenic strain, Sle1/
Sle3 (40), also exhibit spatial and object memory impairment, as 
well as other behavioral abnormalities.

DNRAb as a mechanism for CD in SLE. We have been 
studying DNRAb and their contribution to CD in SLE. In 2001, our  
group identified a subset of anti- dsDNA antibodies, DNRAb, also 
known as anti- NR2 antibodies, which bind DNA and cross- react 
with the GluN2A and GluN2B subunits of the NMDAR, the brain’s 
main excitatory receptor (57). NMDARs are found in the highest 
numbers in the hippocampus and are integral to learning and 
memory. DNRAb enhance the excitatory activation of NMDARs, 
and excessive activation leads to excitotoxic cell death. DNRAb 
isolated from the serum and CSF of an SLE patient with progres-
sive cognitive decline and injected directly into a mouse brain 
caused neuronal cell death (57), confirming their ability to mediate 
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brain pathology once present in brain tissue. Serum DNRAb are 
found in 30–50% of SLE patients (58), and pooled data from a 
recent meta- analysis reveal that SLE patients with NPSLE were 
more likely to have elevated serum/plasma DNRAb (mean serum 
level 0.4 mg/ml in patients with NPSLE compared to 0.2 mg/ml 
in patients without NPSLE) (59). Although some studies have not 
shown an association between serum DNRAb positivity and CD, 
the presence of DNRAb in CSF is associated with diffuse NPSLE, 
including CD in several studies (mean DNRAb level in CSF 0.61 
units/ml for NPSLE and 0.31 units/ml for non- NPSLE SLE) 
(59,60). Additionally, since a blood–brain barrier breach is needed 
to result in CNS disease, serum titers may not accurately reflect 
CNS disease.

DNRAb should not be confused with the anti- NMDAR anti-
bodies found in autoimmune encephalitis, which bind to the GluN1 
subunit of the NMDAR. These antibodies result in internalization 
of the receptor and subsequently lead to a reversible decrease 
in NMDAR surface density and thus synaptic dysfunction, with-
out significant neuronal cell death or loss of dendritic tree or spine 
complexity (61). Clinical manifestations, which include severe neu-
rologic, psychiatric, and behavioral symptoms, tend to be transient 

and positively correlated with CSF antibody titers, as opposed to 
the manifestations associated with DNRAb, which are persistent.

In SLE it is believed that abrogation of blood–brain barrier 
integrity and direct access of antibodies to the CNS is needed 
for antibody- mediated damage, since existing evidence suggests 
autoantibody is not produced within the CNS in SLE (60). This 
is based on findings of elevated albumin (normally only found in 
serum) in the CSF of lupus patients with NPSLE compared to 
those without (60). Several conditions compromise blood–brain 
barrier integrity, including viral and bacterial infection, systemic 
inflammation, stress (epinephrine), ischemia, aging, hypertension, 
nicotine, alcohol, and certain inflammatory cytokines, such as 
TNFα, IL- 1β, IL- 6, and IL- 8 (62). DNRAb also directly affect blood–
brain barrier integrity by activating endothelial cells and leading to 
the production of proinflammatory cytokines such as TNFα, IL- 6, 
and IL- 8 (63). The complement activation product C5a, present in 
SLE patients with active disease, alters blood–brain barrier integ-
rity in MRL/lpr mice through endothelial cell apoptosis (64). In SLE, 
it is likely that complement peripheral cytokines, and autoanti-
bodies, as well as non–disease- related mechanisms, all compro-
mise blood–brain barrier integrity.

Figure 2. Proposed 2- stage model for DNA- reactive antibody (DNRAb)–mediated neurotoxicity and the contribution of interferon- α (IFNα) 
to neurotoxicity. Exposure to DNRAb mediates immediate excitotoxic death of some neurons (acute stage). The surviving neurons experience 
strong N- methyl- d- aspartate receptor (NMDAR) stimulation that induces high mobility group box chromosomal protein 1 (HMGB- 1) secretion. 
Microglia are activated following DNRAb penetration of the blood–brain barrier (BBB). There are at least 3 possible mechanisms for microglial 
activation in the DNRAb model: binding of secreted HMGB- 1 to receptor for advanced glycation end products (RAGE) or Toll- like receptor 
4  (TLR- 4), engagement of activating Fc receptors (FcγR) by DNRAb– immune complexes, and/or exposure to damage- associated molecular 
patterns (DAMPs) from apoptotic neurons. Activated microglia contribute to the loss of dendrites and synapses, which are “tagged” for 
destruction by an NMDAR–HMGB- 1–C1q complex (chronic stage). IFN⍺ penetrates the blood–brain barrier, or is produced centrally, and 
activates microglia, resulting in the loss of neuronal dendrites and synapses.
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The mechanism of blood–brain barrier insult determines 
the anatomic site of the breach, which dictates the location of 
antibody- mediated damage. In this way, the same antibody can 
cause more than one neuropsychiatric manifestation, depend-
ing on the affected brain region. For example, administration of 
lipopolysaccharide (LPS) to DNRAb- positive mice leads to hip-
pocampal damage, whereas epinephrine administration causes 
damage to the amygdala (65). Of note, other mechanisms for 
antibody and leukocyte entry into the brain have been proposed, 
including through the choroid plexus, the meningeal–arachnoid 
barrier, and glymphatic system (5).

The fact that DNRAb are commonly present in SLE patients 
and can mediate neurotoxicity led us to develop a nonspontane-
ously autoimmune mouse model to study the effects of DNRAb 
and eliminate confounding variables such as cytokines and other 
brain- reactive autoantibodies, which are present in spontaneously 
autoimmune lupus mouse strains (13). In this model, mice are 
injected with a consensus sequence contained within the GluN2A 
and GluN2B subunits that is bound by DNRAb, leading to the 
production of DNRAb. In order to provide DNRAb with access 
to brain parenchyma, the blood–brain barrier is breached with 
systemic LPS administration. Within 1 week, in the absence of 
an inflammatory infiltrate, a 20–25% hippocampal neuronal loss is 
observed (13), followed by loss of dendritic complexity and spine 

density with an associated spatial memory impairment that occurs 
after DNRAb is no longer detectable in the brain (66) (Figure 2).

Microglia have emerged as central players in human 
 neuropathologies and are increasingly being associated with neu-
ropsychiatric symptoms in murine lupus models as well (23,42). 
In DNRAb- mediated CD, microglia may be activated via several 
mechanisms (Figure 2). This activation also is only detected after 
DNRAb is no longer detectable in the brain. Activated microglia 
can phagocytose (or prune) dendritic synapses with a resultant 
loss in dendritic complexity and spine density. This mechanism 
is associated with CD in several murine lupus models, includ-
ing DNRAb+ mice, MRL/lpr mice, and NZB/NZW mice (23,66). 
DNRAb+ mice develop a selective spatial memory impairment. 
Microglial depletion in DNRAb+ mice given LPS to allow antibody 
to penetrate brain parenchyma results in preserved neuronal 
dendritic architecture (42). The role of complement, notably C1q, 
in microglial- mediated synaptic pruning is critical. C1q is pro-
duced by both neurons and microglia and can “tag” synapses 
for removal. In DNRAb+ mice, an NMDAR–high mobility group 
box chromosomal protein 1–C1q complex forms at synapses on 
neuronal dendrites, targeting them for destruction. C1q knockout 
DNRAb+ mice maintain normal dendritic complexity and spine 
density following LPS administration (42), confirming a critical con-
tribution of C1q in DNRAb- mediated pathology.

Figure  3. Proposed mechanism of angiotensin- converting enzyme (ACE) inhibitor treatment of systemic lupus erythematosus–mediated 
cognitive dysfunction. Treatment with a blood–brain barrier (BBB)–permeable ACE inhibitor (captopril), but not with a blood–brain barrier–
impermeable ACE inhibitor (enalapril) or saline, suppresses microglial activation and preserves dendritic complexity and spatial memory in DNA- 
reactive antibody–positive mice. Importantly, treatment with captopril after the onset of microglial activation can restore dendritic complexity, 
suggesting that damaged neurons can recover following treatment.
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We have shown that angiotensin- converting enzyme (ACE) 
inhibitors, through their centrally acting effects, reduce microglial 
activation, prevent loss of dendritic arborization, and prevent 
spatial memory impairment in DNRAb+ mice (42). Treatment with 
captopril after onset of microglial activation also restored dendritic 
arborization and spine density (Figure 3), suggesting that surviv-
ing neurons in this model do not experience irreversible damage.

Multiple behavioral studies have revealed the impact of 
DNRAb on spatial memory in the mouse model (Table 2). Although 
it may be difficult to extrapolate results from mice to humans, 
the mouse model informed our choice of applying tasks related 
to spatial memory in humans with SLE. Using a 2 × 2 array of 
objects that assessed both object recognition and memory for 
spatial  relations, we found that DNRAb is associated with a 

Table 2. Assessments of spatial cognition in the DNRAb+ mouse model*

Approach
Cognitive feature 

tested Description of test
Behavior in mice with hippocampal 

dysfunction

OPM task in 
tandem with 
NOR task

OPM, spatial memory 
NOR, nonspatial/
recognition 
memory (short- 
term visual 
memory)

Mouse is placed in a chamber and allowed to 
explore2objects.Then1ofthe2following
procedures is performed: 1) OPM task; 
afterwards, the location of one of the training 
objects is moved to a new location within the 
chamber and the mouse is placed back in the 
chamber. Because mice have an innate 
preference for novelty, if the mouse recog-
nizes that the object has been moved, it will 
spend more of its time at the moved object; 
or 2) NOR task; afterwards, one of the training 
objects is replaced with a novel object and 
the mouse is placed back in the chamber. 
Because mice have an innate preference for 
novelty, if the mouse recognizes the familiar 
object, it will spend most of its time at the 
novel object.

Behavior in the DNRAb mouse 
model, in which DNRAb+ mice 
display enlarged place field size 
on recordings from CA1 
hippocampal neurons, indicating 
a spatial map with less resolu-
tion as follows: OPM task: 
DNRAb− mice preferentially 
explorethemovedobject,while
DNRAb+ mice do not (66), and 
NOR task: both DNRAb+ and 
DNRAb− mice display a robust 
responseinexploringthenovel
object. This result, together with 
the OPM result, indicates a 
selective spatial memory deficit 
caused by DNRAb (65,66).

T or Y maze Spatial working 
memory

The mouse is placed in a T-  or Y- shaped 
chamber with one arm of the chamber 
blocked off. Afterwards, the barrier is 
removed and the mouse is again allowed to 
explore.Becausemicehaveaninnate
preference for novelty, the mouse will spend 
moreofitstimeintheunexploredarm.This
requires that mice recognize which arm of the 
mazetheyhadpreviouslyexplored.

DNRAb+ mice spent less time 
alternating between the 2 arms 
ofaTmazethanDNRAb− mice 
(13,65).

Morris water 
maze

Spatial reference 
memory

The mouse is placed in a pool of water with a 
hidden platform located just below the 
surface. Mice learn to escape from water by 
swimming to the platform over repeated 
sessions. This is followed by a trial in which 
the platform is removed. Mice that memorize 
the position of the platform preferentially 
swim in that area (trained sector). Since mice 
may find swimming stressful, leading to 
difficulties in interpreting results, the 
paddling pool maze was designed to over-
come this problem (see below).

DNRAb+ mice display reduced 
explorationofthetrainedsector
comparedtoDNRAb−mice(13).

Training to 
criterion 
task

Spatialflexibility Mice are required to find 5 consecutive 
locations of the platform in the Morris water 
maze.

DNRAb+ mice have poor ability to 
learn a given location compared 
toDNRAb− mice (13,65).

Shallow water 
paddling 
pool maze

Spatial memory, 
spatialflexibility

Mice are placed in a large, bright circular arena 
with transparent sides containing shallow 
water. Around the perimeter are 12 potential 
exits,oneofwhichisconnectedtoanescape
tunnel(target).Thetargetisinafixedposition
until the mouse finds it, then a new target 
position is selected. The mice are trained to 
find sequential targets in the maze. 

DNRAb+ mice need more trials to 
reach a moved target relative to 
DNRAb− mice (85).

* DNRAb = DNA- reactive antibody; OPM = object place memory; NOR = novel object recognition. 
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 spatial  memory deficit in humans with SLE (66,67). Additionally, 
we used a desktop, 3- dimensional spatial navigation task that 
may be more clinically relevant than the 2 × 2 array and found 
that DNRAb- positive SLE patients performed poorly compared to 
DNRAb- negative SLE patients, who performed similarly to healthy 
controls (68). This work demonstrates that mouse models provide 
structural information related to pathogenic mechanisms in the 
brain so that appropriate cognitive tasks may be applied.

Our group is also investigating the impact of DNRAb on 
brain structure and function in patients with SLE with stable dis-
ease activity and without CNS disease. We found that these 
SLE patients demonstrate hypermetabolism on 18F- fluorodeox-
yglucose (FDG)–PET in the hippocampus, among other brain 
regions, and hippocampal hypermetabolism correlates with 
poor working memory (69), demonstrating that SLE patients 
with no other NPSLE symptoms may exhibit CD that corre-
lates with clear abnormalities in brain function. Further, DNRAb 
antibody positivity was shown to correlate with hippocampal 
hypermetabolism (69) and decreased white matter microstruc-
tural integrity in the parahippocampal gyrus on DTI (67). This 
decreased microstructural integrity correlated with increased 
serum DNRAb and poor spatial memory performance. DTI find-
ings did not correlate with deficits in other cognitive domains. 
FDG- PET studies performed concurrently with DTI revealed 
hypermetabolism in gray matter areas, such as the hippocam-
pus, adjacent to areas with decreased white matter microstruc-
tural integrity, suggesting that changes in regional metabolism 
may indicate a pathophysiologic process leading to structural 
changes (Figure 1). Hypermetabolism and reduced white matter 
microstructural integrity were stable over a mean of 15 months. 
These findings suggest that metabolic activity in these regions 
may be a marker for SLE that is potentially responsive to tar-
geted therapies, and possibly useful as an outcome measure 
in clinical trials.

Implications for treatment of CD in SLE

There are no treatments for CD in SLE, and there are limited 
data on the use of immunosuppressive therapy in CD. The insid-
ious nature of CD and its occurrence independent of systemic 
disease activity have shifted the risk- benefit assessment in favor 
of using less aggressive, less immunosuppressive options, 
despite emerging evidence of immune- mediated mechanisms. 
In one small, prospective, double- blind placebo- controlled 
study, a trial of glucocorticoid therapy (prednisone 0.5 mg/kg) 
led to clinical improvement in 5 of 8 patients with mild SLE and 
CD who completed the trial (70). The duration of therapy varied 
from 2 to 19 months, and relapse of CD after treatment taper 
was not reported.

Given its moderate success in slowing cognitive decline 
in AD (71), memantine, an NMDAR antagonist, was tested 
in SLE patients with mild self- reported baseline CD, but did 

not exhibit significant improvement in cognitive performance 
in SLE patients compared to placebo (72). The study was 
not powered to test for an effect in patients who were pos-
itive for DNRAb (of which there were only 5), although mice 
positive for DNRAb who were treated with memantine prior 
to  breaching of the blood–brain barrier demonstrated no evi-
dence of antibody- mediated neuronal death (65). That said, 
long- term attenuation of the NMDAR has deleterious impacts 
on brain function, and it is therefore an unfavorable therapeu-
tic option (73).

Although no studies have assessed the benefit of antico-
agulation or antiplatelet therapy in SLE patients with CD with-
out thromboembolic phenomena, antiplatelet therapy such as 
low- dose aspirin or antimalarials may be considered in SLE 
patients with CD who are positive for aPLs. In a 3- year pro-
spective observational study assessing predictors of CD in 
SLE patients, regular use of low- dose aspirin improved cogni-
tive function in SLE patients with or without aPLs compared to 
those not taking aspirin (74).

One potential therapeutic strategy is to protect and enhance 
blood–brain barrier integrity. C5a receptor blockade ameliorates 
blood–brain barrier disruption and attenuates behavioral abnor-
malities in MRL/lpr mice (75), revealing a potential therapeutic 
target for CD. While sphingosine 1- phosphate receptor modu-
lation with FTY720 stabilizes the blood–brain barrier in MRL/lpr 
mice and mitigates CD (76), its use in SLE will be limited by its 
known toxicity.

Another therapeutic strategy is to block microglial activa-
tion. The renin- angiotensin system, best known for maintaining 
hemodynamic and mineralocorticoid homeostasis, consists 
of multiple neuroactive peptides that when unbalanced play 
a significant role in the neuroinflammatory processes cen-
tral to CD (77). The most potent component of this complex 
system is angiotensin II, which activates microglia to assume 
a proinflammatory phenotype, and when overexpressed is 
directly neurotoxic, resulting in neuronal injury and cell death. 
Another proinflammatory mechanism of the renin- angiotensin 
system is the ACE- mediated inactivation of bradykinin, which 
has antiinflammatory effects, suppresses microglial activation, 
and diminishes type 1 IFN responses in normal and lupus- 
prone mice (78). Genome- wide association studies identify an 
ACE allele as a risk factor in SLE, with the risk allele lead-
ing to increased serum ACE levels. In a randomized trial (79) 
and several observational studies (80), ACE inhibition slowed 
cognitive decline in AD. These data, together with the find-
ings from murine studies, support the potential use of ACE 
inhibitors as novel neuroprotective therapeutics for CD in SLE. 
Angiotensin receptor blockers may also be a useful treatment 
alternative. Minocycline has also emerged as a potent inhib-
itor of microglial activation with benefits in several neurologic 
conditions (81); however, its toxicity profile and potential risk of 
drug- induced lupus may limit its usefulness.
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The current approach of broad immunosuppression or no 
treatment for CD in SLE, with the inherent dangers of immunosup-
pression or increasing impairment, respectively, illustrates that clin-
ical trials are greatly needed. Several potential treatment strategies 
appear promising; however, much work is needed to confirm suit-
able biomarkers and end points for use in clinical trials. When trials 
begin, they need to be performed in well- defined SLE populations.

Considerations for potential trials of 
 neuroprotection in SLE CD

A key question that arises related to potential clinical trials 
in SLE CD is whether CD may be decelerated or reversed, with 
or without therapy. Several longitudinal studies have examined 
CD in SLE (7); however, only two studies included patients with-
out any history of neuropsychiatric disease, and in one of these 
studies CD was not detected, which limits the interpretation of 
results. Our study examining ACE inhibitors and microglia sup-
ports the idea that cognition may be “retrieved” rather than only 
prevented to decline, as ACE inhibitors given after the onset of 
microglial activation restored dendritic arborization and spine 
density (Kain J, et al: unpublished observations).

Another key question related to potential trials is what 
design and outcome measures should be used? Clinical trials in 
neurodegenerative diseases that affect cognition, such as in AD, 
lend some insight into potential trials in SLE CD, but mostly with 
respect to therapeutic targets rather than cognitive testing as an 
outcome measure. This is because the broad cognitive tests that 
are utilized in AD, such as the MMSE, lack sensitivity to mild CD 
(82), which is often encountered in SLE. Given this problem, we 
have chosen to use more sensitive tests such as the ANAM, and 
specific tests related to a known pathogenic mechanism (e.g., 
DNRAb and a spatial memory deficit). However, the use of cog-
nitive testing as an outcome measure has several limitations in 
potential trials. Even with a relatively sensitive test, such as the 
ANAM, many patients are needed to ensure adequate power 
to detect a significant change in performance over the limited 
time of a trial. Furthermore, the clinically meaningful change in 
cognitive tests is unclear. Therefore, clinical trials that employ 
imaging as an outcome measure based on a plausible patho-
genic mechanism, such as DNRAb- mediated neurotoxicity and 
microglial activation, may be advantageous before moving onto 
larger clinical trials with cognitive testing. Several longitudinal 
studies of TSPO- PET in AD reveal increased microglial activation 
over time, and in one study it correlated with worsening CD (24). 
These results suggest that TSPO- PET imaging may apply as a 
biomarker of CD in SLE.

Importantly, future clinical trials in SLE CD will require specifi-
cally defined patient samples. Current clinical trials may include SLE 
patients with unrelated neurologic or psychiatric diseases, which 
can potentially confound the interpretation of results.

Conclusions

CD in SLE, although insidious and sometimes difficult to 
diagnose, can be devastating, with a considerable impact on 
quality of life. The pathogenesis of CD in SLE is poorly under-
stood, which translates into a lack of biomarkers that can aid 
in diagnosis. However, dismissing CD as merely a confound-
ing symptom in SLE is shortsighted and does a disservice to 
patients. While clinical studies to date have been hampered by 
heterogeneous subject populations and a lack of sensitive and 
standardized cognitive assessments that test for an association 
of a specific cognitive deficit with a defined pathogenic mech-
anism, there are strong data from the clinical arena and from 
mouse models that show CD is present in many patients and 
is related to known disease mechanisms. Future clinical stud-
ies that utilize sensitive and specific tests for cognitive deficits 
related to known pathogenic mechanisms (e.g., spatial mem-
ory deficits related to DNRAb) are necessary and will provide 
the information needed to design treatments and interventions 
that will preserve cognitive function and improve quality of life 
for patients.
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Exploring the Lipid Paradox Theory in Rheumatoid 
Arthritis: Associations of Low Circulating Low- Density 
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Objective. Rheumatoid arthritis (RA) patients with the lowest circulating low- density lipoprotein (LDL) concentra-
tions are at heightened risk of cardiovascular events. However, the atherosclerosis burden within this subgroup is 
unknown.

Methods. RA patients pooled from 4 cohort studies of cardiovascular disease (CVD; n = 546) were compared with 
non- RA controls from the Multi- Ethnic Study of Atherosclerosis (n = 5,279). Those taking lipid- lowering medications 
were excluded. Differences in cardiac computed tomography–derived Agatston coronary artery calcium (CAC) scores 
between the RA and control groups were compared across strata of LDL concentration.

Results. Among those with low LDL concentrations (<70 mg/dl), mean adjusted CAC scores were >4- fold higher 
for RA patients than for controls (18.6 versus 4.6 Agatston units, respectively; P < 0.001), a difference significantly 
greater than that in any other LDL concentration stratum except LDL concentration ≥160 mg/dl. Similarly, 32% of the 
RA patients with low LDL concentration had a CAC score of ≥100 Agatston units compared with only 7% of controls 
in the same LDL concentration stratum (odds ratio 5.97; P < 0.001), a difference significantly greater than that in all 
of the other LDL concentration strata. Low LDL concentration was most strongly associated with higher CAC score 
among RA patients who were white, had ever smoked, or were not obese. Other than a higher frequency of current 
smokers, RA patients with low LDL concentrations did not have more CVD risk factors or higher measures of RA 
disease activity or severity than RA patients with higher LDL concentrations.

Conclusion. RA patients with low LDL concentration may represent a group for whom heightened screening and 
prevention of atherosclerotic CVD is appropriate.

INTRODUCTION

Among individuals with rheumatoid arthritis (RA), rates of 
myocardial infarction and overall cardiovascular disease (CVD) 
mortality are 50% higher than in non- RA controls (1,2), rates that 
are comparable to those in individuals with diabetes  mellitus (3). 
Accordingly, RA patients have a greater burden of  atherosclerosis, 

with coronary artery calcium (CAC) scores markedly higher than 
those in non- RA controls (4–7). Although the majority of prior 
studies of accelerated atherogenesis in RA have focused on the 
contribution of chronic systemic inflammation, traditional CVD 
risk factors are also important, but may differ from those in the 
non- RA population (8). In particular, several observational studies 
have identified RA patients with the lowest circulating low- density 
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lipoprotein (LDL) concentrations (i.e., LDL <70 mg/dl) as having 
an unexpectedly high risk of cardiovascular events (CVEs), with 
risk comparable to or exceeding that observed in RA patients 
with the highest LDL levels (9,10). The etiologic mechanism 
underlying this observation, now commonly referred to as the 
“lipid paradox,” is unclear, although inflammation- induced reduc-
tion in lipid levels has been postulated. In contrast, high levels 
of high- density lipoprotein (HDL) and low levels of triglycerides 
appear to be associated with a decreased risk of CVEs in both 
RA and non- RA populations. Whether RA patients with very low 
LDL concentrations have a greater burden of atherosclerosis is 
unknown, but clarification of the role of LDL concentration has 
important implications for CVD prevention strategies.

In the present study, we compared CAC scores for RA 
patients to those for non- RA controls within and between strata of 
circulating fasting lipid concentrations. We hypothesized that RA 
patients with very low LDL concentrations who were not treated 
with lipid- lowering therapy would demonstrate subclinical CAC 
scores higher than those for non- RA controls. Further, we pos-
tulated that the subgroup of RA patients with very low LDL con-
centrations would have more severe and active RA disease as a 
potential mediator of higher CAC scores in this subgroup.

PATIENTS AND METHODS

Participants and recruitment. RA patients were pooled 
from 4 cohort studies of CVD in RA in which cardiac computed 
tomography (CT) was performed (4–6,11). The 4 cohort studies 
enrolled patients from and around Nashville, Tennessee (n = 169); 
Pittsburgh, Pennsylvania (n = 195); Baltimore, Maryland (n = 197); 
and New York, New York (n = 101). Detailed methods and the 
findings of each study have been published previously (4–6,11). 
RA patients were enrolled between 2001 and 2005 in the Nashville 
cohort, between 2000 and 2004 in the Pittsburgh cohort, between 
2004 and 2006 in the Baltimore cohort, and between 2011 and 
2015 in the New York City cohort. Each of the cohorts included 
patients who fulfilled the American College of Rheumatology 1987 
classification criteria (12). The RA sample for the analyses reported 
here was restricted to those without prior CVEs or cardiovascular 
procedures and those who were not treated with lipid- lowering 
medications, for a final cohort total of 546 RA patients (n = 137 
from the Nashville cohort, n = 165 from the Pittsburgh cohort, 
n = 161 from the Baltimore cohort, and n  =  83 from the New 
York cohort). Each study was approved by the institutional review 
board (IRB) of the associated university, and all subjects provided 
written informed consent prior to enrollment. The IRB of Columbia 
University Medical Center approved the pooled analyses.

Non- RA controls were enrollees in the Multi- Ethnic Study of 
Atherosclerosis (MESA). A description of the MESA study design 
and methods has been published previously (13), and a full list 
of participating MESA investigators and institutions can be found 
online at http://www.mesa-nhlbi.org. Briefly, MESA enrolled 

a multi- ethnic cohort of 6,814 participants from 6 US commu-
nities between 2000 and 2002, all of whom had a cardiac CT 
performed at baseline for quantification of CAC according to the 
Agatston method. MESA participants with RA and those treated 
with lipid- lowering medications were excluded from the present 
study (14). In total, 1,535 controls were excluded, leaving 5,279 
MESA  controls.

Assessments. RA patients in the Baltimore and New York 
cohorts underwent 64- slice cardiac multidetector row CT (MDCT). 
RA patients in the Nashville and Pittsburgh cohorts underwent 
cardiac electron beam CT (EBCT). In MESA, both MDCT and 
EBCT were used. The comparability of both methods has been 
validated (15). CAC was quantified using the Agatston method 
(16) in each cohort. In all cohorts, demographic characteristics, 
smoking history, and current medications were assessed by par-
ticipant self- report. Resting blood pressure and anthropomet-
rics were assessed similarly for all cohorts, and a fasting blood 
sample was stored from which circulating lipid concentrations 
and glucose were measured. For the pooled analyses, RA cases 
and controls were classified as having hypertension or diabetes 
mellitus based on the same definitions. Hypertension was defined 
by systolic blood pressure ≥140 mm Hg, diastolic blood pres-
sure ≥90 mm Hg, or use of antihypertensive medication. Diabetes 
mellitus was defined as a fasting serum glucose level ≥126 mg/dl 
or use of antidiabetic medications. Circulating C- reactive protein 
(CRP) level was measured in all RA cases and controls except for 
enrollees in the Pittsburgh cohort.

The duration of RA from diagnosis and the duration of morn-
ing stiffness were assessed by self- report. Joints were examined 
for swelling and tenderness in the Nashville, Baltimore, and New 
York City cohorts, but not the Pittsburgh cohort.

Statistical analysis. Participant characteristics were com-
pared between the RA and control groups using t- tests for nor-
mally distributed continuous variables, the Kruskal- Wallis test for 
non- normally distributed continuous variables, and the chi- square 
goodness- of- fit test or Fisher’s exact test, as appropriate, for 
categorical variables. Due to demographic imbalances between 
the RA and control groups, we additionally compared nondemo-
graphic characteristics using linear or binomial logistic regression, 
according to the characteristic, in models that included variables 
for RA status, age, sex, and race. Non- normally distributed con-
tinuous variables were transformed as required. Demographically 
adjusted means and percentages and their 95% confidence inter-
vals (95% CIs) were calculated, and transformed variables were 
back- transformed for ease of interpretation.

Next, we compared CAC scores between the RA and con-
trol groups by strata of LDL concentration, defined as LDL con-
centration <70 mg/dl, 70–99 mg/dl, 100–129 mg/dl, 130–159 
mg/dl, and ≥160 mg/dl, using linear regression with CAC score, 
transformed as log(CAC+1) to meet the normality requirements 

http://www.mesa-nhlbi.org
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for linear regression, modeled as the dependent variable and RA 
× LDL concentration strata modeled as an interaction term. Back- 
transformed mean CAC scores and their corresponding 95% CIs 
were calculated and plotted for the RA and control groups within 
each stratum. Differences between LDL concentration strata in 
the magnitude of the within- stratum RA versus control difference 
in CAC score were compared by calculating P for the multiplica-
tive interaction terms for each LDL concentration stratum referent 

to the stratum of LDL concentration <70 mg/dl. Additional mod-
els included adjustment for relevant shared characteristics unbal-
anced by RA status and associated with CAC score in univariate 
models at the P < 0.20 level (age, sex, race, waist circumference, 
ever and current smoker, diabetes mellitus, hypertension, HDL 
concentration, and aspirin use).

Binomial logistic regression was used to model CAC score 
≥100 and ≥300 units with covariates modeled as described above 

Table 1. Demographic and clinical characteristics of the RA patients and controls*

Controls 
(n = 5,279)

RA patients 
(n = 546) P

Demographically adjusted†

Controls RA patients P

Age, mean ± SD years 61 ± 10 56 ± 11 <0.001 – – –
Male, no. (%) 2,514 (48) 112 (21) <0.001 – – –
White, no. (%) 2,010 (38) 443 (81) <0.001 – – –
BMI, mean ± SD kg/m2 28.1 ± 5.5 28.3 ± 5.9 0.58 28.1 (28.0–28.3) 28.2 (27.7–28.7) 0.72
BMI <18.50 kg/m2, no. (%) 54 (1) 10 (2) 0.082 0.9 (0.7–0.1) 2.1 (1.1–3.9) 0.030
BMI 18.50–24.99 kg/m2, no. (%) 1,575 (30) 171 (31) 0.44 30 (29–31) 28 (25–32) 0.42
BMI 25.00–29.99 kg/m2, no. (%) 2,036 (39) 177 (33) 0.006 38 (37–39) 35 (31–40) 0.27
BMI ≥30.00 kg/m2, no. (%) 1,614 (31) 186 (34) 0.082 30 (29–31) 33 (29–38) 0.14
Waist circumference, mean ± SD 97 ± 14 93 ± 16 <0.001 97 (97–98) 94 (93–95) <0.001
Diabetes mellitus, no. (%) 557 (11) 27 (5) <0.001 8 (8–9) 8 (6–12) 0.85
Ever smoker, no. (%) 2,589 (49) 261 (48) 0.58 49 (48–50) 49 (44–53) 0.91
Current smoker, no. (%) 709 (13) 74 (14) 0.94 13 (12–14) 12 (10–16) 0.90
Hypertension, no. (%) 2,144 (41) 249 (46) 0.024 38 (37–40) 56 (51–61) <0.001
SBP, mean ± SD mm Hg 126 ± 21 126 ± 19 0.35 125 (125–126) 131 (130–133) <0.001
DBP, mean ± SD mm Hg 72 ± 10 75 ± 10 <0.001 72 (71–72) 77 (76–78) <0.001
Antihypertensive use, no. (%) 1,695 (32) 184 (34) 0.43 30 (29–31) 41 (36–45) <0.001
Current NSAIDs, no. (%) 1,164 (22) 301 (55) <0.001 22 (21–23) 45 (41–50) <0.001
COX- 2 inhibitors, no. (%)‡ 299 (6) 129 (28) <0.001 5 (4–6) 27 (22–32) <0.001
Current aspirin use, no. (%) 1,157 (22) 70 (13) <0.001 20 (19–21) 11 (9–14) <0.001
Total cholesterol, mean ± SD mg/dl 196 ± 34 199 ± 39 0.057 196 (195–197) 195 (192–198) 0.47
LDL, mean ± SD mg/dl 120 ± 31 118 ± 33 0.21 120 (119–121) 117 (114–120) 0.070
LDL <70 mg/dl, no. (%) 244 (5) 47 (9) <0.001 6 (6–7) 12 (9–15) <0.001
LDL ≥130 mg/dl, no. (%) 1,859 (35) 195 (36) 0.82 35 (34–37) 34 (30–38) 0.60
HDL, mean ± SD mg/dl 51 ± 15 56 ± 17 <0.001 52 (51–52) 53 (52–54) 0.041
Triglycerides, median (IQR) mg/dl§ 111 (78–161) 112 (79–153) 0.76 110 (108–111) 115 (109–121) 0.13
Non- HDL, mean ± SD mg/dl 145 ± 35 143 ± 38 0.26 145 (144–146) 142 (139–145) 0.13
CRP, median (IQR) mg/liter¶ 1.9 (0.8–4.3) 4.0 (1.4–9.7) <0.001 1.9 (1.9–2.0) 3.7 (3.3–4.2) <0.001
CAC score, median (IQR) 0 (0–65) 0 (0–90) 0.35 7 (7–7) 14 (12–17) <0.001
CAC score ≥1 unit, no. (%) 2,443 (46) 266 (49) 0.28 44 (43–46) 61 (56–66) <0.001
CAC score ≥100 units, no. (%) 1,097 (21) 132 (24) 0.064 14 (13–15) 27 (23–31) <0.001
CAC score ≥300 units, no. (%) 556 (11) 66 (12) 0.26 6 (5–6) 12 (9–15) <0.001

* BMI = body mass index; SBP = systolic blood pressure; DBP = diastolic blood pressure; NSAIDs = nonsteroidal antiinflammatory drugs; 
COX- 2 = cyclooxygenase 2; LDL = low- density lipoprotein; HDL = high- density lipoprotein; IQR = interquartile range; CRP = C- reactive protein; 
CAC = coronary artery calcium. 
† Demographically adjusted values are the mean (95% confidence interval) and are derived from linear or logistic regression, as appropriate 
to the characteristic of interest, in models adjusted for age, sex, and race/ethnicity. Characteristics that required normal transformation for 
modeling were back- transformed. 
‡ Data were available for all controls and 463 rheumatoid arthritis (RA) patients. 
§ Data were available for all controls and 439 RA patients. 
¶ Data were available for 5,251 controls and 436 RA patients. 
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for linear regression. Similar models were constructed for non- 
HDL concentration (using published cut points from current guide-
lines [17]) and HDL concentration (modeled in quintiles). Sensitivity 
analyses explored differences in the patterns of association of LDL 
concentration strata with CAC score restricted to strata of patient 
characteristics (age >60 years, sex, white versus nonwhite race, 
ever smoker, hypertension, diabetes mellitus, and body mass 
index [BMI] >30 kg/m2 or <30 kg/m2) and by RA cohort.

Finally, we compared patient characteristics according 
to LDL concentration (<70 mg/dl versus >70 mg/dl) using the 
 univariate tests described above for the RA and control groups 
separately. Differences in the associations of characteristics with 
LDL concentration <70 mg/dl between the RA and control groups 
were compared by modeling LDL concentration <70 mg/dl as 

the dependent variable in binomial logistic regression models 
that included RA × characteristic interaction terms as the primary 
covariates of interest. Throughout, a 2- tailed alpha of 0.05 was 
used. Stata SE version 14 (StataCorp) was used for all analyses.

RESULTS

Characteristics of the patients and controls. Char-
acteristics of the 546 RA patients and 5,279 controls are sum-
marized in Table  1. Compared with controls, RA patients were 
significantly younger and more likely to be female and white. After 
adjustment for these demographic characteristics, a significantly 
higher proportion of RA patients were underweight as defined 
by a BMI of <18.5 kg/m2, and the RA patient group had a sig-

Figure 1. Adjusted coronary artery calcium (CAC) levels in controls and rheumatoid arthritis (RA) patients. A–C, Adjusted CAC scores in 
controls (open symbols) and RA patients (solid symbols) according to low- density lipoprotein concentration (LDL- C) (A), non–high- density 
lipoprotein concentration (non–HDL- C) (B), and high- density lipoprotein concentration (HDL- C) (C). Relative differences in CAC scores for the 
RA versus control groups are indicated for each stratum. Interaction P values compare the relative difference in CAC score between the RA and 
control groups for the given stratum versus the lowest (referent) stratum. D–F, Adjusted (adj) frequencies (freq) of any CAC score (CAC score 
>0 units) (D), CAC score ≥100 units (E), and CAC score ≥300 units (F) in controls (open symbols) and RA patients (solid symbols) according 
to LDL concentration. Odds ratios (ORs) for the RA versus control groups are shown for each LDL concentration stratum. Interaction P values 
compare the magnitude of the OR between the RA and control groups for the given stratum versus the lowest (referent) stratum. Models were 
adjusted for age, sex, race, waist circumference, smoking status, diabetes mellitus, hypertension, HDL concentration (where appropriate), and 
aspirin use. Values are the mean and 95% confidence interval.
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nificantly lower waist circumference and a higher prevalence of 
hypertension, which included higher mean adjusted systolic blood 
pressure and diastolic blood pressure, and more frequent use of 
antihypertensive agents, compared with controls. A greater per-
centage of RA patients were taking nonsteroidal antiinflammatory 
drugs, including cyclooxygenase 2 inhibitors, and a lower per-
centage were taking aspirin, compared with controls. While total 
cholesterol levels did not differ significantly between the groups, 
RA patients had a lower demographically adjusted mean LDL 
concentration than controls, and the demographically adjusted 
frequency of LDL concentration <70 mg/dl in the RA group was 
double that in the control group (12% versus 6%, respectively). 
As expected, the mean adjusted CRP level was higher in the RA 
group than in the control group. As previously established (4–6), 

the average demographically adjusted CAC score was twice as 
high in the RA group than in the control group, as were the fre-
quencies of CAC score ≥100 units and CAC score ≥300 units.

Association of LDL concentration <70 mg/dl with 
a markedly higher CAC score in RA patients compared 
with non- RA controls. Adjusted CAC scores accord-
ing to strata of LDL concentration, non- HDL concentration, 
and HDL concentration are depicted in Figures 1A–C. Mean 
CAC scores were significantly higher for the RA versus con-
trol groups across all LDL concentration strata after adjust-
ment for demographic characteristics and relevant CVD risk 
factors (Figure 1A) and demonstrated a U- shaped pattern in 
the RA group compared with a linear increase, on average, in 

Figure 2. Adjusted CAC levels in controls (open symbols) and RA patients (solid symbols) according to LDL concentration stratum stratified 
by race, smoking status, and body mass index (BMI). Adjusted CAC scores are shown for A, nonwhite and white subjects, B, subjects who 
had never smoked and those who had ever smoked, and C, subjects with a BMI of <30 kg/m2 and those with a BMI of >30 kg/m2, stratified by 
LDL concentration. Relative differences in CAC scores for the RA versus control groups are indicated per stratum. Interaction P values compare 
the relative difference in CAC score between the RA and control groups for the given stratum versus the lowest (referent) stratum. Models were 
adjusted for age, sex, race (where appropriate), waist circumference, smoking status (where appropriate), diabetes mellitus, hypertension, HDL 
concentration, and aspirin use. Values are the mean and 95% confidence interval. See Figure 1 for other definitions.
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the control group. The greatest difference in mean adjusted 
CAC scores between the RA and control groups was observed 
in those with an LDL concentration of <70 mg/dl, for whom 
the mean adjusted CAC score was >3- fold higher in the RA 
group than in the control group (18.6 versus 4.6 Agatston 
units, respectively; P < 0.001). This magnitude of difference 
in adjusted CAC scores between the RA and control groups 
was significantly larger for those with an LDL concentration of 
<70 mg/dl than for those in the next 3 highest LDL concentra-
tion strata (i.e., P for interaction < 0.05 for all). Mean adjusted 
CAC scores were also higher for the RA group than the control 
group across all strata of non- HDL concentration (Figure 1B) 
and HDL concentration (Figure 1C); however, the magnitude of 
the difference in mean adjusted CAC scores between the RA 
and control groups within the lowest stratum did not differ sig-
nificantly from the difference in scores in the other strata. Sim-
ilar patterns were observed across each of the 4 RA cohorts 
(data not shown).

Adjusted frequencies of any CAC score (i.e., CAC score 
>0), CAC score ≥100 units, and CAC score ≥300 units accord-
ing to LDL concentration stratum are depicted in Figures 1D–F. 
For any CAC score (Figure 1D), the greatest relative difference 
in the adjusted frequency between RA patients and controls 
was observed in the lowest LDL concentration stratum; how-
ever, the magnitude of difference between RA patients and 
controls did not differ significantly from that within the other 
strata. For CAC score ≥100 units (Figure  1E), the adjusted 
odds ratio (OR) was nearly 6- fold higher for RA patients with 
an LDL concentration of <70 mg/dl than for controls in the 
same stratum. The magnitude of the difference in this stra-
tum was significantly larger than the differences between RA 
patients and controls in the other strata (i.e., interaction P < 
0.05 for all). A similar pattern was observed for CAC score 
≥300 units (Figure 1F), although the magnitude of difference 
between RA patients and controls in the lowest LDL concen-
tration stratum was only significantly different from that in the 
stratum of LDL concentration of 70–99 mg/dl. These patterns 
were similar across each of the 4 RA cohorts (data not shown).

Association of low LDL concentration with higher 
CAC scores among RA patients who were white, ever 
smoked, or were not obese. We explored whether the asso-
ciation of low LDL concentration with higher CAC scores differed 
according to patient characteristic. There were 3 subgroups of 
RA patients—nonwhite patients, never smokers, and those with 
a BMI of >30 kg/m2—for whom the difference in mean adjusted 
CAC score between the RA and control groups was not the 
 greatest in the LDL concentration <70 mg/dl stratum relative to 
other LDL concentration strata (Figure 2). Accordingly, the asso-
ciations of low LDL concentration with CAC score were stronger 
when the white, ever smoker, and BMI <30 kg/m2 subgroups 
were analyzed separately (Figure 2). The pattern was similar for 

both former and current smokers, so ever smokers were modeled 
as a single group (data not shown). Similarly, patterns were similar 
for the normal BMI and overweight BMI groups, which were com-
bined and modeled together.

In analyses restricted to the subgroup of white ever smok-
ers, RA patients with an LDL concentration of <70 mg/dl had a 
mean adjusted CAC score >10- fold higher than controls in the 
same stratum (61.2 versus 5.7 units, respectively; P < 0.001), 
a difference that was significantly greater than the differences 
between the RA and control groups within each of the other LDL 
concentration strata (Figure 3A). A similar pattern was observed 
for CAC score ≥100 units, with more than two- thirds of the white, 
ever- smoker RA patients with an LDL concentration of <70 mg/
dl demonstrating CAC scores ≥100 units compared with only 8% 
of the similar controls, after adjustment (OR 23.85; P < 0.001) 
(Figure 3C). This difference was, as for adjusted CAC score, signif-
icantly greater than the differences observed in the other LDL con-
centration strata. Differences between RA patients and controls 
within the lowest LDL concentration stratum were even greater 
when the analysis was restricted to white participants who were 
ever smokers and had a BMI of <30 kg/m2 (Figures 3B and D).

CVD risk factors and RA disease activity/severity 
measures were not highly prevalent among RA patients 
with low LDL concentrations. We explored whether RA 
patients with low LDL concentrations demonstrated a risk fac-
tor profile that could explain their markedly higher CAC scores 
(Table 2). With the exception of a significantly higher prevalence 
of current smokers, the frequencies of CVD risk factors were 
not higher among RA patients with low LDL concentrations 
than among RA patients with higher LDL concentrations. Sev-
eral CVD risk factors (BMI, waist circumference, and triglyceride 
levels) were lower in RA patients with low LDL concentrations 
than in those with higher LDL concentrations. Importantly, the 
lower average BMI in the RA patients with low LDL concentra-
tions was not driven by a higher proportion of those in the under-
weight category (i.e., BMI <18.5 kg/m2). Likewise, RA disease 
and treatment characteristics were not higher in those with low 
LDL concentrations, and the presence of shared epitope alleles 
was significantly lower among those with low LDL concentra-
tions. Associations of demographic characteristics, lifestyle char-
acteristics, and CVD risk factors with low LDL concentrations 
were generally similar for non- RA controls and RA patients, with 
the exceptions of BMI and waist circumference, which were not 
lower in the controls with low LDL concentrations compared with 
the controls with high LDL concentrations.

DISCUSSION

In this study, which is the first to explore the coronary 
atherosclerosis burden among RA patients with very low 
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LDL concentrations who were not treated with lipid- lowering 
 medications, we observed a U- shaped association of LDL 
 concentrations with CAC score among RA patients that was 
not present in non- RA controls. The largest relative difference in 

CAC score between the RA and control groups was observed 
for those with an LDL concentration of <70 mg/dl. The mag-
nitude of this association was larger among those who were 
white, those who ever smoked, and those who were not obese. 

Figure 3. Adjusted CAC levels in controls (open symbols) and RA patients (solid symbols) according to LDL concentration stratum, restricted 
to high impact subgroups. A and B, Adjusted CAC score according to LDL concentration stratum for white controls and RA patients who had 
ever smoked (A) and for white controls and RA patients who had ever smoked and were not obese (had a body mass index [BMI] of <30 kg/
m2) (B). Relative differences in CAC scores for the RA versus control groups are indicated per stratum. Interaction P values compare the relative 
difference in CAC score between the RA and control groups for the given stratum versus the lowest (referent) stratum. C and D, Adjusted 
frequency of CAC score ≥100 units according to LDL concentration stratum for white controls and RA patients who had ever smoked (C) and 
for white controls and RA patients who had ever smoked and were not obese (D). Interaction P values compare the magnitude of the OR 
between the RA and control groups for the given stratum versus the lowest (referent) stratum. Models were adjusted for age, sex, race, waist 
circumference, diabetes mellitus, hypertension, HDL concentration, and aspirin use. Values are the mean and 95% confidence interval. See 
Figure 1 for other definitions.
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However, other than a higher proportion of current smokers 
among those with very low LDL concentrations, traditional CVD 
risk factors and RA characteristics did not account for the find-
ings. The study also confirmed, in the largest sample to date, 
higher overall CAC scores in RA patients than controls across 
the entire range of LDL concentrations.

Observational studies showing lower levels of circulat-
ing total cholesterol and LDL among RA patients compared 
with non- RA controls date back decades (18). Recognition 
that the magnitude of association of LDL concentration with 
CVEs is lower among RA patients than in the general pop-
ulation is derived from more recent studies (8). However, RA 

Table 2. Characteristics of the RA patients and controls according to LDL concentration strata*

RA patients Controls

Interaction 
P

LDL <70 
mg/dl 

(n = 47)
LDL >70 mg/dl 

(n = 499) P

LDL <70 
mg/dl 

(n = 244)
LDL >70 mg/dl 

(n = 5,035) P

Age, mean ± SD years 55 ± 15 57 ± 11 0.26 62 ± 11 61 ± 10 0.67 0.20
Male, no. (%) 13 (28) 99 (20) 0.20 113 (46) 2,401 (48) 0.68 0.17
White, no. (%) 35 (74) 408 (82) 0.22 82 (34) 1,928 (38) 0.14 0.60
BMI, mean ± SD kg/m2 26.5 ± 5.8 28.4 ± 5.9 0.030 28.2 ± 5.9 28.1 ± 5.5 0.78 0.020
BMI <18.50 kg/m2, no. (%) 2 (4) 8 (2) 0.21 4 (2) 50 (1) 0.32 0.61
BMI 18.50–24.99 kg/m2, no. (%) 21 (45) 150 (30) 0.041 77 (32) 1,498 (30) 0.57 0.11
BMI 25.00–29.99 kg/m2, no. (%) 9 (19) 168 (34) 0.040 80 (33) 1,956 (39) 0.059 0.22
BMI ≥30.00 kg/m2, no. (%) 15 (32) 171 (34) 0.73 83 (34) 1,531 (30) 0.26 0.43
Waist circumference, mean ± SD 87 ± 16 93 ± 16 0.011 98 ± 16 97 ± 14 0.61 0.005
Diabetes mellitus, no. (%) 3 (6) 24 (5) 0.50 42 (17) 515 (10) 0.001 0.57
Ever smoker, no. (%) 27 (57) 234 (47) 0.17 134 (55) 2,455 (49) 0.060 0.73
Current smoker, no. (%) 11 (23) 63 (13) 0.039 54 (22) 655 (13) <0.001 0.90
Hypertension, no. (%) 20 (43) 229 (46) 0.66 125 (51) 2,019 (40) 0.001 0.14
SBP, mean ± SD mm Hg 123 ± 21 127 ± 19 0.21 126 ± 21 126 ± 21 0.82 0.44
DBP, mean ± SD mm Hg 75 ± 10 75 ± 10 0.72 71 ± 11 72 ± 10 0.38 0.68
Antihypertensive use, no. (%) 17 (37) 167 (33) 0.63 113 (46) 1582 (31) <0.001 0.23
Total cholesterol, mean ± SD mg/dl 139 ± 24 205 ± 35 <0.001 136 ± 22 199 ± 32 <0.001 0.77
HDL, mean ± SD mg/dl 56 ± 21 56 ± 17 0.83 52 ± 20 51 ± 15 0.22 0.88
Triglycerides, median (IQR) mg/dl† 87 (67–127) 112 (81–152) 0.005 97 (63–174) 109 (77–156) 0.075 0.092
CRP, median (IQR) mg/liter‡ 3.4 (0.5–8.0) 4.0 (1.4–10.0) 0.23 2.2 (0.8–5.1) 1.9 (0.8–4.2) 0.20 0.10
CRP ≥5 mg/liter, no. (%) 15 (41) 161 (47) 0.48 62 (25) 998 (20) 0.037 0.14
Current NSAIDs, no. (%) 27 (57) 274 (55) 0.74 57 (23) 1,107 (22) 0.61 0.82
COX- 2 inhibitors, no. (%)§ 7 (20) 122 (28) 0.28 17 (7) 282 (6) 0.37 0.17
Current aspirin use, no. (%) 8 (17) 62 (12) 0.37 53 (22) 1,104 (22) 0.94 0.37
RA duration, median (IQR) years 10 (3–20) 9 (3–19) 0.76 – – – –
RF seropositive, no. (%) 31 (66) 363 (73) 0.18 – – – –
DAS28- CRP, median (IQR)‡ 3.6 (2.5–4.7) 3.7 (2.8–4.5) 0.42 – – – –
Morning stiffness, median (IQR) 

minutes
20 (5–60) 20 (5–60) 0.77 – – – –

Any shared epitope alleles, no. (%)† 15 (52) 256 (70) 0.039 – – – –
Any nonbiologic agents, no. (%) 39 (83) 425 (85) 0.66 – – – –
Current methotrexate, no. (%) 29 (62) 319 (64) 0.76 – – – –
Current hydroxychloroquine, no. (%) 14 (30) 103 (21) 0.14 – – – –
Current biologic agents, no. (%) 15 (32) 166 (33) 0.84 – – – –
Current prednisone, no. (%) 21 (45) 215 (43) 0.83 – – – –

* RF = rheumatoid factor; DAS28- CRP = Disease Activity Score in 28 joints using the C- reactive protein level (see Table 1 for other definitions). 
† Data were available for 385 RA patients. 
‡ Data were available for 382 RA patients. 
§ Data were available for 463 RA patients. 
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patients with very low LDL concentrations were identified as 
being at heightened risk of CVEs only in 2010 in a study by 
Myasoedova et al, who named the association the “lipid par-
adox”(9). Since then, the association has been demonstrated 
in additional cohorts (10); however, whether the association 
truly differs between RA and non- RA populations has been 
questioned (19).

Our findings support the notion of a heightened CVD risk 
for RA patients with very low LDL concentrations, particularly 
since >30% of the RA patients in this group had a CAC score 
of ≥100 units, an established threshold predictive of future ath-
erosclerotic CVEs (20). Moreover, 75% of those with very low 
LDL concentrations in the group that we identified as having 
the highest risk of CVD (white patients who had ever smoked 
and were not obese) had a CAC score of ≥100 units. Such 
individuals would not be considered at high risk of CVD based 
on risk algorithms validated in the general population that are 
weighted heavily toward CVD risk driven by hyperlipidemia, 
such as the current American College of Cardiology/American 
Heart Association guidelines (21). These algorithms have con-
sistently been shown to underperform in RA patients (22,23), 
suggesting that additional predictive factors for RA patients 
should be identified. However, efforts to improve prediction 
by factoring in systemic markers of inflammation have been 
unsuccessful (22,23).

In RA, systemic markers of inflammation vary with time and 
treatment, and current levels are likely not reflective of past levels 
that may have contributed to atherogenesis. Low LDL concen-
trations in patients not receiving lipid- lowering medications may 
represent a more consistent and stable marker of an RA- driven 
atherogenic propensity, and more aggressive CVD screening and 
primary prevention measures, including targeting of non- lipid risk 
factors, may be appropriate for RA patients with this phenotype. 
Using cardiac CT for secondary screening for atherosclerosis is 
already advocated for those at uncertain or intermediate risk in the 
general population (21); however, the utility of such a strategy has 
not been evaluated in RA patients with very low LDL concentrations. 
Our data indicate that studies evaluating the utility of secondary 
screening with an imaging assessment of atherosclerosis among 
RA patients with very low LDL concentrations are warranted.

Mechanistically, it is unclear what factor(s) may mediate the 
disconnect between circulating LDL concentration and athero-
genesis in this subgroup of RA patients. Inflammatory cytokines 
associated with RA, such as interleukin- 6, up- regulate LDL recep-
tors and scavenger receptors for modified LDL particles on hepa-
tocytes and macrophages, potentially leading to lower circulating 
LDL levels while also being proatherogenic (24,25). However, 
we did not observe an association of higher CRP levels or Dis-
ease Activity Scores with low LDL concentration, making these 
unlikely to be mediators of the associations we observed. Another 
 mechanism potentially leading to reduced circulating LDL levels is 
oxidation, since oxidized LDL particles are more readily taken up 

by macrophages and removed from circulation (26). RA patients, 
on average, have higher levels of oxidized LDL (27). HDL pro-
tects against such LDL oxidation, largely through the activity of its 
paraoxonase cargo. In RA, HDL particles are deficient of paraox-
onase (28) and paraoxonase function is diminished (29), an effect 
that is potentially reversible with treatment (30). However, whether 
these or other mechanisms mediate the low LDL phenotype to be 
proatherogenic warrants further investigation. Very low LDL con-
centrations, along with lower HDL concentrations and triglyceride 
levels, have also been linked to higher mortality in patients with 
moderate- to- severe heart failure (31). Whether this phenomenon 
is due to an increase in atherosclerosis, consistent with our find-
ings, or is a consequence of malnutrition and/or the cachectic 
hypermetabolic state of advanced heart failure is unclear.

The fact that a larger effect of very low LDL concentration on 
CAC was seen among white RA patients who had ever smoked 
was consistent with the expected contribution of these risk 
factors; however, the protective effect of higher BMI was unex-
pected. Interestingly, higher BMI has also been associated with 
lower all- cause and CVD mortality in RA patients (32,33). It has 
been postulated that this association is due to the presence of 
sarcopenia and frailty induced by prolonged disease activity and 
severity that characterizes RA patients with lower BMIs; however, 
Escalante et al (32) showed that the protective effect of BMI on all- 
cause mortality was incremental, even when moving from the nor-
mal weight to overweight to obese BMI categories. Nevertheless, 
because patients with low BMI and very low LDL concentration 
make up a relatively small subset of the RA population, it seems 
unlikely that this is the primary mechanism whereby BMI appears 
to be protective against all- cause and CVD mortality in RA.

Our study has notable strengths and limitations. Among its 
strengths, the RA patient sample included participants in 4 of the 
largest North American cohort studies of CAC in RA and was suf-
ficiently large to explore associations within subsets of patients. 
Likewise, the ability to leverage the size of the MESA cohort for 
non- RA controls allowed additional precision to detect differences 
within subsets. Among the limitations of the study, there were dif-
ferences in the 4 RA cohorts in inclusion/exclusion criteria, dates 
of enrollment, data captured, and geographic location. However, 
the primary exposures and outcomes were collected in a similar 
manner in the 4 cohorts and, in sensitivity analyses, there were no 
differences between the cohorts with regard to the associations of 
very low LDL concentration with CAC score.

There were also differences in demographic characteristics 
between the pooled RA sample and the MESA control group. 
However, we chose not to sacrifice precision by attempting to 
match or restrict inclusion based on demographic variables; 
rather, we used multivariable regression to adjust for demo-
graphic differences and we conducted sensitivity analyses 
restricted to age group, sex, and race, with notable differences 
observed only for race, as discussed above. Because of the 
smaller sample size of the subgroup analyses and the inherent 
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reduction in statistical power, the magnitude and significance 
of the associations should be interpreted as less reliable than 
that of the main effects identified in the full cohort. However, 
these subgroup dichotomies are potentially hypothesis-gener-
ating and warrant validation in subsequent studies. Finally, our 
comparisons are cross- sectional only, with no ability to deter-
mine temporality in the associations. In particular, future studies 
exploring atherosclerosis progression according to LDL concen-
tration stratum are warranted. We did not find an interaction of 
age or RA duration with the association between very low LDL 
concentration and CAC score, suggesting that the association 
is not related solely to the cumulative effects of RA disease.

In summary, RA patients not treated with lipid- lowering 
medications who had the lowest circulating LDL concentra-
tions (i.e., <70 mg/dl) had markedly higher CAC scores relative 
to non- RA controls, including a high frequency of CAC scores 
potentially associated with CVEs (i.e., CAC score ≥100 units), 
even after adjustment for relevant confounders. The associ-
ation was not observed for HDL concentration or non- HDL 
concentration, suggesting an effect specific to LDL concen-
tration. The association was stronger in some subsets of RA 
patients, particularly those who were white, those who had 
ever smoked, and those who were not obese. However, the 
high risk of CVD observed for these patients did not appear 
to be based on either their traditional CVD risk profile or RA 
disease or treatment characteristics. Our data support the 
notion of the so- called “lipid paradox,” in which RA patients 
with similarly low LDL concentrations have been noted to be 
at unexpectedly high risk of CVEs, and suggest that there is 
a susceptible subgroup of RA patients that may benefit from 
additional CVD screening and/or preemptory aggressive 
 primary prevention efforts targeting non- lipid risk factors.
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A Multicenter, Randomized, Placebo- Controlled Trial of 
Atorvastatin for the Primary Prevention of Cardiovascular 
Events in Patients With Rheumatoid Arthritis
George D. Kitas,1 Peter Nightingale,2 Jane Armitage,3 Naveed Sattar,4 Jill J. F. Belch,5 and  
Deborah P. M. Symmons,6 on behalf of the TRACE RA Consortium

Objective. Rheumatoid arthritis (RA) is associated with increased cardiovascular event (CVE) risk. The impact of 
statins in RA is not established. We assessed whether atorvastatin is superior to placebo for the primary prevention 
of CVEs in RA patients.

Methods. A randomized, double- blind, placebo- controlled trial was designed to detect a 32% CVE risk reduction based 
on an estimated 1.6% per annum event rate with 80% power at P < 0.05. RA patients age >50 years or with a disease 
duration of >10 years who did not have clinical atherosclerosis, diabetes, or myopathy received atorvastatin 40 mg daily or 
matching placebo. The primary end point was a composite of cardiovascular death, myocardial infarction, stroke, transient 
ischemic attack, or any arterial revascularization. Secondary and tertiary end points included plasma lipids and safety.

Results. A total of 3,002 patients (mean age 61 years; 74% female) were followed up for a median of 2.51 years 
(interquartile range [IQR] 1.90, 3.49 years) (7,827 patient- years). The study was terminated early due to a lower than 
expected event rate (0.70% per annum). Of the 1,504 patients receiving atorvastatin, 24 (1.6%) experienced a pri-
mary end point, compared with 36 (2.4%) of the 1,498 receiving placebo (hazard ratio [HR] 0.66 [95% confidence 
interval (95% CI) 0.39, 1.11]; P = 0.115 and adjusted HR 0.60 [95% CI 0.32, 1.15]; P = 0.127). At trial end, patients 
receiving atorvastatin had a mean ± SD low- density lipoprotein (LDL) cholesterol level 0.77 ± 0.04 mmoles/liter lower 
than those receiving placebo (P < 0.0001). C- reactive protein level was also significantly lower in the atorvastatin 
group than the placebo group (median 2.59 mg/liter [IQR 0.94, 6.08] versus 3.60 mg/liter [IQR 1.47, 7.49]; P < 0.0001). 
CVE risk reduction per mmole/liter reduction in LDL cholesterol was 42% (95% CI −14%, 70%). The rates of adverse 
events in the atorvastatin group (n = 298 [19.8%]) and placebo group (n = 292 [19.5%]) were similar.

Conclusion. Atorvastatin 40 mg daily is safe and results in a significantly greater reduction of LDL cholesterol lev-
el than placebo in patients with RA. The 34% CVE risk reduction is consistent with the Cholesterol Treatment Trialists’ 
Collaboration meta- analysis of statin effects in other populations.

INTRODUCTION

Despite major advances in therapy over the last two de
cades, rheumatoid arthritis (RA) continues to be associated with 

reduced life expectancy compared to the general population (1). 
Almost half of all deaths in RA (~35–40% of the excess deaths) 
are attributed to cardiovascular disease (CVD) (2). There are many 
mechanisms that may underlie the increased CVD morbidity and 
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mortality in RA, but their cross talk and relative contributions are 
not yet fully elucidated. CVD risk factors, including smoking, hyper
tension, dyslipidemia, increased adiposity, and reduced physical 
activity, are highly prevalent in RA (3) but do not fully account for 
the excess CVD (4). A significant part is attributed to “novel” CVD 
risk factors, such as “high grade” inflammation promoting athero
thrombotic cardiovascular events (CVEs) (4,5). Risk algorithms 
developed for the general population may underestimate CVE risk 
in patients with RA (6–8), even when multipliers are applied, as 
in recently updated European League Against Rheumatism rec
ommendations (9). This makes identification of RA patients who 
would benefit from primary prevention therapy less precise, leads 
to significant underuse of statins even in patients who fulfill general 
population thresholds for statin treatment (10), and has led some 
to suggest universal prescription of statins in RA (11), as practiced 
in diabetes mellitus (DM).

The efficacy of statins in the primary and secondary preven
tion of CVEs has been demonstrated in large scale trials and meta 
analyses (12). CVE reduction is related to the degree of reduction 
of low density lipoprotein (LDL) cholesterol levels. Each millimole 
per liter reduction in LDL cholesterol is associated with a 20–22% 
reduction in the risk of myocardial infarction (MI), revascularization, 
and stroke (12). In RA, high grade inflammation is associated with 
suppression of total cholesterol, LDL cholesterol, and high density 
lipoprotein (HDL) cholesterol levels, as well as changes in lipid struc
ture and function, promoting atherosclerosis (13,14). The potential 
pleiotropic antiinflammatory/immunomodulatory effects of statins 
(15) may therefore be more relevant in RA than in the general pop
ulation. In the Trial of Atorvastatin in Rheumatoid Arthritis (TARA), 
atorvastatin 40 mg daily, as an adjunct to disease modifying anti
rheumatic drug (DMARD) therapy, provided a modest additional 
benefit for control of inflammation in RA, at least in a subgroup of 
patients (16), while the Tayside controlled study of rosuvastatin in 
RA suggested a potentially beneficial effect on C reactive protein 
(CRP) levels (17). The extent to which statins affect lipid levels and 
reduce CVEs in RA remains uncertain, due to the small number of 
RA patients included in general population trials (18).

The lack of robust primary prevention data, coupled with the 
multifaceted pharmacologic potential of statins in RA suspected 
at that time, prompted the Trial of Atorvastatin for the Primary 
Prevention of Cardiovascular Events in Patients with Rheumatoid 
Arthritis (TRACE RA), the only statin trial with hard CVE end points 
in this population.

PATIENTS AND METHODS

Study design. TRACE RA was a multicenter, randomized, 
double blind, placebo controlled trial comparing atorvastatin 
40 mg once daily (supplied by Pfizer UK) with placebo (dummy 
atorvastatin) for the primary prevention of CVEs in patients with 
RA. The trial was conducted in 102 rheumatology units in the 
UK, approved by the Southampton and South West Hampshire 

 Multicentre Research Ethics Committee (Ref. No 06/Q1704/171), 
and registered with International Standard Randomised Controlled 
Trial Number 41829447. The final protocol is available at https ://
www.staff net.manch ester.ac.uk/rbe/ethicsinteg rity/clini caltrial s/
portf olio/trace ra/ and in Supplementary Methods 1, available on 
the Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.
com/doi/10.1002/art.40892/ abstract. See Appendix A for study 
centers and members of the TRACE RA Consortium.

Participants. Patients were eligible if they fulfilled the Amer
ican College of Rheumatology 1987 criteria for RA (19), were >50 
years of age or had an RA disease duration of >10 years, and 
gave informed consent. Patients taking statins and those with 
known CVD requiring statins, DM, myopathy, or other contrain
dications to statins were excluded (see Supplementary Methods 
1). Recruiting centers continued their routine practice for screen
ing (or not) for cardiovascular risk. There were no restrictions with 
regard to RA treatment prior to or during the trial period, other 
than the requirement that patients receive stable doses of anti
rheumatic medication for the 3 months prior to inclusion in the 
study. Potentially eligible patients were identified during routine 
clinical visits, given the patient information sheet, and invited to 
contact the local trial team if they were interested in participat
ing. A screening visit was then arranged. All patients recruited 
 provided written informed consent.

Randomization and masking. Trial medication was pro
vided by Pfizer UK, bottled by an independent pharmaceutical 
company (Catalent Pharma Solutions UK) to good manufacturing 
practice standards, and dispensed by the local study pharmacist. 
The randomization process was incorporated into the drug label
ing. Center was the only stratifying variable. Catalent performed the 
randomization, labeled each bottle with a unique number, and sup
plied the packaged drugs to hospital pharmacies with scratch cards 
to allow a patient’s treatment allocation to be revealed, if necessary. 
On entering the trial, each patient was given a filled and labeled 
bottle, coded with a unique study number, which was used for all 
future supplies for that patient. Study treatment remained double 
blind for patients, investigators, and study personnel throughout.

Procedures. The trial comprised 3 stages: 1) a screening 
visit to confirm patient eligibility, secure consent, counsel (ver
bally and with a leaflet) patients on modifiable cardiovascular risk 
factors, and randomize patients (there was no run in period); 
2) a 3 month visit to check drug tolerability and safety (by liver 
function tests and creatine kinase [CK] level); and 3) an intended 
minimum 5 year treatment period. At the screening visit, base
line information on demographic characteristics, medical history, 
family history of premature CVD, smoking status, and concom
itant medication was obtained through interview and case note 
review. The presence of hypertension was assessed by the case 
report form question, “Is the patient known to have hypertension?” 

https://www.staffnet.manchester.ac.uk/rbe/ethics-integrity/clinical-trials/portfolio/tracera/
https://www.staffnet.manchester.ac.uk/rbe/ethics-integrity/clinical-trials/portfolio/tracera/
https://www.staffnet.manchester.ac.uk/rbe/ethics-integrity/clinical-trials/portfolio/tracera/
http://onlinelibrary.wiley.com/doi/10.1002/art.40892/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40892/abstract
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Height, weight, and waist circumference were measured. RA dis
ease activity, severity (physical function), and quality of life were 
assessed using the Disease Activity Score in 28 joints (DAS28) 
(20), the UK version of the Health Assessment Questionnaire 
(HAQ) (21) disability index (DI), and the EuroQol 5 domain (EQ 
5D) instrument (22), respectively. Blood samples were collected 
for routine measurements of hematologic features, biochemical 
features, erythrocyte sedimentation rate, CRP, rheumatoid factor, 
and/or anti–cyclic citrullinated peptide antibodies.

The protocol did not require measurement of lipid levels at 
baseline. The results of any lipid measurements that had been 
requested routinely in primary or secondary care over the previous 
12 months were recorded in the clinical trial record. If there was 
more than 1 lipid measurement, the most recent was used. Gen
eral practitioners (GPs) were informed if patients were found to 
have hypertension, DM, or an existing indication for statins (e.g., 
known hyperlipidemia, DM, or previously known high CVD risk 
[according to standard guidelines] requiring a statin for primary or 
secondary prevention).

Randomized patients were followed up at 3 and 6 months 
and every 6 months thereafter in person or by telephone. Infor
mation on trial efficacy and safety end points, disease activity, 
severity, and concomitant medication was collected at each 
visit. Patients were asked if they had taken “most,” “some,” or 
“none” of their tablets. Patients were considered compliant if they 
reported taking “most” of their study tablets since their last visit. 
Study drug administration could be paused, if necessary, for up to 
4 weeks without violating the protocol. Patients who experienced 
a validated primary end point had no further trial visits but were 
followed up for mortality via linkage with national death registers. 
Secondary prevention in these patients was decided by the GP 
and/or treating physician. Patients who were withdrawn from the 
study for reasons other than a primary end point continued to 
attend follow up visits to facilitate adverse event and clinical end 
point data collection. Patients who developed a clinical need for a 
statin, other than a primary end point, after randomization could 
be prescribed up to 40 mg of atorvastatin in addition to the ran
domized trial medication and remain in the trial.

Outcome measures. The prespecified primary end point 
was “major vascular events,” defined as nonfatal MI, nonfatal pre
sumed ischemic stroke, transient ischemic attack (TIA), any cor
onary or non coronary revascularization, or cardiovascular death, 
excluding both confirmed cerebral hemorrhage (International Sta
tistical Classification of Diseases and Related Health Problems, 
Tenth Revision [ICD 10] codes I64–I99) (23) and non coronary 
cardiac death (ICD 10 codes I00–I15 and I26–I52), occurring dur
ing the scheduled treatment period. Secondary end points were 
the separate components of the primary end point. Tertiary end 
points included total and cause specific mortality (coronary, other 
vascular, and nonvascular death separately); hospitalizations; 
statin safety related outcomes (persistent elevation of alanine 

transaminase [ALT] or aspartate transaminase [AST] or myopathy 
[muscle symptoms plus CK >10× the upper limit of normal (ULN)]; 
and between group differences at study end in lipid levels and 
health related outcomes (physical function and quality of life).

Additional information about all potential primary end points 
was collected from medical records, death certificates, and post
mortem examinations (where available). An independent trial 
end points committee reviewed such information on all potential 
CVEs and deaths and classified them according to prespecified 
criteria (see Supplementary Methods 1). Information about hos
pital admissions was ascertained via linkage, using each patient’s 
unique National Health Service number, with the Health and Social 
Care Information Centre (HSCIC) for England and Wales and the 
Scottish Office’s Information and Statistics Division (ISD), and the 
local hospital medical records departments. Information on mor
tality and cause of death was obtained via linkage with the HSCIC 
and ISD. Patients were asked at each visit about adverse events 
including muscle pain, and ALT, AST, and CK were measured at 3 
months. Liver function tests were also performed regularly (usually 
every 2–3 months) as part of routine DMARD monitoring. At the 
final study visit, patients were asked to provide a blood sample for 
lipid and CRP analysis. These samples were shipped to a single 
laboratory and measured, blinded with regard to treatment group, 
on an automated validated platform (c311; Roche Diagnostics) 
using the manufacturer’s calibrators and quality control material. 
Between run coefficients of variation were all <5.2%. LDL choles
terol level was estimated using the Friedewald equation (24).

Statistical analysis. The original protocol (Supplementary 
Methods 2, available on the Arthritis & Rheumatology web site 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.40892/ abstract) 
anticipated that a trial of 3,800 patients followed up for 5 years 
would have sufficient statistical power to detect plausible risk 
reduction with atorvastatin. However, a lower than expected 
event rate led to a protocol amendment (Supplementary Methods 
3, available on the Arthritis & Rheumatology web site at http://
onlin elibr ary.wiley.com/doi/10.1002/art.40892/ abstract). The final 
protocol specified a sample size of 5,400, which would have had 
80% power to detect a 32% relative risk reduction in the primary 
end point in the atorvastatin versus placebo arms based on 434 
primary events (Supplementary Methods 1 and Supplementary 
Figure 1, available on the Arthritis & Rheumatology web site at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.40892/ abstract). 
However, the ongoing much lower than anticipated CVE rate led 
to premature termination of the trial.

All randomized patients were included in the analysis up to 
December 20, 2012 or the end of trial visit, whichever was ear
lier, irrespective of whether the study drug was continued (i.e., 
intent to treat analyses). Cox regression models were devel
oped for time to occurrence of a first CVE using treatment allo
cation as the independent variable. The models were stratified 
by center and adjusted for baseline imbalances, compliance, 

http://onlinelibrary.wiley.com/doi/10.1002/art.40892/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40892/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40892/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40892/abstract
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and nonstudy statin use (the latter two as time dependent vari
ables using a previously described method [25]). All adjustments 
were prespecified in the protocol and the statistical analysis plan 
(Supplementary Methods 4, available on the Arthritis & Rheu-
matology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.40892/ abstract). Treatment differences were expressed as 
hazard ratios (HRs) with 95% confidence intervals (95% CIs). 
P values less than 0.05 (2 sided) were considered significant. 
Kaplan Meier product limit estimates of the survival curves were 
calculated. Lipid levels and levels of blood tests monitoring stat in 
safety were compared between groups using Mann Whitney 
tests. All analyses were performed with SPSS Statistics for Win
dows, version 22.0 (IBM).

RESULTS

Trial progress. Between August 7, 2007 and Novem
ber 21, 2011, 3,002 patients with RA from 102 centers were 
randomized (1,504 to receive atorvastatin and 1,498 to receive 
placebo). Their mean age was 61 years (228 [7.6%] of 3,002 
patients were <50 years of age), and 74% were women. They 
were followed up for a median of 2.51 years (interquartile range 
[IQR] 1.90, 3.49 years), providing 7,827 person years of fol
low up. At the time of trial closure (December 31, 2011), the 
observed event rate in the 2 arms combined was 0.70% per 
annum compared with the expected 1.6% per annum. Trial prog
ress is shown in Figure 1 and Supplementary Table 1, available 

Figure 1. Trial profile. A total of 3,002 patients from 102 UK rheumatology centers were randomized in the Trial of Atorvastatin for the Primary 
Prevention of Cardiovascular Events in Patients with Rheumatoid Arthritis (TRACE RA). Of those, 1,504 were randomized to receive atorvastatin 
40 mg daily and 1,498 were randomized to receive matching placebo. A detailed breakdown of follow up during the course of the trial is shown 
in Supplementary Table 1, available on the Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.40892/ abstract. 
All randomized patients were included in the intent to treat analysis for the primary and secondary end points. Variable numbers of patients, 
based on data availability, were used for analyses of other outcomes.

http://onlinelibrary.wiley.com/doi/10.1002/art.40892/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40892/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40892/abstract
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Table 1. Baseline characteristics of the patients randomized to receive atorvastatin or placebo*

Atorvastatin 40 mg 
(n = 1,504)

Placebo 
(n = 1,498)

Demographic/anthropometric characteristics
Sex, female 1,107/1,504 (74) 1,120/1,498 (75)
Age, mean ± SD years (n) 61.1 ± 8.3 (1,500) 60.9 (8.5) (1491)
Race, white 1,394/1,421 (98) 1,407/1,430 (98)
BMI, median (IQR) (n) 26.4 (23.7, 30.1) (1,466) 26.8 (24.0, 30.1) (1,432)

RA characteristics
Time since symptom onset, median (IQR) years (n) 13 (6, 21) (1,471) 13 (6, 21) (1,460)
Time since diagnosis, median (IQR) years (n) 11 (4, 18) (1,499) 11 (5, 20) (1,489)
RF and/or ACPA positive 737/1,177 (63) 709/1,153 (62)
DAS28, median (IQR) (n) 3.7 (2.6, 4.7) (1,471) 3.5 (2.5, 4.6) (1,471)
HAQ DI score, median (IQR) (n) 1.25 (0.50, 1.88) (1,473) 1.25 (0.38, 1.88) (1,464)
EQ- 5D, median (IQR) (n) 0.62 (0.52, 0.80) (1,422) 0.689 (0.52, 0.80) (1,408)
Treatment

Biologic DMARDs 229/1,466 (16) 232/1,458 (16)
Conventional synthetic DMARDs 1,264/1,466 (86) 1,241/1,458 (85)
Steroids 253/1,466 (17) 241/1,458 (17)
NSAIDs/coxibs 629/1,466 (43) 554/1,458 (38)

Cardiovascular characteristics
Smoking status

Current smoker 260/1,422 (18) 209/1,431 (15)
Ex- smoker 606/1,422 (43) 637/1,431 (45)
Never smoked 556/1,422 (39) 585/1,431 (41)

Hypertension 322/1,456 (22) 335/1,437 (23)
First degree relative with premature CVD 285/1,321 (22) 263/1,304 (20)
Total cholesterol, median (IQR) mmoles/liter (n) 5.4 (4.8, 6.1) (845) 5.3 (4.8, 6.0) (832)
Triglycerides, median (IQR) mmoles/liter (n) 1.26 (0.90, 1.80) (673) 1.30 (0.90, 1.80) (652)
HDL cholesterol, median (IQR) mmoles/liter (n) 1.56 (1.2, 1.90) (719) 1.52 (1.25, 1.85) (700)
LDL cholesterol, median (IQR) mmoles/liter (n) 3.2 (2.7, 3.8) (544) 3.2 (2.7, 3.8) (530)
CRP, median (IQR) mg/liter (n) 5 (3, 11) (780) 5 (3, 12) (776)
Estimated GFR, median (IQR) ml/minute/1.73 m2 (n) 79 (59, 110) (1,124) 79 (58, 111) (1,109)
Treatment

Aspirin 3/116 (3) 3/126 (2)
ACE inhibitors 10/113 (9) 10/127 (8)
Other cardiac drugs 10/113 (9) 10/123 (8)

* The variable number of patients for each characteristic is due to missing data from incomplete case report forms. The 
low number of baseline lipid measurements is because, due to budgetary constraints, the protocol did not require mea-
surement of lipid levels at baseline. In the UK, it is the responsibility of primary care physicians to assess their patients for 
cardiovascular risk and to prescribe statins for primary prevention where indicated according to national guidelines. The 
Trial of Atorvastatin for the Primary Prevention of Cardiovascular Events in Patients with Rheumatoid Arthritis (TRACE RA) 
aimed to recruit patients who did not have cardiovascular disease (CVD) at baseline and who were not already taking a 
statin for primary prevention. If lipid levels had been measured routinely in the 12 months prior to recruitment (in prima-
ry or secondary care), the results were recorded in the trial case report form. Except where indicated otherwise, values 
are the number of patients/number for whom data were available (%). BMI = body mass index; IQR = interquartile range; 
RA = rheumatoid arthritis; RF = rheumatoid factor; ACPA = anti–citrullinated protein antibody; DAS28 = Disease Activity 
Score in 28 joints; HAQ DI = Health Assessment Questionnaire disability index; EQ- 5D = EuroQol 5- domain; DMARDs = 
disease- modifying antirheumatic drugs; NSAIDs = nonsteroidal antiinflammatory drugs; HDL = high- density lipoprotein; 
LDL = low- density lipoprotein; CRP = C- reactive protein; GFR = glomerular filtration rate; ACE = angiotensin- converting 
enzyme. 
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on the Arthritis & Rheumatology web site at http://onlin elibr ary.
wiley.com/doi/10.1002/art.40892/ abstract.

Baseline characteristics of the patients. At base
line, the randomized groups were well balanced for all 
demographic, anthropometric, and RA characteristics, anti
rheumatic and other therapies, and CVD risk factors, except 
for current smoking and nonsteroidal antiinflammatory drug 
(NSAID) or cyclooxygenase 2 inhibitor (coxib) treatment, which 
were higher in the atorvastatin group than in the placebo group 
(18.4% versus 14.5% for current smoking and 42.9% versus 
38.0% for NSAID or coxib treatment). A total of 40.3% of the 
patients had low disease activity according to the DAS28 or 
were in remission (DAS28 ≤3.2), 86% were receiving stable 
doses of conventional synthetic DMARDs, 16% were receiv
ing biologic DMARDs, and 17% were receiving steroid therapy 
(Table 1 and Supplementary Table 2, available on the Arthri-
tis & Rheumatology web site at http://onlin elibr ary.wiley.com/

doi/10.1002/art.40892/ abstract).

Compliance and nonstudy statin use. In the atorva
statin group, reported compliance fell from 89% at the 3 month 
visit to 39% by 60 months of follow up, while nonstudy statin 
use increased from 0.5% to 5.6%. In the placebo group, com
pliance fell from 89% to 25% and nonstudy statin use increased 
from 0.7% to 7.8% (Supplementary Table 3, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.
com/doi/10.1002/art.40892/ abstract). Time weighted average 
compliance was 66% in the atorvastatin arm and 65% in the 
placebo arm. Time weighted nonstudy statin use was 1.6% in 
the atorvastatin arm and 3.3% in the placebo arm.

Primary end point. Twenty four patients allocated to 
receive atorvastatin (1.6%) had a confirmed CVE, compared to 
36 (2.4%) of the patients allocated to receive placebo (HR 0.66 
[95% CI 0.39, 1.11]; P = 0.115). After adjustment for baseline dif
ferences, compliance, and nonstudy statin use, the HR was 0.60 
(95% CI 0.32, 1.15) (P = 0.127). Based on the number of events, 
the numbers of patients, and the mean follow up time in each 
arm, the number needed to treat to prevent 1 CVE during the trial 
was 121. Kaplan Meier analysis of time to primary end point in 
the 2 groups is shown in Figure 2, and the cumulative incidence 
of first CVE in the 2 groups is shown in Figure 3. The estimated 
reduction in CVE risk per 1 mmole/liter reduction in LDL choles
terol level was 42% (95% CI −14%, 70%) (Supplementary Figure 
2, available on the Arthritis & Rheumatology web site at http://
onlin elibr ary.wiley.com/doi/10.1002/art.40892/ abstract). This was 
calculated by extrapolating the HR of 0.66 for a 0.77 mmoles/liter 
reduction to an HR of 0.66 to the power of (1/0.77) for a 1 mmole/
liter reduction, i.e., an HR of 0.58 or a CVE risk reduction of 42%.

Secondary end points. Individual components of the pri-
mary end point. Coronary events (nonfatal MI, coronary death, or 
coronary revascularization) occurred in 13 (0.9%) of the patients 
in the atorvastatin group versus 23 (1.5%) of the patients in the 
placebo group. Presumed ischemic stroke or TIA occurred in 6 
(0.4%) of the patients in the atorvastatin group versus 12 (0.8%) 
of the patients in the placebo group, and any non coronary arte
rial revascularization occurred in 3 (0.2%) of the patients in the 
atorvastatin group versus 1 (0.1%) of the patients in the placebo 
group. No other cardiovascular death occurred in either group. A 
peripheral atherosclerotic event occurred in 1 (0.1%) of the patients 
in the atorvastatin group and none of the patients in the placebo 

Figure 2. Kaplan Meier plots of time to first cardiovascular event (CVE) for patients in the atorvastatin and placebo groups. HR = hazard ratio; 
95% CI = 95% confidence interval.

http://onlinelibrary.wiley.com/doi/10.1002/art.40892/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40892/abstract
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http://onlinelibrary.wiley.com/doi/10.1002/art.40892/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40892/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40892/abstract
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http://onlinelibrary.wiley.com/doi/10.1002/art.40892/abstract
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group, and suspected coronary heart disease death occurred in 2 
(0.1%) of the patients in the atorvastatin group versus 1 (0.1%) of 
the patients in the placebo group (Supplementary Table 4, availa
ble on the Arthritis & Rheumatology web site at http://onlin elibr ary.
wiley.com/doi/10.1002/art.40892/ abstract).

Total and cause- specific mortality. Total and cause specific 
mortality (coronary, other vascular, and nonvascular deaths sep
arately) did not differ between the 2 arms (25 deaths in the ator
vastatin arm [1.7%] and 27 deaths in the placebo arm [1.8%]) 
(Supplementary Table 4).

Safety outcomes. There were no suspected unexpected 
serious adverse reactions. There were 298 reported adverse 
events in the atorvastatin arm (19.8%) and 292 in the placebo arm 

(19.5%) (P = 0.854) (Table 2).
Two hundred fourteen (14.2%) of the patients in the ator

vastatin group versus 223 (14.9%) of the patients in the placebo 
group had ≥1 hospitalization, with an identical median stay of 3 
days (IQR 1, 6 days). There were no differences in the number 
of hospitalizations per patient (P = 0.710 by Kendall’s  tau b) or 
in the proportion of patients with ≥1 hospitalization (P  =  0.641 
by Fisher’s exact test) (Supplementary Table 5, avail able on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.40892/ abstract).

Life threatening but nonfatal serious adverse events (SAEs) 
occurred in 22 patients in the atorvastatin group versus 24 patients 
in the placebo group, while SAEs resulting in death occurred in 19 
and 18 patients, respectively. None were considered to be related 
to trial medication. The randomization code was broken at the site 
in 3 cases in the atorvastatin arm (due to liver cysts with elevated 
ALT level, acute hepatitis, and abnormal findings on liver function 

tests) and 2 cases in the placebo arm (due to high grade lym
phoma and chest infection), none of which was attributed to trial 
medication.

There were 64 reports of “RA flare” (significant worsening of 
RA symptoms), 29 in the atorvastatin group and 35 in the placebo 
group. There were 249 reports of “new or significant muscle pain,” 
132 in the atorvastatin group versus 117 in the placebo group 
(P = 0.354). Of these, 13 (9 patients in the atorvastatin group versus 
4 patients in the placebo group) had concurrent ALT or AST eleva
tion of >2× the ULN, which was neither sustained nor considered 
to be related to the trial medication. Three of these patients (2 in 
the atorvastatin group and 1 in the placebo group) were withdrawn 
from the trial by the local principal investigator. None of the patients 
had a CK elevation of >10× the ULN. Two patients (1 in each group) 
had unsustained CK elevations of 3–10× the ULN; neither was 
considered to be due to trial medication. No asymptomatic cases 
of CK elevation were detected either on monitoring per protocol or 
during routine DMARD monitoring. There were no cases of ALT or 
AST elevation of >5× the ULN on per protocol testing, but there 
were 6 cases outside protocol testing (all unsustained and consid
ered unrelated to trial medication). Overall, there were 159 cases 
of ALT or AST elevation of 2–5× the ULN (90 in the atorvastatin 
group and 69 in the placebo group; P = 0.103), none of which was 
sustained or attributed to trial medication.

Biochemical and arthritis outcomes at the end of the 
trial. At the end of the trial, mean LDL cholesterol levels were 0.77 
mmoles/liter lower among those allocated to receive atorva statin 
compared to those allocated to receive placebo. In the atorvastatin 
group, 54% of the patients were classified as compliant at the end 
of trial visit. There were no significant differences between groups 

Figure 3. Cumulative incidence of first cardiovascular event (CVE) for patients in the atorvastatin and placebo groups. HR = hazard ratio; 95% 
CI = 95% confidence interval.
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in RA disease activity (DAS28), severity (HAQ DI), or quality of life 
(EQ 5D). However, CRP levels were significantly lower in the ator
vastatin group (median 2.59 mg/liter [IQR 0.94, 6.08]) than in the 
placebo group (median 3.60 mg/liter [IQR 1.47, 7.49]) (P < 0.0001). 
Although levels of CK and ALT (but not AST) were statistically sig
nificantly higher (by ~12–15%) in the atorvastatin group (Table 3), 
these differences are not considered clinically significant. The num
ber of cases of myopathy and elevations of liver enzyme levels 
above the normal range were similar in the 2 groups. In the end 
of trial analysis of the atorvastatin group, lipid, ALT, and CRP levels 

were significantly associated with compliance (data not shown).

DISCUSSION

TRACE RA was designed to assess whether patients with 
RA who were not already receiving statin therapy would ben

efit from atorvastatin 40 mg daily for the primary prevention of 
CVEs. In this study, the largest ever academically led clinical 
trial in RA, >3,000 RA patients were recruited and followed up 
for a median of 2.5 years. The unexpectedly low event rate 
and resulting limited statistical power to detect an effect during 
the planned 5 years of follow up led to premature termination 
of the trial. The best estimate of the “true” reduction in CVEs 
in the atorvastatin versus placebo arm is 34%. Using a 95% 
confidence level we cannot rule out any effect size between a 
61% reduction and an 11% increase. Thus, our results were 
not statistically significant. The observed 34% reduction is 
consistent with the Cholesterol Treatment Trialists’ Collabora
tion meta analysis of the effect of statins in other populations 
(12). Furthermore, in this potentially vulnerable population, 
atorvastatin was safe, with no excess reports of muscle pain 
or other significant symptoms among those allocated atorva
statin compared to those receiving placebo.

There were several reasons such a trial was needed. CVD 
remains a major cause of death (5) and is significantly increased 
in people with RA compared to the general population (26), a fact 
recognized by the addition of RA as an independent risk factor in 
CVD risk algorithms such as QRISK2 (27) and QRISK3 (28). The 
relative contribution of classic CVD risk factors and novel mecha
nisms related to systemic inflammation to the excess CVD mortal
ity of RA is still debated (4,29,30), and there have been no clinical 
end point trials assessing the effect of statins, or any other primary 
prevention strategy, in this population. Some small studies have 
shown that statins reduce surrogate measures of atheroscle
rotic events, for example, arterial stiffness (31) or carotid plaque 
(32), while a few cohort studies have suggested that statin use is 
associated with survival gains (33) and statin discontinuation with 
poorer survival (34) in RA. Finally, post hoc analyses of two trials 
of more intensive versus standard statin doses have suggested 
that the effect of statins, in terms of both LDL cholesterol reduc
tion and CVE prevention, is similar in subjects with “inflammatory 
joint disease,” including RA, and those without joint inflammation; 
however these findings were based on a very small number of 
patients and events (18).

Randomization in TRACE RA was stratified only by study 
site in the expectation that, given the large numbers, baseline 
 variables would distribute evenly between the treatment arms. 
However, baseline current smoking and NSAID/coxib usage, both 
well established risk factors for CVEs (35,36), were higher in the 
atorvastatin group. Although every effort was made to maximize 
adherence to the trial medication during the trial, adherence rates 
in TRACE RA were relatively low. Adherence to trial medication in 
statin trials varies widely (37). This appears to depend on many 
factors, including the population studied, whether it is for primary 
or secondary prevention, trial design (e.g. inclusion of a “run in” 
period), trial duration, and method of assessing adherence, 
among others. Adherence to statin treatment in real world use is 
generally accepted to be <50% (37,38). In this context, the adher

Table 2. Adverse events according to ICD 10 chapter by treatment 
arm*

Atorvastatin 
40 mg 

(n = 1,504)
Placebo 

(n = 1,498)

Infectious and parasitic disease 16 (1.1) 15 (1.0)
Neoplasms 28 (1.9) 30 (2.0)
Blood and blood- forming 

organs and immune system 
disease

5 (0.3) 2 (0.1)

Endocrine, nutritional, and 
metabolic disease

1 (0.1) 1 (0.1)

Mental and behavioral disorder 2 (0.1) 1 (0.1)
Nervous system 4 (0.3) 10 (0.7)
Eye and adnexa 8 (0.5) 5 (0.3)
Ear and mastoid disease 2 (0.1) 0 (0.0)
Circulatory disease 40 (2.7) 45 (3.0)
Respiratory disease 33 (2.2) 38 (2.5)
Digestive system disease 37 (2.5) 28 (1.9)
Skin and subcutaneous system 

disease
12 (0.8) 8 (0.5)

Musculoskeletal and connec-
tive tissue disease

20 (1.3) 22 (1.5)

Genitourinary system disease 13 (0.9) 11 (0.7)
Symptoms, signs, and abnormal 

clinical and laboratory findings 
not classified elsewhere 

8 (0.5) 10 (0.7)

Injury, poisoning 18 (1.2) 16 (1.1)
External causes of morbidity 

and mortality
23 (1.5) 19 (1.3)

None 111 (7.4) 97 (6.5)
Missing 14 (0.9) 14 (0.9)
Any adverse event 298 (19.8) 292 (19.5)

* Values are the number (%) of patients. ICD- 10 = International 
Statistical Classification of Diseases and Related Health Problems, 
Tenth Revision. 
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ence observed in TRACE RA, although disappointing, is probably 
not particularly poor. Prespecified adjusted analyses for baseline 
differences, compliance, and nonstudy statin use resulted in an 
HR of 0.60 (95% CI 0.32, 1.15) (P = 0.127).

From a clinical perspective, the safety outcomes are as 
important as CVE reduction. RA patients typically have multiple 
comorbidities (39) and polypharmacy (40), often with potentially 
hepatotoxic drugs. Virtually all participants in TRACE RA were 
receiving potentially hepatotoxic therapies such as methotrex
ate, but all patients receiving methotrexate were also prescribed 
folic acid. The 40 mg daily dose of atorvastatin is also of inter
est, as there are few randomized data on safety for this dose. 
 Reassuringly, the type and severity of adverse events, the rate of 
hospitalizations, elevations of liver or muscle enzyme levels, inci
dence of myalgia, and worsening of RA were all similar in the 2 
arms. These results suggest that atorvastatin 40 mg (and lower 
doses) is safe to use in patients with RA who are already receiving 
DMARD therapy.

Clinically assessed RA disease activity, severity, and quality 
of life were not significantly different between the 2 groups at the 
end of the trial. However, consistent with data from other studies 
(16,17), levels of CRP were significantly lower, by ~1 mg/liter, in 
the atorvastatin group than in the placebo group. This difference 

is unlikely to be clinically significant in the context of RA disease 
activity.

Since TRACE RA was terminated early because the CVE 
rate was much lower than expected, it is not surprising that 
the HR for the primary end point was not significant. The 
observed number of primary outcomes provides <20% power 
to detect the relative risk reduction of 32% specified in the 
final protocol and provides adequate power (>80%) only to 
detect a relative risk reduction of >68%. The results for the pri
mary outcome are therefore best represented as the estimated 
HR and its associated confidence interval. When the trial was 
designed (2002–2004), the assumption of a 1.6–1.8% annual 
event rate seemed, if anything, conservative. A meta analysis 
of mortality studies in RA published prior to 2005 demon
strated a meta–standardized mortality ratio of 1.5 (1). Annual 
CVE rates ranged from 2.5–5% (26). Possible explanations for 
the lowerthanexpected observed event rate in TRACE RA 
include: 1) event rates in randomized trials are always lower 
than in observational studies and the “healthy volunteer” effect 
may have been more pronounced than usual; 2) TRACE RA, 
by design, excluded patients with the highest baseline CVE 
risk since these patients were already being treated or had a 
recommendation for a statin; 3) TRACE RA participants were 

Table 3. Lipid levels and other outcomes at trial end by treatment arm*

Atorvastatin 40 mg 
(n = 1,504)

Placebo 
(n = 1,498)

Difference (atorvastatin 
minus placebo) P†

Lipid variable, mean ± SEM (n)
Total cholesterol, mmoles/liter 4.13 ± 0.04 (987) 4.86 ± 0.04 (973) −0.72 ± 0.05 <0.0001
Triglycerides, mmoles/liter 1.10 ± 0.02 (987) 1.26 ± 0.03 (973) −0.16 ± 0.03 <0.0001
HDL cholesterol, mmoles/liter 1.41 ± 0.01 (987) 1.30 ± 0.01 (972) 0.11 ± 0.02 <0.0001
LDL cholesterol, mmoles/liter 2.21 ± 0.03 (985) 2.98 ± 0.03 (965) −0.77 ± 0.04 <0.0001

Other variables, median (IQR) (n)
CK, units/liter 94 (69, 135) (986) 84 (60, 118) (971) – <0.0001
CRP, mg/liter 2.59 (0.94, 6.08) (987) 3.60 (1.47, 7.49) (972) – <0.0001
ALT, units/liter 24.0 (17.4, 33.0) (987) 20.8 (15.5, 27.7) (973) – <0.0001
AST, units/liter 36.2 (28.5, 46.7) (987) 35.6 (27.5, 46.6) (973) – 0.185

Clinical outcomes, median (IQR) (n)
EQ- 5D score 0.66 (0.52, 0.80) (1,062) 0.70 (0.52, 0.80) (1,079) – 0.301
HAQ DI score 1.25 (0.38, 1.88) (1,105) 1.25 (0.38, 1.97) (1,124) – 0.644
DAS28 score 3.3 (2.3, 4.4) (997) 3.3 (2.4, 4.4) (1,023) – 0.515

DAS28 category, no./no. available (%) 0.368
High (>5.1) 133/997 (13.3) 129/1,023 (12.6) –
Moderate (>3.2, ≤5.1) 391/997 (39.2) 428/1,023 (41.8) –
Low (>2.6, ≤3.2) 153/997 (15.3) 171/1,023 (16.7) –
Remission (≤2.6) 320/997 (32.1) 295/1,023 (28.8) –

* All patients attending the end- of- trial visit (1,211 per arm) were invited to provide blood samples for measurement of lipid levels and other 
variables. Of these patients, ~83% in each study arm agreed. HDL = high- density lipoprotein; LDL = low- density lipoprotein; IQR = inter-
quartile range; CK = creatine kinase; CRP = C- reactive protein; ALT = alanine transaminase; AST = aspartate transaminase; EQ- 5D = EuroQol 
5- domain; HAQ DI = Health Assessment Questionnaire disability index. 
† By t- test for lipid levels, by Kendall’s tau- b for Disease Activity Score in 28 joints (DAS28) category, and by Mann- Whitney tests for all other 
comparisons. 
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younger than in other statin trials and were predominantly 
female (as expected from RA disease demographics); and 4) 
<20% of participants had high disease activity at baseline.

There is increasing evidence that good disease control 
reduces the progression of subclinical atherosclerosis in RA 
patients (41,42) and is associated with better cardiovascular out
comes. Therefore, an additional explanation for the low event rate 
observed in TRACE RA might have been a significant increase 
in the use of DMARDs, particularly biologic DMARDs, during the 
course of the trial. However, this was not the case. The use of 
prednisolone (in terms of frequency and average daily dosage), 
conventional synthetic DMARDs, and biologic DMARDs at base
line was balanced between the atorvastatin and placebo groups 
and remained so during the trial. There was not any significant 
increase in the use of biologic DMARDs during the trial in either 
group (Supplementary Section 1, available on the Arthritis & Rheu-
matology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.40892/ abstract). Some recent studies suggest a modest 
decline in CVE rates, mirroring those observed in the general 
population (43,44), while others demonstrate a very substantial 
decline in CVE rates in RA (45). Although it is possible that CVEs 
may have been missed in both the atorvastatin and placebo arms, 
we believe this is unlikely due to the robust CVE capture system 
including regular patient review (80% of the patients attended the 
end of trial visit in both arms) and linkage with several national 
electronic data sources. Information from data linkage was avail
able for all patients.

Overall, the findings of TRACE RA have important implications 
for clinical practice and research. The large randomized statin trials 
have shown that statin therapy reduces CVE risk by approximately 
one third, regardless of the level of background risk. Neverthe
less, most guidelines recommend therapy only for those whose 
estimated individual 10 year or lifetime risk falls above a certain 
threshold, for reasons of cost and risk/benefit ratio (46). TRACE 
RA suggests that contemporary RA patients are likely to derive the 
same level of benefit from statins as other populations. However, 
the low event rate shows that there is a sizeable population of 
RA patients (even among those older than 50 years or with >10 
years of disease duration) who have a relatively low CVD risk. This 
finding does not support prescribing statins to all RA patients, one 
of the main questions addressed by this trial. Instead, the  decision 
to prescribe should be based on assessment of the individual 
RA patient’s risk using, at present, the relevant national or inter
national recommendations and risk assessment tools (9), while 
disease specific algorithms are developed and validated (47). In 
terms of future research, TRACE RA provides information about 
effect and sample sizes that may be helpful in the design of future 
trials investigating CVD prevention strategies in RA, whether these 
are based on cardiovascular interventions, intensive inflammatory 
disease control, or both.

In conclusion, TRACE RA suggests that atorvastatin 40 mg daily 
is safe for the primary prevention of CVEs in patients with RA and 

appears to confer a similar degree of risk reduction in these patients 
as in other populations. CVE rates are decreasing in this population. 
This finding requires further investigation and does not support a pri
mary prevention strategy involving statin use in all RA patients.
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Risk Factors for Major Adverse Cardiovascular Events in 
Phase III and Long- Term Extension Studies of Tofacitinib in 
Patients With Rheumatoid Arthritis
Christina Charles-Schoeman,1 Ryan DeMasi,2 Hernan Valdez,3 Koshika Soma,4 Lie-Ju Hwang,3 Mary G. Boy,4 
Pinaki Biswas,3 and Iain B. McInnes5

Objective. Tofacitinib is an oral JAK inhibitor for the treatment of rheumatoid arthritis (RA). This study was under-
taken to evaluate the risk of major adverse cardiovascular events (MACE) in patients with RA receiving tofacitinib.

Methods. Data were pooled from patients with moderately to severely active RA receiving ≥1 tofacitinib dose 
in 6 phase III and 2 long- term extension studies over 7 years. MACE (myocardial infarction, stroke, cardiovascular 
death) were independently adjudicated. Cox regression models were used to evaluate associations between baseline 
variables and time to first MACE. Following 24 weeks of tofacitinib, changes in variables and time to future MACE 
were evaluated after adjusment for age, baseline values, and time- varying tofacitinib dose. Hazard ratios and 95% 
confidence intervals were calculated.

Results. Fifty- two MACE occurred in 4,076 patients over 12,873 patient- years of exposure (incidence rate 0.4 
patients with events per 100 patient- years). In univariable analyses of baseline variables, traditional cardiovascular 
risk factors and glucocorticoid and statin use were associated with MACE risk; disease activity and inflammation 
measures were not. In subsequent multivariable analyses, baseline age, hypertension, and the total cholesterol to 
high- density lipoprotein (HDL) cholesterol ratio remained significantly associated with risk of MACE. After 24 weeks 
of treatment, an increase in HDL cholesterol and a decrease in the total to HDL cholesterol were associated with 
decreased MACE risk; changes in total cholesterol, low- density lipoprotein (LDL) cholesterol, and disease activity 
measures were not. Increased erythrocyte sedimentation rates trended with increased future MACE risk.

Conclusion. In this post hoc analysis, after 24 weeks of tofacitinib treatment, increased HDL cholesterol, but not 
increased LDL cholesterol or total cholesterol, appeared to be associated with lower future MACE risk. Further data 
are needed to test the cardiovascular safety of tofacitinib.

INTRODUCTION

Cardiovascular disease (CVD) is one of the most common 
comorbidities in patients with rheumatoid arthritis (RA), with a 
prevalence of 9.3% for any CV event (1). Compared with the gen-
eral population, patients with RA have an increased risk of CVD (2) 

and higher rates of CVD- induced mortality (3). As a consequence, 
CVD is the leading cause of death in patients with RA, accounting 
for almost 31% of mortality (4).

Traditional CV risk factors, such as hypertension, smok-
ing, and type 2 diabetes mellitus, contribute to the increased 
risk of CVD among patients with RA as they do in the general 
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 population (5,6); however, after adjustment for traditional risk  
factors, a  proportion of the increased CV risk in patients with RA 
remains unexplained (7). A key driver of increased CV risk in RA 
appears to be the high systemic inflammatory burden. There is 
an  apparent inverse relationship between inflammation and lipid 
levels in patients with RA, such that increased inflammation is 
associated with reduced lipid levels and also with changes in the 
composition of lipid profiles (8).

The relationship between lipid levels and CV risk in patients 
with RA is complex. Within the general population, an increased 
risk of CVD is associated with high serum total cholesterol, high 
serum low- density lipoprotein (LDL) cholesterol, and low serum 
high- density lipoprotein (HDL) cholesterol levels (9,10). Individuals 
with an elevated total cholesterol to HDL cholesterol ratio have 
an increased risk of developing CVD, and the total cholesterol to 
HDL cholesterol ratio has been shown to be a reliable predictor of 
CVD risk (11). In contrast, in patients with active RA, increased risk 
of CVD has been associated with relatively lower levels of serum 
total cholesterol and LDL cholesterol, as well as HDL cholesterol. 
These lower lipid levels may be driven by inflammation associated 
with RA (12,13). In RA, changes are also seen in the composition 
and function of HDL particles; previous studies have shown that 
active disease is associated with impaired antioxidative function 
of HDL, decreased HDL- mediated cholesterol efflux, and alter-
ations in the levels and function of several HDL- associated pro-
teins (14–16).

Overall CV risk in patients with RA is affected by disease 
activity and likely by the resultant systemic inflammation. In a pre-
vious study by Maradit- Kremers et al, high clinical disease activ-
ity, as measured by 3 erythrocyte sedimentation rates (ESRs) of 
≥60 mm/hour, correlated with a 2- fold increased risk of death from 
CVD in an inception cohort of 603 patients (17). In the same cohort 
of 172 patients who developed congestive heart failure (CHF), the 
proportion of patients with an ESR of ≥40 mm/hour was high-
est during the 6- month period immediately preceding CHF onset 
(18). Other studies have demonstrated associations of markers of 
inflammation with subclinical atherosclerosis (19,20). Finally, in a 
post hoc analysis of data from patients with RA treated with the 
interleukin- 6 (IL- 6) receptor inhibitor tocilizumab, increases in dis-
ease activity measures, such as the Disease Activity Score in 28 
joints (DAS28) score (21) and joint counts, were associated with 
risk of future major adverse CV events (MACE), while changes in 
lipid levels were not (22).

It is unclear whether there are differential effects of RA ther-
apeutics on CV outcomes. In previous studies, treatment with 
disease- modifying antirheumatic drugs (DMARDs), such as 
methotrexate (MTX) and tumor necrosis factor inhibitors (TNFi), 
has been shown to reduce the probability of CV events (23,24). 
In the ENTRACTE study, which evaluated CV events in patients 
receiving tocilizumab versus etanercept, 83 MACE occurred 
over 4,900 patient- years in the tocilizumab arm, compared with 
78 MACE over 4,891 patient- years in the etanercept arm (haz-

ard ratio 1.05 [95% confidence interval 0.77–1.43]) (25). Taken 
together, these findings highlight the importance of investigating 
CV risk factors in patients with RA, as well as the effects of thera-
pies for RA on the risk of MACE.

Tofacitinib is an oral JAK inhibitor for the treatment of RA. 
Formal comparison of the effect of tofacitinib on the risk of MACE 
is currently being investigated in a phase IIIb/IV prospective com-
parative study with TNFi (NCT02092467) (26). MACE is also 
being evaluated in patients receiving tofacitinib versus biologic 
DMARDs and conventional synthetic DMARDs in a real- world 
setting using data from the Corrona registry and the following 
European registries: British Society for Rheumatology Biologics 
Register (BSRBR), Anti- Rheumatic Therapy in Sweden (ARTIS), 
Rheumatoide Arthritis: Beobachtung der Biologika- Therapie 
(RABBIT), and Base de Datos de Productos Biológicos de la 
Sociedad Española de Reumatología (BIOBADASER). However, 
during phase II studies, tofacitinib treatment was associated with 
increased LDL cholesterol and HDL cholesterol levels in patients 
with RA (27–31). Consequently, phase III and long- term exten-
sion (LTE) studies included adjudication of potential CV events and 
deaths. In a pooled analysis of phase III data, tofacitinib treatment 
was associated ~10–20% of the increases in total cholesterol, 
HDL cholesterol, and LDL cholesterol levels from baseline to week 
4, which were maintained to week 24. Changes in lipid levels sta-
bilized after 12 weeks of tofacitinib treatment, and this was asso-
ciated with a low incidence of CV events (32). The objective of the 
present post hoc analysis was to determine whether changes in 
lipids levels following administration of tofacitinib were associated 
with an increased risk of MACE in patients with RA enrolled in 
phase III and LTE studies.

PATIENTS AND METHODS

Design of phase III and LTE studies. Patients with RA 
participated in 1 of 6 randomized, double- blind phase III studies 
and/or 2 open- label LTE studies (for study names and details, see 
Supplementary Table 1, available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.40911/ 
abstract). Inclusion and exclusion criteria have been previously 
described (33–41). Briefly, patients were age ≥18 years, with active 
RA that fulfilled the American College of Rheumatology 1987 crite-
ria (42), and had active disease at screening and baseline.

All studies were conducted in compliance with the Declara-
tion of Helsinki and the Good Clinical Practice Guidelines estab-
lished by the International Conference for Harmonisation. The 
study protocols were approved by the institutional review board 
or independent ethics committee at each center. All patients 
 provided written informed consent.

Two of the phase III studies evaluated tofacitinib 5 and 
10 mg twice daily as monotherapy: ORAL Solo (NCT00814307), 
a 6- month study of tofacitinib versus placebo in patients with 
an inadequate response to DMARDs (34) and ORAL Start 

http://onlinelibrary.wiley.com/doi/10.1002/art.40911/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40911/abstract
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(NCT01039688), a 24- month study of tofacitinib versus MTX in 
MTX- naive patients (36).

The remaining 4 phase III studies evaluated tofacitinib 5 and 
10 mg twice daily in combination with conventional synthetic 
DMARDs versus placebo, as follows: ORAL Scan (NCT00847613), 
a 24- month study of tofacitinib in patients with an inadequate 
response to MTX who were receiving background MTX (37); 
ORAL Stan dard (NCT00853385), a 12- month study in patients 
with an inadequate response to MTX who were receiving back-
ground MTX (38); ORAL Sync (NCT00856544), a 12- month study 
of tofacitinib in combination with conventional synthetic DMARDs 
in patients with an inadequate response to DMARDs (35); and 
ORAL Step (NCT00960440), a 6- month study in patients with 

an inadequate response to TNFi who were receiving background 
MTX (33).

The 2 open- label LTE studies (ORAL Sequel; NCT00413699 
[database not locked at the time of analysis] and NCT00661661) 
enrolled patients who had completed phase I, phase II, or phase III 
index studies of tofacitinib. Regardless of treatment assignment 
in the qualifying index study, patients began treatment in the LTE 
studies with tofacitinib 5 or 10 mg twice daily (with the exception 
of Chinese and Japanese patients who received 5 mg twice daily 
per protocol), and were subsequently allowed to switch doses 
(39–41). In all studies, adverse events were recorded verbatim by 
the investigator and coded according to the Medical Dictionary for 
Regulatory Activities (MedDRA), version 13.0.

Figure 1. Univariable analyses of associations between baseline variables and the occurrence of major adverse cardiovascular events (MACE) 
during tofacitinib treatment. For all continuous variables, unit = 1 unless specified otherwise; in unit = x, “x” is the change in the continuous 
variable corresponding to which the change in hazards is observed. * = smoking status as recorded at baseline; † = including any of the 
Medical Dictionary for Regulatory Activities–coded terms: angina pectoris, arrhythmia, atrial flutter, atrial fibrillation, first- degree atrioventricular 
block, left bundle branch block, cardiac failure, cardiac failure congestive, cardiac valve disease, cardiomegaly, cardiomyopathy, coronary 
artery disease, hypertensive cardiomyopathy, left ventricular hypertrophy, mitral valve incompetence, mitral valve prolapse, valve prolapse, 
myocardial infarction, palpitations, sinus bradycardia, sinus tachycardia, tachycardia, tachycardia paroxysmal, tricuspid valve incompetence, 
and ventricular extrasystole; ‡ = based on prior medical history; § = based on both use of diabetes medication and medical history. n = number 
of patients with future MACE for each baseline variable; N = number of patients included in the analysis for each baseline variable; HR = hazard 
ratio; 95% CI = 95% confidence interval; BMI = body mass index; DAS28- 4 (ESR) = 4- variable Disease Activity Score in 28 joints using the 
erythrocyte sedimentation rate; CRP = C- reactive protein; MTX = methotrexate; RA = rheumatoid arthritis; TC = total cholesterol; HDL- c = high- 
density lipoprotein cholesterol; LDL- c = low- density lipoprotein cholesterol. 
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Post hoc analyses. The current post hoc analyses included 
all patients with RA who received at least 1 dose of tofacitinib 
5 or 10 mg twice daily in the phase III and LTE studies and had 
exposure after week 24 (patients who had MACE before week 
24, or who had withdrawn or completed the study before week 
24 were excluded). As patients in the LTE studies were allowed 
to switch doses, patients were assigned into 5 or 10 mg twice 
daily treatment groups based on their average total daily dose 
(TDD; calculated by adding all doses received by each patient, 

and dividing by the number of days a dose was received). Patients 
were assigned to the 5 mg twice daily group if the TDD was <15 
mg/day, and to the 10 mg twice daily group if it was ≥15 mg/day 
(43).

MACE, defined as any myocardial infarction (MI), cerebro-
vascular event (stroke), or CV death (defined as death caused 
by coronary, cerebrovascular, or cardiac events), were identified 
during the assessment of safety end points during the phase III 
and LTE studies. Patients were evaluated until withdrawal from the 

Figure 2. Multivariable analyses of associations between baseline variables and the occurrence of MACE during tofacitinib treatment. For all 
continuous variables, unit = 1 unless specified; in unit = x, “x” is the change in the continuous variable corresponding to which the change in 
hazards is observed. Only variables with significant associations with occurrence of MACE are shown; this analysis also included baseline body 
mass index and time- varying tofacitinib dosage (both not significant). See Figure 1 for definitions. 

Figure 3. Multivariable analyses of associations between changes in variables after 24 weeks of tofacitinib treatment and the risk of future 
MACE. For each variable listed, a Cox regression model was fit, with change in the variable at week 24, the variable at baseline, age at baseline, 
and time- varying dosage as predictors. In this model, only patients with exposure after week 24 were considered (i.e., patients who had MACE 
before week 24 or who had withdrawn or completed the study by week 24 were excluded). Patients with missing data for the week- 24 variable 
were excluded from the analysis of that variable (no imputation method). The HR corresponds to increased risk of MACE per 1- unit increase in 
the parameter. n = number of patients with future MACE for each predictor; N = number of patients included in the analysis for each predictor; 
PGA = patient global assessment; VAS = visual analog scale (see Figure 1 for other definitions). 
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study, completion of the study, or the initial occurrence of MACE, 
 whichever occurred first. In the event of multiple occurrences of 
MACE, only the first was counted.

Only adjudicated events were included in the analysis. Adju-
dication of MACE started in October 2009 with the chartering of 
the CV Safety Event Adjudication Committee (CVSEAC). Events 
reported prior to October 2009 were not adjudicated and are 
therefore not included in this analysis. The CVSEAC was retired in 
November 2013 and a new committee, the CV Event Adjudication 
Committee, was established. Both committees comprised inde-
pendent, external experts in the fields of CV and/or neurovascular 
disease.

Statistical analysis. Baseline demographic and disease 
characteristics were summarized descriptively for patients with 
and without MACE. Cox regression models were used to evaluate 
the associations between baseline (pre- tofacitinib) covariate val-
ues and time to first MACE, in univariable analyses (each covari-
ate assessed singly) (Figure 1) and multivariable analysies (several 
covariates included together in 1 model) (Figures 2 and 3). The 
covariates included in the multivariable analysis were age, history 
of hypertension, total cholesterol to HDL cholesterol ratio, baseline 
body mass index (BMI), and time- varying tofacitinib dosage (Fig-
ure 2). A second multivariable analysis was carried out using the 
same variables, but included history of diabetes mellitus instead of 
baseline BMI. A final model was selected via backward elimination 
with stay criteria at 15%. Associations were expressed as hazard 
ratios and 95% confidence intervals.

Cox regression models were also used to separately evalu-
ate the associations between changes in the predictors of MACE 
from baseline to week 24 and the time to future development of 
MACE (defined as the first occurrence of MACE after 24 weeks), 
after adjustment for age, baseline values of covariates, and time- 
varying tofacitinib dosage in a multivariable analysis (Figure 3). For 
each risk factor, the analysis included age, baseline value, and 
change from baseline to week 24; other risk factors were not 
included in the same model.

The time- varying tofacitinib dosage was a time- dependent 
covariate, and was determined by the time of first onset of MACE. 
If the first onset of MACE occurred during the index study, the 
randomized dosage in the index study was used. If the first onset 
of MACE occurred during the LTE study, then the average of the 
tofacitinib dosage (5 or 10 mg twice daily) was used.

For all analyses of covariates, unadjusted P values less 
than or equal to 0.05 were considered significant. No multiplicity 
adjustment was carried out, as this was a post hoc analysis for 
exploratory purposes.

RESULTS

Tofacitinib exposure and patient disposition. The 
analysis population included 4,076 patients, representing a total of 

12,932 patient- years of tofacitinib exposure. In total, 52 patients 
had adjudicated MACE, resulting in a total of 12,873 patient- years 
of exposure for the event and an incidence rate of 0.4 patients 
with events per 100 patient- years of exposure (95% confidence 
interval 0.3–0.5), as of March 2015. There were 12 cases of CV 
death (cardiac death, n = 8; cerebrovascular death, n = 2; non-
cardiac/other vascular death, n = 2 [acute cardiac failure, n = 1; 
cerebral hemorrhage, n = 1]), 19 cases of nonfatal MI, and 23 

Table  1. Baseline demographic characteristics of patients with 
and patients without MACE*

Characteristic
No MACE 

(n = 4,024)
Adjudicated MACE 

(n = 52)

Age, mean ± SD years 52.7 ± 11.9 60.2 ± 10.4

Female, no. (%) 3,334 (82.9) 43 (82.7)

BMI, mean ± SD kg/m2 27.0 ± 6.4 29.2 ± 8.2

History of CHD, no. (%) 21 (0.5) 0 (0.0)

History of cardiac 
disorders, no. (%)†

199 (4.9) 4 (7.7)

History of diabetes 
mellitus, no. (%)‡

307 (7.6) 8 (15.4)

Abnormal BP, no. (%)§ 334 (8.3) 4 (7.7)

History of hyperten-
sion, no. (%)

1,358 (33.7) 30 (57.7)

Smoking status, no. (%)

Never 676 (16.8) 14 (26.9)

Current 678 (16.8) 11 (21.2)

Ex- smoker¶ 2,667 (66.3) 27 (51.9)

Concomitant 
medications

Glucocorticoids,  
no. (%)

1,909 (47.4) 18 (34.6)

Statins, no. (%) 420 (10.4) 12 (23.1)

NSAIDs, no. (%) 2,817 (70.0) 34 (65.4)

MTX, no. (%) 2,443 (60.7) 36 (69.2)

MTX dose,  
mean ± SD mg

15.0 ± 4.7 14.9 ± 4.0

* MACE = major adverse cardiovascular event; BMI = body mass 
index; CHD = coronary heart disease; NSAIDs = nonsteroidal anti-
inflammatory drugs; MTX = methotrexate. 
† Including any of the Medical Dictionary for Regulatory Activi-
ties–coded terms: angina pectoris, arrhythmia, atrial flutter, atrial 
fibrillation, first- degree atrioventricular block, left bundle branch 
block, cardiac failure, cardiac failure congestive, cardiac valve dis-
ease, cardiomegaly, cardiomyopathy, coronary artery disease, 
hypertensive cardiomyopathy, left ventricular hypertrophy, mitral 
valve incompetence, mitral valve prolapse, valve prolapse, myocar-
dial infarction, palpitations, sinus bradycardia, sinus tachycardia, 
tachycardia, tachycardia paroxysmal, tricuspid valve incompe-
tence, and ventricular extrasystole. 
‡ Based on both use of diabetes medication and medical history. 
§ Defined as systolic blood pressure (BP) of >150 mm Hg or diastolic  
BP of >90 mm Hg. 
¶ Defined as those who had smoked previously but were not 
smokers at baseline. 
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cases of nonfatal stroke. Two patients had multiple categories of 
MACE (1 patient had a nonfatal stroke and a nonfatal MI, and 1 
patient had a nonfatal stroke, followed by cerebrovascular death).

The baseline demographic characteristics of patients with 
and without adjudicated MACE are shown in Table  1. Overall, 
compared with patients without MACE, patients with MACE were 
older (mean age 52.7 years versus 60.2 years), had a higher mean 
BMI (27.0 versus 29.2 kg/m2), were more likely to have a history 
of diabetes mellitus (7.6% versus 15.4%) or hypertension (33.7% 
versus 57.7%), and were more likely to be receiving concomitant 

statins (10.4% versus 23.1%).
The baseline disease characteristics of patients with and 

without adjudicated MACE are shown in Table 2. Compared 
with patients without MACE, patients with MACE had a longer 
mean disease duration (7.7 years versus 10.1 years), slightly 
higher mean total cholesterol levels (198.3 versus 208.2 mg/
dl), LDL cholesterol levels (113.9 versus 123.3 mg/dl), total 
cholesterol to HDL cholesterol ratio (3.5 versus 4.0), and tri-
glyceride levels (125.3 versus 152.1 mg/dl), and slightly lower 

HDL  cholesterol levels (59.4 versus 55.3 mg/dl) at  baseline.

Baseline predictors of MACE. In univariable analy-
ses, risk of MACE was significantly associated with older age, 
higher BMI, statin use, or longer duration of RA. Other baseline 
predictors that were associated with a significantly increased 
risk of MACE were elevated levels of triglycerides, higher total 

cholesterol to HDL cholesterol ratio, elevated apolipoprotein 
B (Apo B) levels, higher Apo B to Apo A- 1 ratio, abnormal 
blood pressure, history of hypertension, and history of diabe-
tes  mellitus (Figure 1).

In contrast, glucocorticoid use was associated with a sig-
nificantly lower risk of MACE (mean ± SD glucocorticoid dosage 
at baseline 3.5 ± 4.4 and 3.3 ± 6.4 mg/day for patients receiving 
tofacitinib 5 mg and 10 mg twice daily, respectively, and 3.9 ± 
4.1 and 3.4 ± 3.9 mg/day for patients receiving placebo who 
advanced to tofacitinib 5 mg and 10  mg twice daily, respec-
tively). Baseline disease activity and inflammation measures, 
including the 4- variable DAS28 using the ESR (21), ESR and 
C- reactive protein level, and swollen and tender joint counts, 
were not significantly associated with MACE risk (Figure 1).

In separate multivariable analyses, patient age, history of 
hypertension, and the total cholesterol to HDL cholesterol ratio 
continued to be significantly associated with an increased risk of 
MACE (Figure 2). The findings of the multivariable analyses were 
consistent across all selection methods used (backward, forward, 
and stepwise selection). Time- varying tofacitinib dosage and 
baseline BMI were not found to be associated with risk of MACE in 
this analysis. Furthermore, in a second multivari able analysis that 
included history of diabetes mellitus in place of baseline BMI, his-
tory of diabetes mellitus was also not associated with MACE risk.

Changes in predictors of MACE between baseline and 
week 24. Previously, tofacitinib treatment was found to be associ-
ated with increases in total cholesterol, HDL cholesterol, and LDL 
cholesterol levels (32), and baseline and week 24 values for the other 
covariates included in the analysis are shown in Supplementary 
Table 2 (available on the Arthritis & Rheumatology web site at http://
onlin elibr ary.wiley.com/doi/10.1002/art.40911/ abstract). The effects 
of 24 weeks of treatment with tofacitinib (and tofacitinib- associated 
increases in lipid levels) on the risk of future MACE were assessed 
by multivariable analyses (Figure 3). After adjustment for age, time- 
varying tofaciti nib dosage, and the baseline value for each variable, 
increases in HDL cholesterol levels and decreases in the total cho-
lesterol to HDL cholesterol ratio after 24 weeks of tofacitinib were 
associated with a reduced risk of MACE. In contrast, increases in 
total cholesterol levels and LDL cholesterol levels were not asso-
ciated with increased risk of future MACE. A trend was observed 
between increases in ESR after 24 weeks of tofacitinib treatment 
and an increase in the future risk of MACE, although this did not 
reach statistical significance. Changes in disease activity measures, 
such as the 4- variable DAS28 using the ESR, and swollen and ten-
der joint counts, were not associated with increased risk of future 
MACE.

DISCUSSION

In this post hoc analysis of data from phase III and LTE 
studies of tofacitinib, we assessed the associations between 

Table  2. Baseline disease characteristics in patients with and 
patients without MACE*

Characteristic
No MACE 

(n = 4,024)

Adjudicated 
MACE 

(n = 52)

Duration of RA, years 7.7 ± 7.9 10.1 ± 8.8
4- variable DAS28- ESR 6.3 ± 1.1 6.3 ± 1.3
Tender joint count 14.1 ± 7.3 14.3 ± 7.5
Swollen joint count 10.4 ± 5.6 10.3 ± 5.9
Total cholesterol, mg/dl 198.3 ± 42.1 208.2 ± 48.9
HDL cholesterol, mg/dl 59.4 ± 16.9 55.3 ± 16.0
LDL cholesterol, mg/dl 113.9 ± 34.2 123.3 ± 43.2
Total cholesterol to HDL 

cholesterol ratio 
3.5 ± 1.1 4.0 ± 1.5

Triglycerides, mg/dl 125.3 ± 72.6 152.1 ± 86.9
Apolipoprotein A- 1,  

mg/dl
153.6 ± 31.2 149.4 ± 27.8

Apolipoprotein B, mg/dl 94.4 ± 24.7 105.8 ± 29.4
CRP, mg/dl 17.1 ± 22.7 15.7 ± 16.9
ESR, mm/hour 50.4 ± 26.9 47.9 ± 23.8

* Values are the mean ± SD. MACE = major adverse cardiovascu-
lar event; RA = rheumatoid arthritis; DAS28- ESR = Disease Activity 
Score in 28 joints using the erythrocyte sedimentation rate; HDL 
= high- density lipoprotein; LDL = low- density lipoprotein; CRP =  
C- reactive protein; ESR = erythrocyte sedimentation rate. 

http://onlinelibrary.wiley.com/doi/10.1002/art.40911/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40911/abstract
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baseline  variables and time to first MACE as well as the changes 
in  variables after 24 weeks of tofacitinib treatment and time to 
future MACE.

In univariable analyses of baseline variables, an increased 
risk of MACE was associated with the presence of traditional 
risk factors at baseline (such as older age, higher BMI, abnormal 
blood pressure, and history of either hypertension or diabetes 
mellitus), elevated baseline triglyceride and Apo B levels, and 
higher baseline Apo B to Apo A- 1 ratio and total cholesterol to 
HDL cholesterol ratio. In subsequent multivariable analysis of 
baseline measures, age, history of hypertension, and the total 
cholesterol to HDL cholesterol ratio continued to be associated 
with an increased risk of MACE.

The analyses of baseline variables in this study are consis-
tent with large population studies of CV outcomes, reinforcing the 
finding that traditional CV risk factors are important to CV risk in 
patients with RA (17). They also reinforce the findings from pre-
vious studies that have demonstrated the association between 
MACE risk and both traditional risk factors and Apo B to Apo A- 1 
and total cholesterol to HDL cholesterol ratios in patients with RA 
(22,44). In addition, the European League Against Rheumatism 
guidelines on management of CV risk in patients with RA suggest 
that the total cholesterol to HDL cholesterol ratio is a particularly 
important indicator of CV risk (45).

Risk of MACE was not associated with measures of disease 
activity or inflammation at baseline in this analysis. A previous 
study by Rao et al, which investigated risk factors for MACE in 
patients with RA during treatment with tocilizumab, also showed 
no association between risk of MACE and baseline measures of 
inflammation, but did demonstrate an association between the 
risk of MACE and baseline disease activity measures (22).

The present analyses also suggest an association between 
baseline statin use and risk of future MACE. However, this obser-
vation was potentially due to confounding by indication, as 
patients with RA who had the highest CV risk as judged by their 
physicians were more likely to be taking a statin at baseline.

In a previous pooled analysis, which assessed lipid concen-
trations in the same patient population as the current analysis, 
increased total, HDL, and LDL cholesterol levels were observed 
in patients receiving tofacitinib (32). We evaluated the effects of 
24 weeks of tofacitinib treatment on risk of MACE in multivariable 
analyses and found that increases in HDL cholesterol levels and 
decreases in the total cholesterol to HDL cholesterol ratio were 
associated with reduced risk of future MACE in multivariable anal-
yses, while increases in total cholesterol and LDL cholesterol lev-
els were not. Rao et al also found no association of CV risk with 
total cholesterol and LDL cholesterol levels following 24 weeks 
of tocilizumab treatment. However, in contrast with our findings, 
increases in HDL cholesterol were not associated with risk of 
MACE following tocilizumab treatment in their study (22).

Higher HDL cholesterol levels have previously been associ-
ated with a decreased risk of MI in patients with active RA (46,47). 

However, cholesteryl ester transfer protein inhibitors, which also 
increase HDL cholesterol levels, have failed to confer consistent 
reductions in CV events in clinical trials in the general population 
(48). Therefore, the association between modulation of HDL cho-
lesterol level and risk of MACE remains unresolved. Consequently, 
additional consideration should be given to mechanisms inde-
pendent of increases in HDL cholesterol levels, such as improved 
HDL particle function, which has been linked to CV outcomes in 
the general population (49). Previous studies have suggested that 
tofacitinib may improve the function of HDL particles via increases 
in the activity of the HDL- associated enzyme paraoxonase 1 
(50). In addition, during the MEASURE study, “normalization” of 
HDL particle composition was observed in a detailed analysis of 
lipoprotein subfractions following tocilizumab treatment (51), and 
a small- scale study of rituximab in patients with RA showed a 
reduction in proatherogenic HDL particle composition (52). Fur-
thermore, cholesterol ester fractional catabolism, which is higher 
in patients with active RA than in the general population, was 
reduced following tofacitinib treatment, and this reduction was 
also associated with improvements in HDL functional markers and 
correlated significantly with increased HDL cholesterol levels (53). 
Therefore, the effects of tofacitinib treatment on CV risk are likely 
to be multifactorial and may include changes in lipoproteins that 
are independent of cholesterol levels, such as changes in HDL 
composition and/or cholesterol ester fractional catabolism (53).

The present study also showed a trend toward an asso-
ciation of elevated ESR following tofacitinib treatment with an 
increased risk of future MACE, and this is consistent with find-
ings in a population- based study of CV death, which suggested 
that patients with RA who have sustained elevation of ESR may 
have a higher risk of CV death (17). One possible explanation 
for this higher risk is that increased ESR may be a surrogate of 
failure to respond. In contrast to these findings, Rao et al (22) 
did not demonstrate changes in ESR to be associated with 
future risk of MACE following tocilizumab treatment; addition-
ally, increases in DAS28 scores and swollen and tender joint 
counts were associated with higher CV risk in their study but 
not in ours. The disparities between our results and the findings 
of Rao et al may be due to differences in the pharmacokinet-
ics/pharmacodynamics of tocilizumab and tofacitinib as well as 
the overall small number of CV events in both trial programs. 
In addition, while IL- 6–induced JAK/STAT signal transduction 
as a driver of CV events is well established in atherosclerosis 
(54), inflammatory processes are myriad and complex, with both 
multiple upstream activators and diverse downstream targets in 
different cell types. Therefore, tocilizumab inhibition of IL- 6 and 
tofacitinib inhibition of JAK/STAT may have different effects in 
the downstream inflammation process and may, therefore, have 
contrasting effects on lipid levels.

This study had a number of limitations. The data were 
obtained from a post hoc analysis of data pooled from 6 phase 
III and 2 LTE studies that were not designed to evaluate future 
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MACE risk. Consequently, the number of patients and exposure 
times in this study were low, as were the number of adjudicated 
MACE. The adjudication process changed in November 2013 
from consensus- based to blinded independent review, and 
there were also changes in the individuals conducting adjudi-
cation as well as changes from committee- created definitions of 
events to Food and Drug Administration−approved definitions 
(55). These procedural changes may have introduced variables 
into the adjudication outputs. Also, several covariates, including 
disease activity and measures of inflammation, as well as time- 
varying confounders such as hypertension, statin use, and glu-
cocorticoids, were only assessed at baseline in the multivariable 
analyses and this may not be sufficient to predict CV events with 
this sample size. Furthermore, we recognize that while the back-
ward elimination method is the simplest to implement and most 
intuitive to explain, it may not always identify the best subset of 
variables or covariates for retention in the model. In this analysis, 
consistent results were also observed with forward and step-
wise elimination methods. In addition, this study did not evaluate 
HDL and LDL particle size, or HDL particle function. As a con-
sequence of these limitations, direct interpretation of the results 
may be confounded.

In conclusion, in pooled analyses of tofacitinib- treated 
patients, traditional CV risk factors at baseline appeared to 
be associated with an increased risk of future MACE, while 
no apparent association was observed between future risk of 
MACE and baseline disease activity or measures of inflamma-
tion. Following adjustment for age, baseline values, and time- 
varying tofaciti nib dosage, increases in HDL cholesterol and 
decreases in the total cholesterol to HDL cholesterol ratio were 
associated with reduced future MACE risk after 24 weeks of 
tofacitinib treatment, while increases in LDL cholesterol and 
total cholesterol were not associated with future MACE risk. 
Increases in ESR after 24 weeks of tofacitinib therapy may be 
associated with increased future MACE risk and, conversely, a 
decrease in inflammation as measured by ESR with tofacitinib 
may convey some CV protection. More data are needed to con-
firm these findings, which could be beneficial in future profiling of 
tofacitinib- treated patients with RA who may be at greatest risk 
of MACE. The CV event safety of tofacitinib versus adalimumab 
or etanercept in patients with RA is currently being investigated 
in a phase IIIb/IV randomized open- label study (A3921133; 
NCT02092467) (26).
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Long- Term Physical Activity and Subsequent Risk for 
Rheumatoid Arthritis Among Women: A Prospective  
Cohort Study
Xinyi Liu,1 Sara K. Tedeschi,2 Bing Lu,2 Alessandra Zaccardelli,1 Cameron B. Speyer,1 Karen H. Costenbader,2 
Elizabeth W. Karlson,2 and Jeffrey A. Sparks2

Objective. To evaluate the effects of long- term physical activity on subsequent risk of rheumatoid arthritis (RA) in 
a prospective cohort study.

Methods. This study investigated physical activity and RA risk among women from the Nurses’ Health Study II 
(1989–2015). Physical activity exposures and covariates were prospectively obtained using biennial questionnaires. 
Two rheumatologists independently reviewed the medical records of women who self- reported a new diagnosis of 
RA on biennial questionnaires and who screened positive for RA based on a supplemental survey. All incident RA 
cases met the 1987 American College of Rheumatology (ACR) or 2010 ACR/European League Against Rheumatism 
(EULAR) classification criteria for RA. The primary analysis investigated the long- term cumulative average number of 
hours spent in recreational physical activity 2–8 years prior to the RA diagnosis, a time span chosen to reduce the 
potential for reverse causation bias, since early RA affects physical activity prior to diagnosis. Estimated Cox regres-
sion hazard ratios (HRs) with 95% confidence intervals (95% CIs) were used to assess the risk of RA serologic phe-
notypes (all, seropositive, or seronegative) in relation to physical activity categories. The analyses were adjusted for 
body mass index (BMI) at age 18 years and time- varying potential confounders, and the mediating effect of updated 
BMI on the interaction between physical activity and RA risk was quantified.

Results. Among the 113,366 women analyzed, 506 incident RA cases (67.0% with seropositive RA) were identi-
fied during 2,428,573 person- years of follow- up. After adjustment for confounders, including smoking, dietary quality, 
and BMI at age 18 years, increasing cumulative average total hours of recreational physical activity was associated 
with a reduced risk of RA, as follows: HR 1.00 for <1 hour/week (reference), HR 1.00 (95% CI 0.78–1.29) for 1 to <2 
hours/week, HR 0.92 (95% CI 0.72–1.17) for 2 to <4 hours/week, HR 0.84 (95% CI 0.63–1.12) for 4 to <7 hours/week, 
and HR 0.67 (95% CI 0.47–0.98) for ≥7 hours/week (P for trend = 0.02). The proportion of the effect between physical 
activity and RA mediated by updated BMI was 14.0% (P = 0.002) for all RA and 20.0% (P = 0.001) for seropositive RA.

Conclusion. Higher levels of physical activity were associated with reduced RA risk. These results add to the 
literature implicating metabolic factors in the pathogenesis of RA.

INTRODUCTION

While the etiology of rheumatoid arthritis (RA) is not fully 
elucidated, there has been substantial progress in identifying 
potentially modifiable risk factors. Metabolic risk factors, such 
as elevated body mass index (BMI) and low- quality or proinflam-

matory dietary intake, are associated with increased RA risk, 
particularly a risk of seropositive RA (1–3). These factors may 
have important downstream biologic consequences since they 
can increase the severity of systemic inflammation, resulting in 
autoimmunity which may, in turn, increase the susceptibility to 
RA (4,5).
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Physical activity is an important health behavior for reduc-
ing the risk of numerous serious chronic conditions and also 
improves general well- being and physical function (6). Physical 
activity may have beneficial biologic effects on the immune sys-
tem by reducing inflammatory cytokines and regulating cellular 
immune function (7,8). Increasing physical activity has been 
recommended to patients with RA, and some studies have 
suggested that physical activity may also reduce the risk of sub-
sequent RA development (9–12).

Since RA causes limitations in physical activity through 
joint inflammation, studies evaluating physical activity and 
RA risk require careful design to ensure that any associations 
detected are not actually attributable to symptoms of early 
RA that could affect the level of physical activity; this effect is 
referred to as “reverse causation bias” (13). In addition, since 
long- term physical activity likely affects BMI, longitudinal stud-
ies incorporating repeated measures of physical activity, BMI, 
and dietary intake are necessary to analyze these complex 
relationships with RA.

Therefore, we investigated long- term physical activity and RA 
risk using a large, prospective cohort study with long- term fol-
low- up and repeated measures. We limited the potential for reverse 
causation bias by including a large time separation between the 
physical activity exposure measures and the window for RA case 
assessment. We hypothesized that increased levels of long- term 
physical activity would be associated with reduced RA risk, par-
ticularly the risk of seropositive RA. We further hypothesized that 
some of this association would be mediated by changes in BMI 
during follow- up.

PATIENTS AND METHODS

Study population. The Nurses’ Health Study II (NHSII) is 
an ongoing prospective cohort study in the US that was estab-
lished in 1989 and enrolled 116,430 registered nurses ages 
25–42 years. Participants completed baseline and biennial ques-
tionnaires regarding lifestyle, health behaviors, medications, and 
diseases (14).

For this analysis, we excluded participants who reported a 
diagnosis of RA or other connective tissue diseases at baseline, 
those who had missing baseline physical activity information, or 
those who only answered the baseline questionnaire. After exclu-
sions, 113,366 women were analyzed. The end of follow- up for 
the analysis of this study was June 1, 2015. All participants pro-
vided informed consent, and this study was approved by the Part-
ners HealthCare institutional review board.

Assessment of physical activity. Detailed collection of 
data on physical activity was first included on the baseline ques-
tionnaire and was repeated approximately every 4 years (in 1991, 
1997, 2001, 2005, and 2009). Women were asked to report their 
average weekly time spent during the preceding year in each 
of the following recreational activities: walking, jogging, running, 
bicycling, lap swimming, tennis/racquet sports, and aerobics/
calisthenics. Response options for the time per week dedicated 
to each recreational activity included the following categories: 
0 minutes, 1–4 minutes, 5–19 minutes, 20–59 minutes, 1 hour, 
1–1.5 hours, 2–3 hours, 4–6 hours, 7–10 hours, and 11+ hours 
per week. Women also self- reported their usual walking pace as 

Figure 1. Study schematic illustrating the prospective cohort design. The primary exposure was cumulative average physical activity (PA) and 
the outcome was rheumatoid arthritis (RA) onset at least 2 years after the last physical activity assessment. The primary analysis was lagged 
so that there was always at least 2 years (and as many as 8 years) between the last PA exposure assessment and the outcome date of RA 
diagnosis that occurred in the RA risk window. The secondary analysis was lagged by another follow- up (f/u) cycle so that there was at least 4 
years (and as many as 10 years) between the last PA exposure assessment and the outcome dates of RA diagnosis.
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follows: unable to walk, easy/casual (<2.0 miles per hour [mph]), 
normal/average (2–2.9 mph), brisk (3–3.9 mph), or very brisk/
striding (≥4 mph). Sedentary activity was also assessed by report-
ing the time spent per week in sitting activities (e.g., sitting at 
home watching television), with response categories as follows: 
0, 1, 2–5, 6–10, 11–20, 21–40, 41–60, 61–90, and >90 hours 
per week. In a validation study within the NHSII (n = 151), total 
physical activity measured by this questionnaire was assessed for 
correlations with physical activity as determined by participants’ 
7- day recall (r = 0.79) and 7- day diary (r = 0.62) (15).

We hypothesized that long- term physical activity reduced 
the risk of developing RA. To evaluate the long- term effect of 
physical activity during the follow- up, we defined the primary 
exposure as the cumulative average total hours per week 
spent in recreational activity since the baseline time point 
of the study. The midpoint of each response category was 
assigned and summed across different recreational activities 
to estimate the continuous weekly total time spent in recrea-
tional activity, which was then cumulatively averaged for each 
period. Figure 1 illustrates the prospective cohort design and 
the calculation of cumulative average hours per week spent in 
recreational activity. The example illustrates how 6 repeated 
physical activity assessments (in 1989, 1991, 1997, 2001, 
2005, and 2009) were averaged cumulatively in the 2009 
follow- up cycle to predict whether RA occurred in the win-
dow between 2011 and 2013. Based on previous physical 
activity recommendations from the US Department of Health 
and Human Services (16) and as reported in previous studies 
(17,18), we categorized the cumulative average time spent in 
recreational activity as follows: <1, 1 to <2, 2 to <4, 4 to <7, 
and ≥7 hours per week.

We performed secondary analyses for the component 
of the recreational activity variable as well as the intensity 
of recreational activity. Walking was the main contributor to 
recreational activity, being analyzed in quartiles of cumulative 
average total time per week. To classify the intensity of recrea-
tional activity, each type of activity was assigned a typical met-
abolic equivalent (MET) score, as determined using published 
methods (19). The reported time spent in each activity was 
multiplied by the corresponding MET score to calculate the 
MET- hours/week, which was categorized into quartiles after 
calculating the cumulative average hours per week spent in 
recreational activity. Finally, since greater time spent in sed-
entary activities at home may take away from the opportunity 
to spend time in recreational activities, we also analyzed the 
cumulative average hours per week spent in sedentary activity 
at home, categorized into quartiles.

Identification of incident RA. RA cases were identified 
by a 2- stage procedure. Participants who self- reported a new 
diagnosis of RA were mailed a screening questionnaire (20). For 
those who screened positive for RA, we obtained medical records 

that were then reviewed independently by 2 rheumatologists to 
identify RA cases meeting the 1987 American College of Rheu-
matology (ACR) or 2010 ACR/European League Against Rheu-
matism classification criteria for RA (21,22). In addition, date of 
diagnosis and results of clinical laboratory tests for rheumatoid 
factor (RF) and anti–cyclic citrullinated peptide (anti- CCP) antibod-
ies were collected. Subjects therefore had a confirmed incident 
RA case with documented serologic phenotype from their medical 
records. For women diagnosed as having RA prior to the clinical 
use of the anti- CCP test in the early 2000s, serologic phenotype 
was determined solely on the basis of the presence or absence 
of RF.

Covariates. We considered factors related to both physical 
activity levels and RA risk as possible confounders. While many 
factors, such as pain, osteoarthritis, and comorbidities, are known 
to affect physical activity, these are not clearly established as RA 
risk factors, and therefore we did not consider them for multivar-
iable models. Elevated BMI is associated with both decreased 
physical activity and increased RA risk (12,23,24). Figure 2 shows 
the proposed causal relationship between BMI, long- term phys-
ical activity, and RA risk. We analyzed BMI using 2 separate var-
iables: BMI at age 18 years, and updated BMI during follow- up. 
We categorized BMI as <25.0, 25.0 to <30.0, or ≥30.0 kg/m2. We 
considered BMI at age 18 years as a potential confounder, since 
this was recorded prior to the baseline physical activity assess-
ment. We considered the biennially updated BMI variable as a 
mediator, such that long- term physical activity may affect BMI and 
this, in turn, may be associated with development of RA. BMI at 
age 18 years was included in both the main multivariable model 
and the mediation model. The mediation model included updated 
BMI to estimate the direct effect of long- term physical activity on 

Figure 2. Directed acyclic graphs depicting the proposed causal 
relationship between body mass index (BMI), long- term physical 
activity (PA), and risk of rheumatoid arthritis (RA). In the main model 
(left), BMI at age 18 years was included as a confounder, since it 
occurred prior to the PA assessments and may be associated with 
long- term PA and RA risk. The effect size estimate in the main model 
is represented by the horizontal arrow from PA to RA, adjusted for 
other confounders in the model. In the mediation model (right), we 
additionally included BMI updated during the study follow- up, and 
considered this as a mediator, since long- term PA may be causally 
related to changes in BMI, which may lead to RA. The mediation 
analyses quantified the indirect effect of long- term PA on RA risk 
mediated through the updated BMI pathway. The effect size estimate 
in the mediation model (curved arrow) represents the direct effect of 
long- term PA on RA risk that does not include BMI at age 18 years, 
other confounders, or updated BMI.
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RA risk, as well as the indirect effect that was mediated through 
the updated BMI pathway.

Dietary intake was assessed using a semiquantitative food 
frequency questionnaire administered to women approximately 
every 4 years. We used the cumulative average Alternate Healthy 
Eating Index (AHEI) score, categorized into quartiles, as a measure 
of healthy dietary intake, since higher AHEI scores are associated 
with reduced RA risk (2,25). Cigarette smoking is a strong envi-
ronmental RA risk factor (26), and we categorized time- updated 

smoking by pack- years (never smokers, >0 to 10 pack- years 
of smoking, and >10 pack- years of smoking). In addition, time- 
updated age, race, household income (categorized by quartile of 
US Census tract- based median household income at zip code 
level), residence of US region (West, Midwest, Mid- Atlantic, New 
England, or Southeast), and parity were also considered.

Statistical analysis. To reduce the potential for reverse 
causation bias, we lagged the analysis by 1 questionnaire cycle in 

Table 1. Age- standardized characteristics of participants in the Nurses’ Health Study II in 1989, by cumulative average total hours per week 
spent in recreational physical activity at baseline (n = 113,366)*

Total recreational physical activity

<1 hour/week

1 to <2 
hours/
week

2 to <4 
hours/ 
week

4 to <7 
hours/ 
week ≥7 hours/week

Participants, no. (%) 31,410 (27.7) 21,733 (19.2) 25,881 (22.8) 15,855 (14.0) 18,487 (16.3)
Age, mean ± SD years† 36.5 ± 4.6 36.2 ± 4.6 36.0 ± 4.6 35.9 ± 4.7 35.2 ± 4.8
White race, % 91.6 93.0 93.6 93.7 91.1
Median household income by quartile, %

Q1 (lowest) 26.8 24.8 22.8 21.8 23.3
Q2 26.2 25.9 24.4 23.3 23.9
Q3 24.9 25.1 25.8 25.3 24.9
Q4 (highest) 22.1 24.2 27.0 29.6 27.9

US geographic region, %
West 21.4 22.0 23.3 25.5 25.5
Midwest 37.0 37.0 35.9 34.1 32.6
Mid- Atlantic 29.4 28.9 29.0 28.5 30.7
New England 5.2 5.3 5.5 5.7 5.1
Southeast 6.9 6.8 6.4 6.0 6.0

Parous, % 75.2 72.4 69.7 65.5 61.0
Smoking by pack- years, %

Never smokers 63.8 65.5 66.2 65.4 64.6
>0 to 10 pack- years 17.9 18.3 19.4 20.1 20.5
>10 pack- years 18.3 16.2 14.5 14.6 14.9

Alternate Healthy Eating Index by quartile, %‡
Q1 (least healthy) 29.1 22.4 17.6 14.0 13.3
Q2 22.7 22.2 20.3 18.2 16.5
Q3 18.0 20.7 22.2 22.9 20.0
Q4 (most healthy) 12.2 17.4 22.6 27.6 29.6

BMI category at age 18 years, %
<25.0 kg/m2 88.4 89.5 90.1 90.5 90.1
25.0 to <30.0 kg/m2 8.7 8.1 7.6 7.2 7.2
≥30.0 kg/m2 2.9 2.4 2.3 2.3 2.7

Updated BMI category, %
<25.0 kg/m2 64.1 67.8 72.0 75.6 76.6
25.0 to <30.0 kg/m2 20.2 19.7 18.5 16.4 15.7
≥30.0 kg/m2 15.7 12.5 9.6 8.0 7.7

* Missing values are not shown. BMI = body mass index. 
† Not age- standardized. 
‡ Alternate Healthy Eating Index was first measured in 1991. 
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the primary analysis so that the physical activity exposures were 
measured at least 2 (and up to 8) years prior to RA diagnosis, and 
by an additional questionnaire cycle in a secondary analysis so 
that there were at least 4 (and up to 10) years between the phys-
ical activity assessment and window for RA risk in these analyses 
(Figure  1). When physical activity was not included on biennial 
questionnaires, physical activity data were carried forward from 
the prior cumulative average values (e.g., 1991 physical activ-
ity data were used in the 1993 and 1995 follow- up cycles). We 
reported baseline age- adjusted descriptive statistics for covari-
ates across categorical total number of hours spent in recreational 
activity per week (the primary exposure variable).

We used Cox proportional hazards models to test for the asso-
ciation between the time- varying cumulative average total hours 
per week of recreational activity (categorized as <1 [reference], 1 to 
<2, 2 to <4, 4 to <7, and ≥7 hours per week) and RA, overall and 
by serologic phenotypes. The person- years of follow- up for each 
woman was ascertained as the number of person- years accrued 
from the date of return of the baseline questionnaire to the date of 
censoring (whichever came first) for the following reasons: RA diag-
nosis, report of connective tissue disease not confirmed as RA, 
loss to follow- up, date of death, or end of study. The age- adjusted 
models were adjusted for age and questionnaire period (equivalent 
to calendar year in this closed cohort with enrollment of all subjects 
in 1989, and follow- up occurring every other year). Based on pre-
vious studies (12,23,27,28), our main multivariable models were 
additionally adjusted for the following confounders: pack- years of 
smoking, median household income, US geographic region, parity, 
cumulative average AHEI score, and BMI at age 18 years. P for 
trend was calculated by assigning the median value within each 
category and using this as a continuous variable in the model.

By additionally including updated BMI in the main multivaria-
ble model, we evaluated the potential mediating effect of updated 
BMI on the association between cumulative average number of 
hours spent in recreational activity and risk of RA. The propor-
tion mediated by updated BMI, including 95% CIs and P values, 
was calculated using the classic difference method with a pub-
licly available macro (29,30). The mediation proportion is the per-
centage of the association between the cumulative average total 
hours per week spent in recreational activity and RA risk influ-
enced by the change conferred by updated BMI (indirect effect).

In a secondary analysis, since higher walking pace has 
increased energy expenditure than lower walking pace in the 
same amount of time, we stratified by walking pace (easy/aver-
age or brisk/very brisk), and tested for the association between 
cumulative average total walking hours per week and risk of RA. 
We also analyzed the associations between the cumulative aver-
age MET- hours/week (a measure of physical activity intensity, 
categorized by quartile) and cumulative average sedentary hours 
per week at home (categorized by quartile) and risk of RA, overall 
and by serologic phenotypes, using the same multivariable mod-
els as in the primary analysis.

Since there is a complex bidirectional relationship between 
physical activity and other health factors, such as comorbidi-
ties, that could be important in the estimation of RA risk, we 
performed a sensitivity analysis in which only the baseline 
physical activity assessment was considered. This analysis 
treated the physical activity exposure variable as time- fixed 
such that subsequent measured and unmeasured mediators 
(such as changes in physical activity, BMI, and health sta-
tus) are less likely to affect the relationship with RA risk in the  
analysis. For this analysis, we adjusted for covariates, including 
BMI, only as of the baseline time point. In an additional sen-
sitivity analysis, we included cancer, cardiovascular disease, 
 and diabetes in the multivariable models of our main analy-
sis, to evaluate whether adjusting for potential confounding by 
comorbidities impacted the findings.

The proportional hazards assumption was tested by 
including interaction terms between physical activity and fol-
low- up time, using likelihood ratio tests to compare nested 
models with and those without the interaction terms; the 
assumption was met in all analyses. Two- sided P values less 
than 0.05 were considered significant in all analyses. All of the 
statistical analyses were performed using SAS software ver-
sion 9.4 (SAS Institute).

RESULTS

Characteristics of the study participants. Table  1 
displays the age- adjusted baseline characteristics of the NHSII 
study participants categorized by cumulative average total 
hours per week of recreational activity. Most of the women 
were white and had a normal BMI at age 18 years. Women 
in the cumulative average recreational activity category of <1 
hour/week (mean ± SD age at baseline 36.5 ± 4.6 years) were 
older than women in the ≥7 hours/week category (mean ± SD 
age at baseline 35.2 ± 4.8). Women in the ≥7 hours/week rec-
reational activity category tended to have a lower BMI at age 
18 years, a lower BMI at baseline, and a healthier diet than less  
active women.

Among the 113,366 women analyzed in the NHSII, we iden-
tified 506 incident RA cases during 2,428,573 person- years of 
follow- up (mean ± SD follow- up 21.4 ± 5.1 years per partici-
pant). Among the 506 women with incident RA, 339 (67.0%) 
had seropositive RA, and 167 (33.0%) had seronegative RA. Of 
the 506 women with RA, 495 (97.8%) satisfied the 1987 ACR 
classification criteria.

Recreational physical activity time and RA risk. 
Compared to women with cumulative average recreational 
activity of <1 hour/week, increasing total recreational activ-
ity hours per week was associated with a reduced risk of RA 
overall (Table  2). The HRs across categories of recreational 
activity were as follows: HR 1.00 for <1 hour/week (refer-
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ence), HR 1.00 (95% CI 0.78–1.29) for 1 to <2 hours/week, 
HR 0.92 (95% CI 0.72–1.17) for 2 to <4 hours/week, HR 0.84 
(95% CI 0.63–1.12) for 4 to <7 hours/week, and HR 0.67 
(95% CI 0.47–0.98) for ≥7 hours/week, adjusted for poten-
tial confounders including age, questionnaire period, smok-
ing, median household income, US geographic region, parity 
status, dietary quality, and BMI at age 18 years. There was a 
significant trend toward a reduced overall RA risk (P for trend 
= 0.02) with increasing cumulative average total recreational 
activity hours per week. There was a similar but nonsignificant 
trend toward a reduced risk of seropositive RA. The HRs for 
seropositive RA across recreational physical activity categories 
were as follows: HR 1.00 for <1 hour/week (reference), HR 
0.92 for 1 to <2 hours/week, HR 0.96 for 2 to <4 hours/week, 
HR 0.84 for 4 to <7 hours/week, and HR 0.66 for ≥7 hours/
week (P for trend = 0.06). The point estimates for seronegative 
RA were also similar, but the results were not statistically sig-

nificant (P for trend = 0.13).
When the mediating effect of updated BMI was additionally 

accounted for in these analyses, the indirect effect (proportion of 
effect) between recreational activity and RA risk mediated through 
the updated BMI was as follows: 14.0% (95% CI 4.5–36.0%; P 
= 0.002) for all RA and 20.0% (95% CI 5.0–54.2%; P = 0.001) 
for seropositive RA. No statistically significant mediation between 
physical activity, updated BMI, and risk of seronegative RA was 
detected (P = 0.3).

Table 3 shows the results of the secondary analysis in which 
we lagged the assessment of physical activity and RA risk win-
dow by an additional questionnaire cycle (at least 4–10 years 

between physical activity assessment and the RA risk window). 
This analysis had fewer RA cases, since women who were diag-
nosed as having RA during the first 4 years of follow- up were not 
included in this analysis. These results were similar to those of the 
primary analysis; there was a statistically significant trend toward 
reduced RA risk with increasing cumulative average total recrea-
tional activity hours/week (P for trend = 0.04). The proportions of 
effect between recreational activity and RA mediated by updated 
BMI were as follows: 19.7% (P = 0.0001) for all RA and 26.6% 

(P = 0.0001) for seropositive RA.

Time spent walking and RA risk. To further investi-
gate the association between recreational activity and RA, we 
individually analyzed walking activity, since this was the main 
contributor to the composite variable. Table 4 shows the risk 
of RA according to the cumulative average total walking hours/
week stratified by walking pace. We did not observe a statis-
tically significant association between walking time and all RA 
risk in the subgroup with easy/average walking pace. Among 
women with brisk/very brisk walking pace, there was a sta-
tistically significant effect, in which longer cumulative average 
walking hours/week was associated with lower RA risk (for 
quartile 4 [most walking] versus quartile 1 [least walking], HR 

0.76, 95% 0.53–1.09; P for trend = 0.05).

Physical activity intensity, sedentary activity at 
home, and RA risk. Supplementary Table 1 (available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.40899/ abstract) presents the association between 

Table 4. Risk of rheumatoid arthritis overall by quartile of cumulative average walking hours per week, according to walking pace and lagged 
by 1 questionnaire cycle*

Quartile of cumulative average walking hours per week
P for 
trendQ1 (least walking) Q2 Q3 Q4 (most walking)

Easy/normal walking pace
Median walking hours/week 0.03 0.67 1.00 2.50
No. of cases/person- years 82/422,466 83/356,666 87/389,650 97/443,930
Age- adjusted model 1.00 (reference) 1.14 (0.84–1.56) 1.13 (0.83–1.53) 1.08 (0.81–1.46) 0.76
Multivariable model 1 (main)† 1.00 (reference) 1.16 (0.85–1.58) 1.16 (0.86–1.57) 1.13 (0.84–1.52) 0.60
Multivariable model 2 (main + updated BMI)‡ 1.00 (reference) 1.16 (0.85–1.58) 1.16 (0.85–1.57) 1.13 (0.84–1.53) 0.57

Brisk/very brisk walking pace
Median walking hours/week 0.20 1.00 2.50 5.00
No. of cases/person- years 85/356,503 113/424,218 91/404,176 46/279,626
Age- adjusted model 1.00 (reference) 1.10 (0.83–1.46) 0.93 (0.69–1.25) 0.72 (0.50–1.03) 0.03
Multivariable model 1 (main)† 1.00 (reference) 1.13 (0.85–1.50) 0.98 (0.73–1.32) 0.76 (0.53–1.09) 0.05
Multivariable model 2 (main + updated BMI)‡ 1.00 (reference) 1.13 (0.85–1.50) 0.98 (0.73–1.33) 0.76 (0.53–1.09) 0.06

* Lagging by 1 questionnaire cycle was defined as at least 2 years between physical activity assessment and rheumatoid arthritis diagnosis. 
Except where indicated otherwise, values are the hazard ratio (95% confidence interval). 
† Multivariable model 1 was adjusted for age, questionnaire period (calendar year), US geographic region (West, Midwest, Mid- Atlantic, New 
England, Southeast), median household income (quartile), smoking pack- years (never, >0 to 10, >10), parity (vs. nulliparous), cumulative 
average Alternate Healthy Eating Index (quartile), and body mass index (BMI) category at age 18 years (<25.0, 25.0 to <30.0, ≥30.0 kg/m2). 
‡ Multivariable model 2 was adjusted for the variables in model 1 as well as updated BMI category (<25.0, 25.0 to <30.0, ≥30.0 kg/m2). 

http://onlinelibrary.wiley.com/doi/10.1002/art.40899/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40899/abstract
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RA risk and cumulative average MET- hours/week (as a measure of 
intensity of physical activity). Compared to women in the lowest 
quartile of physical activity intensity, women in the highest quartile 
had a reduced risk of RA overall (HR 0.72, 95% CI 0.55–0.93), 
when the analysis was adjusted only for age and for questionnaire 
period (P for trend = 0.02). However, this was no longer statistically 
significant (HR 0.79, 95% CI 0.60–1.03) when the analysis was 
adjusted for other potential confounders (P for trend = 0.09).

Supplementary Table 2 (available on the Arthritis & Rheu-
matology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.40899/ abstract) shows the association between RA risk and 
cumulative average sedentary hours/week at home. We did 
not observe any statistically significant association of sedentary 
activity at home with RA risk.

Supplementary Table 3 (available on the Arthritis & Rheu-
matology web site at http://onlin elibr ary.wiley.com/doi/10.1002 
/art.40899/ abstract) shows the results of the sensitivity analy-
sis in which we analyzed only baseline physical activity levels 
for subsequent RA risk. These results were similar to those 
in the primary analysis, with increasing categories of physical 
activity associated with a reduced risk of RA overall, in the 
age- adjusted model (P for trend = 0.004), in the multivariable 
model using BMI at age 18 years (P for trend = 0.03), and in 
the multivariable model additionally adjusted for baseline BMI 
(P for trend = 0.04).

Supplementary Table 4 (available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.1002 
/art.40899/abstract) shows the results of the sensitivity anal-
ysis in which we additionally adjusted for comorbidities (can-
cer, cardiovascular disease, and diabetes) in the multivariable 
models. These results were similar to those of the primary 
analysis, with increasing categories of physical activity asso-
ciated with a reduced risk of RA overall, as determined in the 
multivariable model using BMI at age 18 years (P for trend = 
0.02) and in the multivariable model additionally adjusted for 
updated BMI (P for trend = 0.048).

DISCUSSION

In this large, prospective cohort study, we found that 
increasing physical activity was associated with reduced 
RA risk. For women with ≥7 total recreational activity hours/
week, RA risk was reduced by 33% compared to women with 
<1 hour/week, independent of other RA risk factors. In our 
study design, we excluded physical activity measures in the 
years prior to RA diagnosis so that these results would be 
less likely explained by early disease manifestations affecting 
physical activity before clinical diagnosis. We found that BMI 
was a significant mediator in the association between physical 
activity and RA risk, but physical activity also contributed to 
RA risk through pathways that did not include BMI. Overall, 
these results suggest that long- term physical activity may be 

an important contributor to RA risk independent of dietary and 
BMI history.

Several previous studies investigated physical activity and 
RA risk. The Swedish Mammography Cohort study (12) analyzed 
30,112 women using a single questionnaire on physical activity 
at baseline, and identified 201 incident RA cases. Women in the 
highest category (≥20 minutes/day of walking/bicycling and ≥1 
hour/week of exercise) had a reduced risk of developing RA (multi-
variable relative risk 0.65, 95% CI 0.43–0.96) compared to women 
in the lowest category (<20 minutes/day of walking/bicycling and 
<1 hour/week of exercise). However, those results may have been 
explained partially by reverse causation bias, particularly in cases 
diagnosed early during follow- up. Furthermore, those previous 
studies used only a single measure of physical activity, and there 
were no data on RA serologic phenotype.

Krok- Schoen et  al (31) recently reported on leisure physi-
cal activity (measured as MET- hours/week) and RA risk among 
80,551 postmenopausal women (with 3,348 incident RA cases by 
self- report) in the Women’s Health Initiative. Those authors found 
a reduced risk of RA in women who reported a physical activity 
intensity level of ≥17.5 MET- hours/week (HR 0.83, 95% CI 0.74–
0.93) compared to those who reported being inactive, similar to 
our present results. However, physical activity was assessed only 
at baseline, RA cases were by self- report (and therefore may have 
been misclassified), the results were adjusted only for age, and 
therefore may have been confounded by other factors such as 
smoking, and results could also have been explained by reverse 
causation. Finally, the Iowa Women’s Health Study (32) analyzed 
31,336 women, and identified 158 incident RA cases. They found 
no association between a baseline 3- level physical activity variable 
and RA risk (relative risk 0.90, 95% CI 0.61–1.32 for high versus 
low physical activity).

The results of our study add to the literature, as this study is 
the first to use repeated measures of physical activity for RA risk, 
investigate physical activity and risk of RA by serologic phenotype, 
incorporate a study design to protect against reverse causation 
bias, and quantify the potential mediating effect of BMI on physical 
activity and RA risk. The point estimates for physical activity were 
similar for both RA serologic phenotypes. However, the statistical 
significance of the association differed, perhaps because of the 
reduced power of the seronegative RA subgroup. We found that 
BMI was a strong mediator in the relationship between physical 
activity and RA. These results suggest that modifying either phys-
ical activity or BMI may be potential strategies to mitigate the risk 
of RA, but randomized trials would be needed to establish a true 
causal relationship.

Updated BMI was a strong mediator between physical activ-
ity and seropositive RA, but not seronegative RA. These results also 
suggest that physical activity may have different biologic effects on 
each RA subphenotype. An alternative strategy for the mediation 
analysis would be to perform analyses using marginal structural 
models, but previous literature suggests that a marginal structural 

http://onlinelibrary.wiley.com/doi/10.1002/art.40899/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40899/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40899/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40899/abstract
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model would produce findings similar to those obtained with our 
approach (33,34). Our findings add to the literature demonstrating 
differences based on BMI and other measures of adiposity for RA 
risk by serologic phenotype (23,35–37). Although we had repeated 
measures of physical activity available to use, this introduces com-
plexity with regard to whether factors associated with reductions in 
physical activity may have mediated the relationship. We carefully 
analyzed the effect of time- updated BMI on the association, but  
other factors, such as chronic pain and comorbidities, may have 
complex relationships with the exposure and outcome in our study. 
To mitigate this, we performed a sensitivity analysis in which we con-
sidered only physical activity and confounders as assessed at base-
line, such that subsequent mediating health factors were not included 
in the model. Since we found a similar association in this sensitivity 
analysis, we suspect that measured and unmeasured subsequent 
clinical mediating factors did not have a large impact on our findings.

We also investigated the association between walking hours 
and RA risk, stratified by walking pace. We observed a statisti-
cally significant effect among women with brisk/very brisk walking 
pace, in which longer cumulative average walking hours/week 
appeared to reduce the risk of RA, which was similar to the results 
in the Swedish Mammography cohort (12). We also investigated 
intensity of physical activity and RA risk, and our findings sug-
gested that RA risk was reduced among women with the highest 
intensity of recreational activity. However, we observed no signif-
icant association between sedentary activities at home and RA 
risk. Overall, these findings suggest a beneficial effect of increas-
ing time spent in recreational activity on RA risk. These results may 
have important public health consequences for patients with RA, 
since a recent report suggested that up to 80% of the US popula-
tion may be insufficiently active (6).

Physical activity is generally recommended for patients with RA 
to maintain conditioning, improve quality of life, and decrease sys-
temic inflammation (9,38–40). Physical activity may also have health 
benefits in terms of reducing the risk of developing RA by decreasing 
inflammation and regulating the immune system (7). Stimulated myo-
cytes may secrete antiinflammatory myokines that decrease the lev-
els of tumor necrosis factor, among other proinflammatory cytokines 
(7,41). Physical activity is also thought to have positive effects on 
immune system regulation (4,8). Increasing physical activity has been 
associated with a reduced risk of inflammatory bowel disease, which 
could potentially be related to similar mechanisms (42).

Our study has some limitations to consider. We designed 
the study to minimize the potential for reverse causation bias 
being an explanation for our results, but it is still possible 
that the association we observed may be explained in part 
by symptoms of early RA. This is unlikely, however, since the 
secondary analysis extending the lag period to 4–10 years 
showed similar results. The study sample consisted of mostly 
white women who were healthy, educated, and working at 
baseline, and therefore the results may not be generaliz able to 
other, more diverse populations or to men.

While we applied repeated measures of physical activity 
during many years of follow- up, these measures were ascer-
tained by self- report and only gathered approximately every 4 
years. While the questionnaire instrument has been validated,  
we were unable to analyze physical activity changes occurring 
in the interim (15). We identified cases meeting accepted RA 
 criter ia, with rigorous methods of case ascertainment, all veri-
fied by medical record review, an approach that enabled anal-
yses based on RA serologic phenotype. However, we were 
unable to analyze subjects based solely on anti- CCP status, 
since we relied on clinical testing and some of the cases were 
diagnosed prior to the clinical use of this test. It is possible 
that some of the women may have been clinically inappropri-
ately diagnosed as having RA, in particular seronegative RA, 
being particularly more likely to occur in women with con-
current fibromyalgia, osteoarthritis, or obesity (with elevated 
levels of serum inflammation markers) who also may have had 
lower levels of physical activity due to these conditions. How-
ever, all of the incident RA cases were self- reported, and these 
patients screened positive for RA on a supplemental ques-
tionnaire and met accepted research classification criteria for 
RA using objective criteria, including objective documenta-
tion of synovitis, on the independent reviews of their medical 
records by 2 separate board- certified rheumatologists. This 
analysis censored women as of the date of self- reported RA 
or other related connective tissue disease not classified as an 
RA case, such that women were free of reported RA or other 
connective tissue disease in the analyzed person- years of fol-
low- up. Nearly all of the RA cases met the 1987 ACR criteria, 
which are thought to be more specific for RA than the 2010 
ACR/EULAR criteria. Therefore, we believe that misclassifica-
tion of the RA outcome is unlikely to explain our results.

Inherent to all observational studies, the results may have 
been explained by residual confounding. However, we had detailed 
data available on important confounders, including smoking, die-
tary intake, and BMI. We considered the updated BMI variable as a 
mediator, but this may alternatively be considered as a confounder. 
Although data on BMI at age 18 years were available throughout 
the follow- up, we did not have data on BMI between age 18 years 
and baseline, which may have impacted our findings.

Even though comorbidities have a clear impact on physical 
activity, it is less clear that they are related to a subsequent risk 
of RA. The results were similar when we additionally adjusted the 
analyses for cancer, cardiovascular disease, and diabetes, and 
therefore these comorbidities did not explain our findings. Other 
potentially important factors, such as pain and other comorbidi-
ties, that may have been related to both physical activity and 
RA development were unmeasured. A randomized controlled 
trial evaluating physical activity interventions for RA risk or sur-
rogate outcomes such as RA- related autoantibody presence/
levels would be necessary to determine a true biologic effect of 
physical activity on RA risk. However, such a study would need a 
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large sample size and lengthy follow- up with a strategy for blinding 
assignment of the intervention, and therefore it would be difficult to 
implement. We encourage further studies aimed at understanding 
the potential biologic effects of physical activity and other meta-
bolic interventions on RA risk or RA- related autoimmunity.

Our study also has strengths. We analyzed a large, prospec-
tive cohort with a lengthy follow- up, and identified validated inci-
dent RA cases during 2.5 million person- years over up to 26 years 
of follow- up. We had detailed data on a variety of physical activity 
measures updated approximately every 4 years, as well as detailed 
information on important potential confounders, allowing for time- 
varying analysis and long- term measures of physical activity. We 
identified cases by medical record review to ensure that all cases 
of RA fulfilled accepted criteria and were truly incident, while allow-
ing for analyses based on RA serologic phenotype. Finally, we cen-
sored women at the time of their self- reported diagnosis of RA who 
were not subsequently confirmed to be an RA case, to help ensure 
that the sample was free of RA during all analyzed person- years of 
follow- up.

In conclusion, we found that increasing time spent in recre-
ational activity was associated with a reduced risk of RA, inde-
pendent of other RA risk factors including smoking, BMI history, 
and dietary intake. Long- term physical activity had similar asso-
ciations with both seropositive RA and seronegative RA. We 
found that some of the effect of physical activity on seroposi-
tive RA was mediated by changes in BMI, suggesting that both 
physical activity and weight loss interventions could delay or 
even prevent the onset of seropositive RA. These findings add to 
the accumulating evidence that metabolic factors are important 
in the pathogenesis of RA.
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Rheumatoid Arthritis Disease Activity Predicting Incident 
Clinically Apparent Rheumatoid Arthritis–Associated 
Interstitial Lung Disease: A Prospective Cohort Study
Jeffrey A. Sparks,1  Xintong He,2 Jie Huang,2 Elaine A. Fletcher,2 Alessandra Zaccardelli,2 H. Maura Friedlander,2 
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Objective. To evaluate rheumatoid arthritis (RA) disease activity and risk of RA- associated interstitial lung disease 
(RA-ILD).

Methods. We investigated disease activity and risk of RA-ILD using the Brigham RA Sequential Study (BRASS, 2003–
2016). All patients were diagnosed as having RA according to accepted criteria. Disease Activity Scores in 28 joints (DAS28) 
and covariate data were measured prospectively at annual study visits. Diagnosis of RA-ILD was determined by review 
of images from clinically indicated chest computed tomography scans. We analyzed patients without RA-ILD at baseline. 
We used Cox regression to estimate hazard ratios (HRs) and 95% confidence intervals (CIs) for RA-ILD, using annually 
updated DAS28 data, with adjustment for known RA-ILD risk factors (age, sex, smoking status, RA duration, and serologic 
status). We performed alternative analyses that did not censor at the time of missing DAS28 data and included adjustment 
for use of methotrexate, use of glucocorticoids, presence of bone erosions, and presence of rheumatoid nodules.

Results. Among 1,419 participants, the mean ± SD age was 55.8 ± 14.2 years, and 68.6% were seropositive for 
either cyclic citrullinated peptide or rheumatoid factor. We identified 85 incident cases of RA-ILD during a mean ± SD 
follow- up duration of 8.9 ± 4.2 years per patient. The moderate/high disease activity group had a multivariable HR of 
2.22 (95% CI 1.28–3.82) for RA-ILD compared to the remission/low disease activity group. Risk of RA-ILD increased 
across disease activity categories: multivariable HR 1.00 (reference) for remission, 1.41 (95% CI 0.61–3.28) for low 
disease activity, 2.08 (95% CI 1.06–4.05) for moderate disease activity, and 3.48 (95% CI 1.64–7.38) for high disease 
activity (P for trend = 0.001). For each unit increase in the DAS28, the risk of RA-ILD increased by 35% (95% CI 
14–60%). Results were similar in analyses that included  follow- up for missing DAS28 data and with adjustment for 
use of methotrexate, use of glucocorticoids, presence of bone erosions, or presence of rheumatoid nodules.

Conclusion. Active articular RA was associated with an increased risk of developing RA-ILD. These results  
suggest that decreasing systemic inflammation may alter the natural history of RA-ILD development.
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INTRODUCTION

Rheumatoid arthritis–associated interstitial lung disease 
(RA-ILD) is one of the most serious extraarticular RA manifesta-
tions, with a median survival of only 3 years postdiagnosis (1–
3). Among patients with RA, the prevalence range of RA-ILD is 
3–10% and may have increased in recent years (4–6).

While the natural history of RA-ILD has yet to be fully eluci-
dated, previous studies have identified some risk factors, includ-
ing older age, male sex, cigarette smoking, later onset RA, longer 
RA duration, elevated rheumatoid factor (RF) level, and elevated 
cyclic citrullinated peptide (CCP) level (1,7–13). However, none of 
these factors except smoking are potentially modifiable, so identi-
fying other RA-ILD risk factors that may allow for intervention is of 
crucial importance.

Articular disease activity in RA drives treatment, including 
the use of disease- modifying antirheumatic drugs (DMARDs), 
which typically treat to a target of remission or low disease activ-
ity (14,15). Active joint involvement in RA reflects ongoing levels 
of systemic inflammation, which may include inflammation in the 
lungs, potentially impacting the pathogenesis of RA-ILD (11). 
A previous cross- sectional study suggested that patients with 
RA-ILD had higher levels of articular disease activity compared to 
patients with RA and without ILD (8). However, no previous study 
has investigated dynamic measures of RA disease activity for sub-
sequent risk of RA-ILD.

Therefore, we examined whether RA disease activity is 
associated with a subsequent risk of RA-ILD, using data from an 
RA cohort that included repeated measures of disease activity 
and chest computed tomography (CT) scans (obtained during 
a lengthy follow- up) to identify incident RA-ILD. We hypothe-
sized that patients with moderate/high disease activity have an 
increased risk of developing RA-ILD compared to patients with 
disease in remission or with low disease activity, independent of 
known RA-ILD risk factors.

PATIENTS AND METHODS

Study population. We analyzed data from the Brigham 
RA Sequential Study (BRASS), a single- center research cohort 
of patients with RA at Brigham and Women’s Hospital in Bos-
ton, MA that began enrolling patients in 2003 (16). All patients 
in the BRASS registry were diagnosed as having RA according 
to a treating physician and accepted criteria (17,18). Approx-
imately 10% of patients in the BRASS study enrolled within 
the first year of diagnosis, so most had prevalent RA at base-
line. Validated measures of disease activity incorporating joint 
counts evaluated by  rheumatologists, RA characteristics, med-
ications, lifestyle factors, and detailed patient- reported out-
comes were prospectively assessed at baseline and at annual 
study visits. Blood was obtained for research purposes at 
each annual study visit to measure the following: CCP level, 

determined by 3rd generation validated enzyme- linked immu-
nosorbent assay (Inova Diagnostics); RF level, determined by 
immunoturbidimetric technique on a Cobas Integra 700 ana-
lyzer (Roche Diagnostics); C- reactive protein (CRP) level, deter-
mined by commercial assay; and other research laboratory 
tests. Data from the electronic medical record were available 
to link clinically indicated test results and clinical notes to the 
research data. Most patients in the BRASS study received all 
medical care in the Partners HealthCare system. All aspects of 
this study were approved by the Partners HealthCare Institu-
tional Review Board.

Study design. We conducted a prospective cohort study 
(secondary analysis of prospectively collected data) among 
patients in the BRASS study to investigate whether disease 
activity was associated with incident RA-ILD. We excluded 
patients without disease activity at baseline and those with prev-
alent RA-ILD. The study concluded on April 14, 2016, when 
chest CT scans were last examined for RA-ILD for research pur-
poses (Figure 1).

Disease Activity Score in 28 joints exposure meas-
ures. We analyzed validated disease activity by reviewing the 
Disease Activity Scores in 28 joints (DAS28) (19) that were pro-
spectively collected at annual study visits. We used the 3- variable 
DAS28 consisting of tender joint count, swollen joint count, and 
laboratory results for CRP level. We did not use the 4- variable 
DAS28 in order to minimize missing data at baseline and during 
follow- up, since we planned to investigate dynamic changes in 
the DAS28 over time. Our primary analysis relied on the meas-
ure of binary DAS28 classification: moderate/high disease activity 

Figure 1. Flow diagram of the analyzed study population. BRASS 
= Brigham Rheumatoid Arthritis Sequential Study; RA- ILD = 
rheumatoid arthritis–associated interstitial lung disease; DAS28 = 
Disease Activity Score in 28 joints.
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compared to the reference group of remission/low disease activ-
ity, using a cutoff score of 3.2 as recommended by the Ameri-
can College of Rheumatology (ACR) for clinical practice (20). We 
chose this as the primary exposure variable because many RA 
guidelines recommend treating to a target of low disease activity 
or remission (14,15).

We also performed secondary analyses for 2 additional 
disease activity measures: 1) a 4- level ordinal DAS28 variable 
consisting of categories using ranges recommended by the ACR 
(20): remission (<2.6, the reference group), low (2.6 to 3.2), mod-
erate (>3.2 to 5.1), and high (>5.1); and 2) a continuous DAS28 
variable.

Identification of incident RA-ILD. We identified all 
chest CT scans that were performed for clinical indications 
among patients in the BRASS study. We identified new chest 
CT scans occurring during follow- up by periodically query-
ing the electronic medical record at fixed intervals according 
to our research protocol. Each CT chest scan was visually 
inspected for research purposes by 3 independent adjudica-
tors: 2 attending chest radiologists and 1 attending pulmonol-
ogist. As previously suggested (21), we excluded scans with 
radiologic changes suggesting concurrent illness that limited 
the CT scan interpretation (e.g., lung cancer, active infec-
tion, or pleural effusions), and then each scan was classified 
according to the following descriptions: 1) no interstitial lung 
abnormalities, 2) indeterminate, 3) early/mild interstitial lung 
abnormalities, or 4) radiologically severe interstitial lung abnor-
malities. Interstitial lung abnormalities were defined as any 
of the following changes affecting >5% of any lobar region: 
nondependent ground- glass or reticular abnormalities, diffuse 
centrilobular nodularity, nonemphysematous cysts, honey-
combing, or traction bronchiectasis, as described in previous 
studies (22,23). Radiologically severe interstitial lung abnor-
malities were defined as bilateral fibrosis in multiple lobes 
associated with honeycombing and traction bronchiectasis in 
a subpleural distribution. Discrepancies between adjudicators 
were discussed until there was complete agreement. No clin-
ical data, including radiologic or pathology reports, if availa-
ble, were used to supplement the research abstraction of the 
chest CT imaging. In this study, 195 unique patients had chest 
CT images reviewed.

Each chest CT scan with interstitial lung abnormalities was 
categorized using subtypes of RA-ILD by a senior chest radi-
ologist. These subtypes included acute interstitial pneumonia 
(AIP), diffuse alveolar damage (DAD), cellular or fibrotic nonspe-
cific interstitial pneumonia (NSIP), and usual interstitial pneu-
monia (UIP), using standard definitions (24). More details about 
the characteristics used for RA- ILD subtyping can be found in 
Supplementary Methods (available on the Arthritis & Rheuma-
tology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.40904/ abstract).

In addition, pulmonary function test (PFT) results from around 
the time of diagnosis of RA-ILD were collected if available, includ-
ing the forced expiratory volume in 1 second (FEV1, as percent 
predicted), forced vital capacity (FVC, as percent predicted), FEV1/
FVC (as a ratio), total lung capacity (TLC, as percent predicted), 
and diffusing capacity for carbon monoxide (DLco, as percent pre-
dicted).

In this study, we defined the date of diagnosis of incident 
RA-ILD as the date of the first chest CT scan that showed either 
early/mild or radiologically severe lung interstitial lung abnormali-
ties. We did not analyze patients who were known to have RA-ILD 
at baseline.

To determine whether the RA-ILD cases identified using 
these methods had clinical significance, we performed tar-
geted medical record review. First, we reviewed the clini-
cal radiographic report of the initial chest CT scan showing 
interstitial lung abnormalities. We noted whether RA-ILD or 
related changes were detected by the clinical radiologist. 
Second, we determined whether additional clinical evalua-
tion or management of RA-ILD occurred after the chest CT 
scan (e.g., repeat chest imaging, PFT). Third, we reviewed 
the medical records to note whether RA- related medica-
tions were changed. We were unable to utilize the research 
data for medications since these were not collected to coin-
cide with clinical events.

Covariates. We prospectively measured the following 
established risk factors for RA-ILD (10,11) as key covariates, 
at the BRASS baseline and at yearly study visits: age in years 
(as a continuous variable), sex (male or female), smoking status 
(never, past, or current) and pack- years (as a continuous vari-
able), RA duration in years (as a continuous variable), and RA 
serologic status (seropositive or seronegative). Seropositivity 
was defined as either CCP-  or RF- positive, and seronegativity 
was both CCP-  and RF- negative.

We collected other demographics and lifestyle and clin-
ical factors including race (white or nonwhite), education 
level (college degree or more versus some college or less), 
body mass index (kg/m2, categorized as underweight or 
normal/overweight/obese, as a continuous variable), physi-
cal activity (metabolic equivalent hours per week, as a con-
tinuous variable) (25), and a multimorbidity index validated 
for patients with RA (0, 1, or >1, as a continuous variable) 
(26).

Throughout the study, we also collected data on other RA 
characteristics, including the use of methotrexate, nonbiologic 
disease- modifying antirheumatic drugs (DMARDs), biologic 
DMARDs, or glucocorticoids; functional status (measured by the 
Multidimensional Health Assessment Questionnaire [MDHAQ], 
as a continuous variable) (27); bone erosions or radiographic 
changes (absent or present); and soft tissue rheumatoid nodules 
(absent or present).

http://onlinelibrary.wiley.com/doi/10.1002/art.40904/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40904/abstract
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Statistical analysis. We reported descriptive statistics 
for the entire analyzed population and also stratified data using 
the primary exposure variable of moderate/high disease activ-
ity versus remission/low disease activity, as measured at the 
baseline study visit. Proportions of each RA-ILD subtype and 
PFT results, if available, were used to describe cases of inci-
dent RA-ILD.

The primary analysis examined annually collected 
DAS28 data to investigate changes during follow- up and 
subsequent risk of RA-ILD. DAS28 data were updated at 
each yearly study visit and were used to predict the risk of 
RA-ILD over the next year (until the subsequent study visit). 
In this analysis, patients with missing DAS28 data were 
censored without analyzing subsequent person- time, even 
if RA-ILD was subsequently identified, in order to ensure 
that changes in the DAS28 near the time of diagnosis were 
captured. We used Cox regression to estimate hazard 
ratios (HRs) and 95% confidence intervals (95% CIs) for 
RA-ILD, with DAS28 as the exposure variable of interest. 
Person- time accrued from the time point of the baseline 
BRASS study visit. Censoring, if applicable, occurred at 
the date of outcome, missing DAS28, loss to follow- up, 
death, or at the end of study (April 14, 2016), whichever 
came first. The primary exposure variable was the binary 
DAS28 measure, based on comparison of the moderate/
high disease activity category to the reference category of 
remission/low disease activity. We initially performed unad-
justed Cox proportional hazards regression models. We 
then included known risk factors for RA-ILD in a multivar-
iable model: age, sex, smoking status, RA duration, and 
RA serologic status. We performed similar analyses using 
the 4- level ordinal and continuous DAS28 variables. In the 
4- level ordinal DAS28 model, we obtained P for trend val-
ues by first calculating the mean DAS28 value within each 
category and then using this as a continuous variable in a 
separate model.

We performed several alternative analyses to assess the 
robustness of our findings. First, we defined a cumulative aver-
age updated DAS28 score as a long- term measure of all pre-
vious DAS28 measures in the BRASS study. For example, for 
a patient at their third annual study visit, DAS28 values were 
summed at the baseline, month 12, and month 24 visits and 
divided by 3 to categorize the long- term disease activity at 
the current visit (month 36). There were no disease activity 
measures available for this analysis prior to the BRASS base-
line. Second, we performed an analysis in which the DAS28 
assessment and the window for assessment of RA-ILD was 
established as a time span of ≥1 year. Because the onset of 
RA-ILD may have preceded the date that the clinical CT chest 
scan was performed, it is possible that active lung inflammation 
affected joint inflammation and not vice versa. To mitigate this 

possibility, we performed analyses using a lag to ensure that 
there was ≥1 year between the date of DAS28 scoring and 
the date of the chest CT scan identifying RA-ILD. Third, we 
analyzed all follow- up data instead of censoring at the date of 
missing DAS28 data, so that all incident RA-ILD cases were 
captured regardless of whether this occurred in proximity to the 
DAS28 scoring. We achieved this by using the time- updated 
DAS28 analysis, as in the primary analysis, and we carried for-
ward the most recent DAS28 observation for this analysis. We 
also performed these analyses by carrying forward the most 
recent cumulative average updated observation. Fourth, we 
analyzed DAS28 at the BRASS baseline only, in order to pre-
dict RA-ILD throughout all follow- up, similar to a previous study 
that did not take into account dynamic changes in DAS28 over 
time (2).

We also performed alternative analyses with adjustment for 
additional factors not included in the multivariable model of the 
primary analysis, in case they affected the relationship between 
DAS28 and RA-ILD. We did not include DMARD use, glucocorti-
coid use, or RA severity factors in the primary analysis, because 
they have complex causal relationships with RA disease activ-
ity, they are not clearly related to RA-ILD, and a limited number 
of RA-ILD outcomes prevented us from including all covariates. 
In the alternative analyses, we included adjustment for metho-
trexate use, glucocorticoid use, presence of bone erosions or 
radiographic changes, and presence of rheumatoid nodules, in 
separate models that also included the covariates in the primary 
multivariable model.

To address whether systemic inflammation may have 
explained the results, we performed an alternative analy-
sis analyzing CRP level as an exposure variable. For this 
analysis, we considered CRP as the following: 1) a continu-
ous variable, 2) a log- transformed continuous variable, 3) a 
3- level variable with clinical cutoffs related to cardiovascular 
disease risk (3.1–10 mg/liter) or systemic inflammation (>10 
mg/liter; reference group 0–3 mg/liter), and 4) divided into 
quartiles based on the baseline values (reference group: 
quartile 1).

We verified the proportional hazard assumption in each anal-
ysis by including an interaction term between time after index date 
and the DAS28 variable in each model and verified no statisti-
cally significant interaction. We used a P value of 0.05 by 2- sided 
test to define statistical significance. All analyses were performed 
using SAS  version 9.4.

RESULTS

Patient characteristics. A flow diagram of the analyzed 
study population (n = 1,419) is shown in Figure 1. The mean ± SD 
age was 55.8 ± 14.2 years, 82.3% of the patients were female, 
92.1% were white, and 68.6% were seropositive for either CCP 



SPARKS ET AL 1476       |

or RF (Table 1). At the baseline visit, 627 patients (44.2%) were in 
remission or had low disease activity, and 792 (55.8%) had mod-
erate/high disease activity. Patients in the moderate/high disease 
activity group were older (age 57.9 ± 13.3 years versus 53.0 ± 
14.8 years), were heavier smokers (mean ± SD pack- years 11.0 
± 19.1 versus 8.0 ± 16.8), had longer RA duration (median 11.0 
years versus 6.0 years), and were more likely to be seropositive 
(71.7% versus 64.6%), compared to those in the remission/low 
disease activity group.

Features of RA-ILD and mortality. We identified a 
total of 85 cases of incident RA-ILD after the baseline visit. 
In the primary analysis that censored patients with miss-
ing DAS28 data, there were a total of 61 cases of incident 
RA-ILD during 7,967 person- years of follow- up. The mean ± 
SD duration of follow- up per patient was 5.6 ± 3.6 years, and 
the median was 4.5 years (interquartile range [IQR] 2.8–7.9). 
In the alternative analyses that included person- time even if a 
patient was missing DAS28 data, there were a total of 12,650 

Table 1. Baseline characteristics of the patients overall and according to RA disease activity*

Total 
(n = 1,419)

Remission/low  
disease activity 

(n = 627)

Moderate/high  
disease activity 

(n = 792)

Sociodemographics
Age, mean ± SD years 55.8 ± 14.2 53.0 ± 14.8 57.9 ± 13.3
Female 1,168 (82.3) 509 (81.2) 659 (83.2)
White 1,297 (92.1) 575 (92.2) 722 (92.0)
College degree 801 (56.8) 422 (67.5) 379 (48.3)

Lifestyle and clinical factors
BMI, mean ± SD kg/m2 26.8 ± 5.7 26.1 ± 5.3 27.4 ± 5.9
BMI category

Underweight/normal 576 (43.4) 288 (49.7) 288 (38.5)
Overweight 423 (31.9) 166 (28.6) 257 (34.4)
Obese 329 (24.7) 126 (21.7) 203 (27.1)

Smoking pack- years, mean ± SD 9.7 ± 18.2 8.0 ± 16.8 11.0 ± 19.1
Smoking status

Never 679 (47.9) 325 (51.8) 354 (44.7)
Past 503 (35.5) 209 (33.3) 294 (37.1)
Current 98 (6.9) 28 (4.5) 70 (8.8)

MET hours/week, mean ± SD 5.6 ± 5.6 6.7 ± 6.2 4.7 ± 4.9
Multimorbidity index count, mean ± SD 0.7 ± 1.3 0.5 ± 1.1 0.8 ± 1.4
Multimorbidity index count

0 965 (68.0) 458 (73.1) 507 (64.0)
1 210 (14.8) 85 (13.6) 125 (15.8)
>1 244 (17.2) 84 (13.4) 160 (20.2)

RA characteristics
RA duration, median (IQR) years 9.0 (3.0–20.0) 6.0 (3.0–15.0) 11.0 (3.0–24.0)
Seropositive for CCP or RF 973 (68.6) 405 (64.6) 568 (71.7)
MDHAQ score, mean ± SD 0.6 ± 0.5 0.4 ± 0.4 0.8 ± 0.5
Methotrexate use 1,061 (74.8) 471 (75.1) 590 (74.5)
Nonbiologic DMARD use 1,336 (94.2) 604 (96.3) 732 (92.4)
Biologic DMARD use 663 (46.7) 313 (49.9) 350 (44.2)
Glucocorticoid use 1,129 (79.6) 487 (77.7) 642 (81.1)
Bone erosion/radiographic changes present 712 (59.4) 239 (43.8) 473 (72.4)
Rheumatoid nodule(s) present 386 (27.6) 102 (16.5) 284 (36.3)

* Except where indicated otherwise, values are the number (%) of patients. Missing data are not shown. RA = rheu-
matoid arthritis; BMI = body mass index; MET = metabolic equivalent; IQR = interquartile range; CCP = cyclic citrul-
linated peptide; RF = rheumatoid factor; MDHAQ = Multidimensional Health Assessment Questionnaire; DMARD = 
disease- modifying antirheumatic drug. 
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person- years of follow- up (mean ± SD 8.9 ± 4.2 years and 
median 11.4 years [IQR 4.0–12.5] per patient).

Table 2 describes the total 85 incident RA-ILD cases. Most 
patients had either cellular NSIP (49.4%; n = 42) or fibrotic NSIP 
(31.8%; n = 27) based on the review of chest CT scans. A minority 
of patients (18.8%; n = 16) were diagnosed as having UIP, AIP, or 
DAD. Among the RA-ILD cases with PFT results available (75.3%; 
n = 64), the mean ± SD of FVC, TLC, and DLco percent predicted 

was 77.6% ± 17.6, 85.4% ± 17.5, and 62.3% ± 20.8, respectively.
Of the 78 patients with RA-ILD for whom clinical radio-

graphic reports were available, 68 (87.2%) had RA-ILD, or 
features consistent with the diagnosis, noted on the report. 
After chest CT scans were completed, 64 (75.3%) of the 85 
patients with RA-ILD had additional evaluations or follow- up 

for the condition. All patients who had scans in which severe 
interstitial lung abnormalities were detected also had RA-ILD 
or features consistent with the diagnosis noted on the clini-
cal radiographic report, and they had additional evaluations 
or follow- up for RA-ILD. During medical record review, we 
observed that 32 patients (37.6%) with RA-ILD had docu-
mented changes to RA- related medications after the chest 
CT scan. We identified a total of 126 deaths (8.9%) among 
the analyzed study population. Among patients with incident 
 RA-ILD, 32 (37.6%) died.

DAS28 and risk of incident RA-ILD. Table  3 shows 
the results of the analyses of annual DAS28 scores and risk 
of RA-ILD, censored after a patient had missing DAS28 data. 
During follow- up, there was more person- time categorized as 
remission/low disease activity (5,459 person- years; 68.5%) 
than as moderate/high disease activity (2,508 person- years; 
31.5%). In the primary analysis using annual DAS28 score cat-
egories as a binary variable, the moderate/high disease activ-
ity group had an HR of 3.11 (95% CI 1.86–5.20) for RA-ILD 
compared to the remission/low disease activity group, in the 
unadjusted analysis. After adjustment for age, sex, smoking 
pack- years, RA duration, and serologic status, the results 
were attenuated, but there was still a statistically significant 
association of moderate/high disease activity with increased 

risk of RA- ILD (HR 2.22 [95% CI 1.28–3.82]).
In the secondary analysis that used the 4- level ordinal 

DAS28 variable, both high disease activity (multivariable HR 
3.48 [95% CI 1.64–7.38]) and moderate disease activity (HR 
2.08 [95% CI 1.06–4.05]) were associated with an increased 
risk of RA-ILD, compared to the remission category. There was 
a statistically significant trend toward increased risk of RA-ILD 
across the 4 disease activity categories (P for trend = 0.001). 
When annual DAS28 data were analyzed as a continuous vari-

Table  2. Pulmonary features of patients with incident RA-ILD  
(n = 85)*

RA-ILD subtype, no (%)
Cellular NSIP 42 (49.4)
Fibrotic NSIP 27 (31.8)
UIP/AIP/DAD 16 (18.8)

Pulmonary function test results†
FEV, mean ± SD % predicted 73.5 ± 22.1
FVC, mean ± SD % predicted 77.6 ± 17.6
FEV1/FVC 0.74 ± 0.11
TLC, mean ± SD % predicted 85.4 ± 17.5
DLco, mean ± SD % predicted 62.3 ± 20.8

* NSIP = nonspecific interstitial pneumonia; UIP = usual interstitial 
pneumonia; AIP = acute interstitial pneumonia; DAD = diffuse al-
veolar damage; FEV1 = forced expiratory volume in 1 second; FVC 
= forced vital capacity; TLC = total lung capacity; DLco = diffusing 
capacity for carbon monoxide. 
† Pulmonary function test results were available for 64 patients 
(75.3%) with rheumatoid arthritis–associated interstitial lung dis-
ease (RA-ILD). 

Table 3. HRs for incident RA-ILD according to annual DAS28 measures in sample population (n = 1,419)*

No. of  
cases/person- years

Unadjusted 
HR (95% CI)

Multivariable adjusted 
HR (95% CI)†

DAS28 as binary variable
Remission/low (≤3.2) 26/5,459 1.00 (referent) 1.00 (referent)
Moderate/high (>3.2) 32/2,508 3.11 (1.86–5.20) 2.22 (1.28–3.82)

DAS28 as 4- level ordinal variable‡
Remission (<2.6) 18/4,232 1.00 (referent) 1.00 (referent)
Low (2.6 to 3.2) 8/1,227 1.57 (0.68–3.62) 1.41 (0.61–3.28)
Moderate (>3.2 to 5.1) 20/1,828 2.73 (1.44–5.17) 2.08 (1.06–4.05)
High (>5.1) 15/680 5.88 (2.92–11.82) 3.48 (1.64–7.38)

DAS28 as continuous variable
Per unit increase 61/7,967 1.53 (1.31–1.79) 1.35 (1.14–1.60)

* HRs = hazard ratios; RA-ILD = rheumatoid arthritis–associated interstitial lung disease; DAS28 = Disease Activity Score in 
28 joints; 95% CI = 95% confidence interval. 
† The multivariable model included adjustment for age, sex, smoking pack- years, RA duration, and serologic status. 
‡ P for trend in the unadjusted model was <0.001 in the unadjusted model and 0.001 in the adjusted model. 
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able, findings were similar. For every unit increase in the DAS28, 
there was a 35% increase in the risk of RA-ILD (HR 1.35 [95% 
CI 1.14–1.60]).

Alternative analyses. Figure  2 shows results of the 
primary analysis as well as alternative analyses, using different 
follow- up strategies for the binary DAS28 measure and with 
adjustment for additional covariates. These results were similar 
to those of the primary analysis. With use of the cumulative aver-
age of DAS28 data, moderate/high disease activity remained 
significantly associated with RA-ILD compared to remission/
low disease activity (HR 1.83 [95% CI 1.03–3.22]). Moderate/
high disease activity was also associated with an increased risk 
of RA-ILD in the lagged analysis that ensured ≥1 year between 
DAS28 assessment and onset of the disease (HR 2.63 [95% 
CI 1.51–4.60]). In the analyses that included all follow- up data 
instead of censoring after the date of missing DAS28 data, 
moderate/high disease activity remained significantly associated 
with an increased risk of RA-ILD. When only the DAS28 data 
obtained at the baseline study visit were taken into account, 
moderate/high disease activity was associated with a >2- fold 
increased risk of RA-ILD (HR 2.55 [95% CI 1.45–4.49]), com-
pared to remission/low disease activity.

To assess whether residual confounding by other factors 
may have explained our results, we performed additional anal-

yses that included other adjustment variables beyond those 
included in the multivariable model in our primary analysis. Mod-
erate/high disease activity remained significantly associated with 
RA-ILD in these analyses, and results were similar to those of 
the primary analysis. The 2- fold increased risk of RA-ILD with 
moderate/high disease activity compared to remission/low dis-
ease activity remained statistically significant after adjustment for 
methotrexate use, glucocorticoid use, presence of bone erosions 
or radiographic changes, and presence of rheumatoid nodules. 
In these multivariable models, methotrexate use (HR 0.67 [95% 
CI 0.37–1.22]), presence of bone erosions (HR 0.58 [95% CI 
0.28–1.24]), and presence of rheumatoid nodules (HR 1.44 
[95% CI 0.80–2.60]) were not associated with a risk of RA-ILD, 
but glucocorticoid use was associated with an increased risk 
(HR 2.49 [95% CI 1.06–5.81]), independent of disease activity 
and the other risk factors.

In the adjusted analyses that took into account only CRP 
results in relation to RA-ILD risk, there was no association of risk 
with continuous CRP level (multivariable HR 1.003 per mg/liter 
[95% CI 0.997–1.011]) or log- transformed continuous CRP level 
(HR 1.19 per log- mg/liter [95% CI 0.97–1.46]). For the 3- level 
categorical variable, neither a CRP level of >10 mg/liter (HR 
1.80 [95% CI 0.86–3.78]) nor a CRP level of 3.1–10 mg/liter (HR 
1.15 [95% CI 0.55–2.39]) was associated with risk of RA-ILD 
compared to a CRP level of 0–3 mg/liter (P for trend = 0.12) in 

Figure 2. Multivariable hazard ratios (HRs) for incident rheumatoid arthritis–associated interstitial lung disease (RA-ILD) for moderate/high 
disease activity compared to remission/low disease activity, in the primary and alternative analyses (n = 1,419). Results include adjustment for 
the covariates listed in Table 3, unless otherwise stated. 95% CI = 95% confidence interval.
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adjusted models. There was also no association of CRP quartile 
with RA-ILD (quartile 4 versus quartile 1 multivariable HR 2.09 
[95% CI 0.67–6.50]).

DISCUSSION

In this large secondary analysis of prospectively collected data, 
we identified active RA as being associated with an increased risk 
of subsequent development of RA-ILD. Patients with moderate/
high RA disease activity, as defined by the DAS28, had a 2- fold 
increased risk of developing RA-ILD compared to those in the  
remission/low disease activity group. This association was inde-
pendent of known risk factors for RA- ILD, including sex, smoking, 
RA duration, and RA serologic status. These results suggest that 
systemic inflammation contributes to the pathogenesis of RA-ILD 
and that reducing disease activity could influence the natural his-
tory of RA-ILD development. These results may have important 
implications for rheumatologists and RA patients, as they could 
provide additional motivation to achieve and maintain remission 
or low disease activity in order to possibly reduce the future risk of 
developing RA-ILD, a devastating extraarticular RA manifestation.

Some earlier studies have investigated articular RA involve-
ment and RA-ILD risk (8,9). In a previous single- center US study, 
patients with prevalent RA-ILD were compared to patients with 
RA and without ILD (8). In that cross- sectional analysis, DAS28 as 
a continuous variable was significantly associated with increased 
odds of having prevalent RA-ILD (odds ratio [OR] 1.49 [95% CI 
1.23–1.80]). However, a smaller cross- sectional study in Mexico 
did not demonstrate an association between continuous DAS28 
and prevalent RA-ILD (OR 0.29 [95% CI 0.03–1.48]), but there 
were few RA-ILD cases (9). Both of these studies investigated 
other factors in addition to disease activity, so they did not focus 
on analyzing DAS28 measures prior to RA-ILD diagnosis. In a pre-
vious prospective cohort study conducted in the UK that analyzed 
data from 1,460 patients, 52 incident cases of RA-ILD (3.6%) 
were identified during a median of 10 years of follow- up (2). In 
that study, continuous DAS28 at baseline had no association with 
subsequent risk of developing RA-ILD (HR 1.11 [95% CI 0.94–
1.31]) (2). Similarly, 46 (7.9%) of 582 patients developed RA-ILD 
during a median of 16.4 years of follow- up in Olmsted County, MN 
(1). DAS28 was not investigated as a factor for RA- ILD risk in this 
study. However, swelling of a large joint(s) (any occurrence during 
follow- up) had no statistically significant association with RA-ILD 
(HR 1.90 [95% CI 0.83–4.36]) (1). The aim of these cohort studies 
was to investigate the epidemiology and mortality outcomes of 
RA-ILD, so they were not specifically focused on the relationship 
of DAS28 and RA-ILD.

We found that active RA, defined by moderate/high dis-
ease activity according to the DAS28, was associated with a 
2- fold increased risk of RA-ILD compared to remission/low dis-
ease activity, even with adjustment for known RA-ILD risk factors 
such as age, cigarette smoking status, and RA serologic status. 

We found a strong dose effect across the 4 levels of DAS28 and 
when analyzing DAS28 as a continuous variable. The current 
paradigm to treat to a target of remission or low disease activity 
implies that treating articular inflammation with DMARDs may also 
alter the natural history of the development of RA-ILD (15). This 
also suggests that articular and pulmonary inflammation may be 
intrinsically related (28,29). Similar to results of previous studies 
(1,2,4,13,30–33), we observed high mortality rates in patients who 
developed RA-ILD. More than one- third of patients with RA-ILD 
died by the end of the follow- up period. This finding underscores 
the importance of further elucidating the natural history of RA-ILD 
prior to clinical manifestation, in order to develop interventions that 
may delay or prevent RA-ILD onset or alter its course.

Many DMARDs have been reported to possibly contribute to 
the onset of RA-ILD, but published reports have typically been lim-
ited to descriptions of individual cases or series, so causality is diffi-
cult to assess (34). In particular, methotrexate has been reported to 
cause, in rare cases, pneumonitis or fibrosis, which may be similar 
to RA-ILD (35). Conversely, we found no association of methotrex-
ate use with risk of RA-ILD, and a previous secondary analysis of 
placebo- controlled studies showed no association of methotrexate 
use with pulmonary outcomes (36). An analysis of a double- blind 
randomized placebo- controlled trial of methotrexate is ongoing 
(37). Further studies are needed to establish whether disease activ-
ity affects the onset and course of RA-ILD and to understand the 
role that particular DMARDs may play in its pathogenesis.

To our knowledge, the present study is the first to compre-
hensively investigate dynamic changes in disease activity and risk 
of RA-ILD. We performed these analyses using a large prospective 
RA cohort with a lengthy follow- up period that included repeated 
measures of DAS28 and other potential confounders of RA-ILD 
risk. Our study design accounted for the dynamic nature of the 
DAS28 instead of relying only on a single measure at baseline as 
previously done. We also had clinical data available, with lengthy 
follow- up, in order to capture RA-ILD outcomes. We used expert 
adjudication that systematically reviewed clinically indicated chest 
CT scans to identify the presence and date of onset of incident 
RA-ILD and to determine the subtype of the condition (21). We 
performed targeted medical record review and determined that 
the majority of RA-ILD cases in our analysis had findings noted on 
the clinical radiographic report that were consistent with the diag-
nosis, and many had additional evaluations and changes to their 
RA- related medications. This suggests that most of the cases in 
this analysis had clinically significant RA-ILD. Finally, we performed 
many analyses to ensure that our results remained robust when 
using other DAS28 measure definitions and alternative censoring/
follow- up analysis strategies.

Our study has some limitations to consider. We only per-
formed this study at a single tertiary care center, where patients 
were relatively well- educated, were mostly white, and agreed to 
participate in a research study. Replication of these results in other 
geographic settings and using populations with different socio-
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demographics is needed. The BRASS registry is not restricted to 
incident RA, so some patients had longstanding disease at base-
line, which may have affected the rate of progression to RA-ILD 
(31,38,39). DAS28 data from prior to enrollment were not available 
for analysis. Additionally, DAS28 data were only available annually, 
so we were unable to analyze intermittent changes or flares that 
may have affected the exposure variable classification. While we 
had rich data on many confounding factors, including smoking, 
serologic status, duration of RA, and the presence of rheumatoid 
nodules or bone erosions, there may be residual confounding of 
RA disease severity that could have been adjusted for if informa-
tion on quantity or size of nodules, or Sharp/van der Heijde scores 
(40) of hand radiographs, were available for all patients. Treat- to- 
target guidelines for RA typically advocate for assessments of 
disease activity that are more frequent than once per year, par-
ticularly for patients with early or active RA (15). The cohort we 
analyzed was part of an observational study and was not created 
to encourage treatment to target. The frequency of clinical visits 
and treatment decisions for these patients were at the discretion 
of the treating rheumatologist, and we were un able to extract dis-
ease activity measures from clinical notes for this research study. 
Therefore, the observational research assessments of disease 
activity in our study may not completely mirror clinical care, since 
disease activity was only measured annually.

We may not have detected periods of high or low disease 
activity occurring between the annual research visits. However, 
this non- differential misclassification of the exposure variable 
would bias the effect size toward the null, so that it would not 
explain the positive association that we report. It is possible that 
other strategies for analyzing disease activity, such as area under 
the curve (AUC) as a time- integrated approach for disease activity, 
may have affected the relationship between disease activity and 
RA-ILD risk that we identified. AUC strategies are typically used in 
studies investigating patients with early, active RA, including fre-
quent measures of disease activity to quantify duration of time 
spent in active disease (41). This would not apply to the BRASS 
study, which included some patients with prevalent RA, some 
patients who enrolled during disease remission, less frequent dis-
ease activity measures, and varying durations of follow- up. We 
find it reassuring that all strategies used to analyze disease activ-
ity (4- level variable, continuous variable, binary vari able, annually 
updated, cumulative average update, baseline only, censoring at 
last follow- up, and including all follow- up) yielded a similar associ-
ation, showing that patients with active disease had an increased 
RA-ILD risk.

Our study focused on the association of disease activity and 
risk of RA-ILD, rather than on particular DMARDs. There are cur-
rently conflicting reports on whether specific DMARDs may reduce 
or increase the risk of RA-ILD. Our results showing that disease 
activity may impact RA-ILD risk provide rationale for pharmacoep-
idemiologic comparative safety studies or randomized controlled 
trials for the risk and progression of RA-ILD.

While we used a stringent system to identify patients with 
incident RA-ILD, we relied on clinically indicated chest CT scans, 
so some cases of subclinical RA-ILD may not have been detected 
if there were no clinical signs or symptoms that would prompt 
the performance of imaging studies. Incorporating serial chest CT 
scans for research purposes during follow- up would likely have 
led to the identification of more patients with subclinical RA-ILD, 
but it is unclear whether those imaging findings have clinical signif-
icance. Since mortality rates were high among those with incident 
RA-ILD, we can conclude that many of the patients in our study 
with clinically apparent incident RA-ILD likely had clinically signif-
icant disease. In future studies, chest CT scans should be per-
formed serially for research purposes to establish the prevalence, 
clinical significance, and natural history of subclinical RA-ILD.

We designed this study using the hypothesis that articular 
inflammation may influence development of RA-ILD. However, 
there is likely a period of subclinical RA-ILD that may influence 
articular disease and could explain our results. Since RA-ILD had 
not been clinically detected in certain patients, treatment choices 
were directed by rheumatologists for articular RA manifestations, 
so the results of the present study may have clinical implications 
regardless of the underlying mechanisms. Further studies are 
necessary to better understand the association of active articu-
lar disease and risk of RA-ILD. Our results showed no statistical 
association of CRP levels with RA-ILD, which suggests that the 
articular RA involvement may be responsible for the association of 
DAS28 scores with RA-ILD risk.

We used the date of chest CT scan as the date of onset 
of RA-ILD, but this may not reflect the true date of onset of 
RA-ILD. However, we found similar results when ensuring that 
there was ≥1 year between DAS28 assessment and evalu-
ation for RA-ILD. Future studies are needed to understand 
the timing and trajectory of PFT and imaging abnormalities 
in relation to clinical  RA-ILD onset (42). While the majority of 
patients in the BRASS study received all of their clinical care in 
the Partners HealthCare system, it is possible that some may 
have had chest CT scans elsewhere that we were unable to 
review. This misclassification of the outcome typically biases 
toward the null, so we think it is unlikely to explain our results. 
While we analyzed categories of disease activity based on 
ACR recommendations (20), it is possible that the DAS28 
may have misclassified some patients compared to alternative 
mea sures or different category cutoffs (43). As in all obser-
vational studies, our results may have been confounded by 
other factors. We performed alternative analyses with adjust-
ment for additional factors including medication use and RA 
severity factors, which produced similar results. There may be 
other unmeasured factors including biomarkers and a recently 
identified genetic risk factor in the MUC5B gene, the inclusion 
of which may have affected our results (44–47). We encour-
age continued collaborative studies to identify and validate 
additional risk factors for RA-ILD, as well as to develop and 
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test interventions that may reduce RA-ILD susceptibility and 
improve outcomes.

In conclusion, we identified active RA as a potential risk 
factor for the development of RA-ILD. We found that moder-
ate/high disease activity was associated with a 2- fold increase 
in risk of RA-ILD compared to remission/low disease activ-
ity. This association was independent of known RA-ILD risk 
factors as well as DMARD use, glucocorticoid use, and RA 
disease severity factors. These results suggest that decreas-
ing systemic inflammation by treating RA signs and symptoms 
may delay or even prevent the onset of  RA-ILD.
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Malondialdehyde–Acetaldehyde Adducts and Antibody 
Responses in Rheumatoid Arthritis–Associated Interstitial 
Lung Disease
Bryant R. England,1 Michael J. Duryee,1 Punyasha Roul,2 Tina D. Mahajan,2 Namrata Singh,3  Jill A. Poole,2 
Dana P. Ascherman,4 Liron Caplan,5  M. Kristen Demoruelle,6 Kevin D. Deane,5 Lynell W. Klassen,2  
Geoffrey M. Thiele,1 and Ted R. Mikuls1

Objective. To compare serum anti–malondialdehyde–acetaldehyde (anti- MAA) antibody levels and MAA expres-
sion in lung tissue from patients with rheumatoid arthritis–associated interstitial lung disease (RA-ILD) to those found 
in controls.

Methods. Anti- MAA antibody (IgA, IgM, IgG) concentrations were measured in patients with RA-ILD and com-
pared to those of RA patients with chronic obstructive pulmonary disease (COPD) and RA patients without lung dis-
ease. Associations between anti- MAA antibody with RA-ILD were assessed using multivariable  logistic regression. 
Lung tissue from patients with RA-ILD, other ILD, or emphysema, and from controls (n = 3 per group) were stained 
for MAA, citrulline, macrophages (CD68), T cells (CD3), B cells (CD19/CD27), and extracellular matrix proteins (type II 
collagen, fibronectin, vimentin). Tissue expression and colocalization with MAA were quantified and compared.

Results. Among 1,823 RA patients, 90 had prevalent RA-ILD. Serum IgA and IgM anti- MAA antibody concentra-
tions were higher in RA-ILD than in RA with COPD or RA alone (P = 0.005). After adjustment for covariates, the high-
est quartiles of IgA anti- MAA antibody concentration (odds ratio 2.09 [95% confidence interval 1.11–3.90]) and IgM 
(odds ratio 2.23 [95% confidence interval 1.19–4.15]) were significantly associated with the presence of RA-ILD. MAA 
expression in RA-ILD lung tissue was greater than in tissue from all other groups (P < 0.001), and it colocalized with 
citrulline (r = 0.79), CD19+ B cells (r = 0.78), and extracellular matrix proteins (type II collagen [r = 0.72] and vimentin 
[r = 0.77]) to the greatest degree in RA-ILD.

Conclusion. Serum IgA and IgM anti- MAA antibody is associated with ILD among RA patients. MAA is highly ex-
pressed in RA-ILD lung tissue, where it colocalizes with other RA autoantigens, autoreactive B cells, and extracellular 
matrix proteins, highlighting its potential role in the pathogenesis of RA-ILD.

INTRODUCTION

Interstitial lung disease (ILD) is a major determinant of poor 
long- term outcomes in rheumatoid arthritis (RA) patients, who 
already experience high rates of premature mortality. Median sur-
vival rates following a diagnosis of RA-associated ILD (RA-ILD) 
have been reported to be as short as 3 years (1), and trends in 

mortality related to RA-ILD do not appear to be declining (2). The 
estimated prevalence of clinically apparent ILD is 5–15% in RA 
patients, with up to 30% showing subclinical disease on high- 
resolution computed tomography (HRCT) (1–4). Wide- ranging 
epidemiologic estimates contribute to the difficulty in establishing 
a diagnosis of RA-ILD, which relies on multidisciplinary evaluation 
that often includes pulmonary function testing, HRCT of the chest, 
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and/or lung biopsy (5,6). With a poorly understood pathogene-
sis and development of clinical symptoms well after radiologic or 
physiologic abnormalities have been established (4,7), delays in 
diagnosis of RA-ILD are common. These delays in detection may 
be particularly harmful if substantial irreversible decline occurs 
before effective management or other preventative strategies are 
initiated.

Recognizing the occurrence of diagnostic uncertainties and 
associated delays, there have been efforts to identify biomarkers 
capable of accurately identifying patients with or at risk of devel-
oping RA-ILD. Candidate biomarkers have included Krebs von 
den Lungen 6, matrix metalloproteinase 7 (MMP- 7), interferon- γ–
inducible protein 10 (IP- 10), pulmonary and activation- regulated 
chemokine (PARC), surfactant protein D (Sp- D), antibody to cit-
rullinated–heat- shock protein 90 (anti–cit-Hsp90), and a MUC5B 
promoter variant (8–12). While these have shown promise and 
provided important insight into putative pathways driving dis-
ease, their utility in clinical practice has yet to be demonstrated. 
Of the biomarkers reported to date, some appear to lack speci-
ficity for RA-ILD, while others have been subject to limited testing 
in RA patients with other lung diseases (such as chronic obstruc-
tive pulmonary disease [COPD]) or have not been applied more 
broadly to large RA patient populations. Thus, there is a need 
for ongoing identification and characterization of biomarkers for 
RA-ILD (13).

The pathophysiology of RA-ILD encompasses multiple 
complex, interrelated processes, including inflammation, auto-
immunity, fibrosis, and oxidative stress (6,14). Malondialdehyde–
acetaldehyde (MAA) adducts are highly immunogenic products 
of oxidative stress with the potential to facilitate tolerance loss in 
the absence of adjuvant (15). Antibody responses to MAA in RA 
patients have been described by our group and are associated 
with both anti–citrullinated protein antibody (ACPA) responses 
and disease activity (16). Additionally, MAA colocalizes with cit-
rulline and immune cells in RA synovium, and both MAA and 
anti- MAA antibody expression are enriched in RA synovial tis-
sue (16,17). Beyond its potential contributions to articular dis-
ease, MAA has been demonstrated to stimulate inflammation 
and fibrosis in airway epithelial cells in animal models and in vitro 
(18,19).

Recognizing the proinflammatory and profibrotic properties 
of MAA and considering our observations of increased anti- MAA 
antibody responses in RA, we hypothesized that MAA expression 
and anti- MAA antibody concentrations would be increased in 
RA-ILD. We tested this hypothesis by comparing circulating anti- 
MAA antibody concentrations in patients with RA-ILD to those in 
other RA patients, including patients with other chronic lung con-
ditions. Additionally, we examined MAA expression in lung tissue 
from patients with RA-ILD, other ILD (non–RA-ILD), or emphy-
sema, and in normal lung tissue, assessing colocalization with 
other RA autoantigens, as well as immune cells that have been 
consistently  implicated in RA pathogenesis.

PATIENTS AND METHODS

Study population and samples. Serum analyses were 
conducted among participants in the Veterans Affairs Rheuma-
toid Arthritis (VARA) registry (20). The VARA registry is a multi-
center prospective observational study of US veterans with RA 
who meet the 1987 American College of Rheumatology (ACR) 
criteria (21), and it includes patients from 13 sites. Participants 
provided informed consent prior to enrollment, all sites obtained 
local institutional review board approval, and the present study 
was approved by the VARA Scientific Ethics and Advisory 
Committee. At enrollment, data on participant demographics, 
smoking status, education, disease onset, medications, and 
comorbidities were recorded. At enrollment and follow- up vis-
its, ACR core measures including the Multidimensional Health 
Assessment Questionnaire (22), 28- joint tender and swollen joint 
counts, and patient and provider global assessments were col-
lected, acute- phase reactants were measured, and composite 
disease activity measures were scored (e.g., Disease Activity 
Score in 28 joints [DAS28]) (23).

Lung tissue was obtained from the National Heart, Lung, 
and Blood Institute Lung Tissue Research Consortium (https :// 
ltrcp ublic.com). Samples (n = 3 per group) were obtained 
according to a standard protocol from individuals with RA-ILD, 
ILD (non–RA- related: nonspecific interstitial pneumonia [NSIP]  
[n = 2] and idiopathic pulmonary fibrosis [n = 1]), and emphysema 
(pathologic diagnosis), and from controls who underwent trans-
plant procedures, lung volume reduction surgery, or biopsies. The 
latter control samples were typically collected during evaluation of 
suspected malignancy and had normal surrounding tissue.

Characterization of lung disease in the VARA. Inter-
national Classification of Diseases (ICD) Ninth and Tenth Revi-
sion codes (ICD- 9: 515, 516.3, 516.8, 516.9, 714.8; ICD- 10: 
M05.1, J84.1, J84.9, J99.0) (2,24–26) were used for initial ILD 
case finding within the VARA registry. Inpatient and outpatient 
visit diagnoses in the Corporate Data Warehouse were queried 
within the VA informatics and computing infrastructure (27). Med-
ical record review was performed within the Compensation and 
Pension Record Interchange for all participants with ≥2 outpatient 
or ≥1 inpatient diagnostic codes for ILD. Diagnoses by provider 
specialty (pulmonologist, rheumatologist, or other physician), 
imaging findings (CT and chest radiography), lung pathology, 
pulmonary function test (PFT) results, and corresponding dates 
were abstracted. Participants were classified as having RA-ILD if 
they had a pulmonologist diagnosis and imaging findings of ILD, 
or if they had a non- pulmonologist physician diagnosis plus 2 of 
the following: CT or chest radiography findings interpreted by the 
reading radiologist as ILD, pathology from a lung biopsy consist-
ent with ILD, or PFTs as restrictive disease interpreted by the read-
ing  pulmonologist. COPD diagnoses (clinical diagnoses of chronic 
bronchitis and emphysema) were extracted from medical records 

https://ltrcpublic.com
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and recorded in the VARA registry by treating rheumatologists at 
the time of VARA enrollment.

Patients were categorized into 1 of 3 mutually exclusive 
groups: 1) RA-ILD (with or without comorbid COPD), 2) COPD in 
the absence of ILD, or 3) neither RA-ILD nor COPD. Recognizing 
that pathophysiologic processes, radiologic and physiologic abnor-
malities, and clinical symptoms precede a formal diagnosis of ILD 
(resulting in diagnostic delays) (4,7), a 2- year period following VARA 
enrollment (time of serum collection) was used for classifying prev-
alent ILD. We excluded patients with indeterminate ILD (physician 
diagnosis, CT evidence, or biopsy findings, but failure to fulfill the 
aforementioned algorithm) (see Supplementary Figure 1, on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.40900/ abstract).

Measurement of serum and tissue analytes. Anti- 
MAA antibodies (IgA, IgM, and IgG isotypes) were measured 
by enzyme- linked immunosorbent assay (ELISA) in VARA par-
ticipants using banked serum from enrollment, and reported in 
relative units (RU) as previously described (16). We categorized 
anti- MAA antibody values into quartiles to assess trends over the 
range of values as well as to dichotomize the anti- MAA antibody 
isotypes into high versus low concentrations, with the upper 3 
quartiles considered high (approximating the frequency of other 
RA- related autoantibodies, including both anti–cyclic citrulli-
nated peptide antibody [anti- CCP] and rheumatoid factor [RF]). 
Anti- CCP antibodies were measured using a second generation 
ELISA, while RF was measured by nephelometry (28).

Lung tissue was stained for MAA using an in- house MAA- 
specific rabbit polyclonal antibody that was labeled with a Zenon 
405 reporter (Molecular Probes) and for citrullinated proteins 
using a citrulline- specific mouse IgM monoclonal antibody, 
clone F95 (Millipore). A C3- conjugated AffiniPure F(ab’)2 frag-
ment goat anti- mouse IgM, μ chain–specific (Jackson Immu-
noResearch) was used as the detection antibody for clone F95. 
Immune cell types (macrophages, T cells, and B cells) were 
stained using Alexa Fluor 594–conjugated polyclonal anti- CD68 
and anti- CD27 antibodies, and Alexa Fluor 647–conjugated 
polyclonal anti- CD3 and anti- CD19 antibodies (Bioss). Tissue 
was incubated with isotype controls using Alexa Fluor 594– or 
Alexa Fluor 647–conjugated rabbit IgG. Based on prior analy-
ses of paired lung and synovial tissue (29), we also stained for  
extracellular matrix proteins: Alexa Fluor 488–conjugated poly-
clonal type II collagen antibodies, Alexa Fluor 647–conjugated 
polyclonal vimentin antibodies, and Alexa Fluor 555–conju-
gated polyclonal fibronectin antibodies. Tissue was imaged 
using a confocal laser scanning microscope, and staining was 
quantified using pixel densities, as in prior studies (16,17).

Statistical analysis. Baseline characteristics were com-
pared between those with RA-ILD, RA with COPD, and RA 
alone, using chi- square test or analysis of  variance (ANOVA). 

Anti- MAA antibodies were compared between groups using 
the Kruskal- Wallis test with Dunn’s post hoc test including 
Bonferroni correction. Two multivariable logistic regression 
models were used to assess the association of anti- MAA 
antibody with RA-ILD status, with covariates specified a pri-
ori; the RA with COPD and RA alone groups were combined 
and served as the comparator group, because there were 
not significant differences in anti- MAA antibody concentration 
between these groups in unadjusted comparisons. The first 
(model A) included adjustment for known patient characteris-
tics associated with RA-ILD: age, sex, ethnicity, and smoking 
status. The second (model B) included covariates from model 
A in addition to RA- specific factors reported to be associated 
with ILD: anti- CCP antibody positivity and disease activity 
(DAS28) (1,30–32). Anti- MAA antibody isotypes were tested 
in separate models because of collinearity. Missing data were 
handled by complete- case analysis with complete data availa-
ble for >98% of participants.

Tissue staining of MAA, citrulline, immune cells, and extracel-
lular matrix proteins was compared between RA-ILD, other ILD, 
emphysema, and normal tissue controls via ANOVA with Tukey’s 
post hoc test to account for multiple comparisons. Colocalization 
of MAA with immune cells and extracellular matrix proteins was 
determined using the Fiji plug- in, Coloc 2 in ImageJ, as previously 
reported (17). To confirm the validity of this approach, we also 
measured colocalization between MAA and citrulline using Zen 
blue software (Zeiss) in normal and RA-ILD tissue. Pearson’s cor-
relations were compared across groups using ANOVA. Results 
were consistent between the 2 approaches (Coloc 2: normal r 
= 0.12, RA-ILD r = 0.79, P < 0.001; Zen blue: normal r = 0.19, 
RA-ILD r = 0.72, P < 0.001). Thus, the remainder of colocalization 
analyses were completed using Coloc 2 in ImageJ. P values less 
than 0.05 were considered significant. Analyses were completed 
using Stata version 15.0. Odds ratios (ORs) and 95% confidence 
intervals (95% CIs) were calculated.

RESULTS

Study cohort derivation and characteristics. Of the 
2,695 patients in the VARA registry, 1,885 had anti- MAA antibody 
measurements from a prior study (measured in the entire cohort 
at that time) (16). Diagnostic code screening and subsequent 
chart review confirmed 90 prevalent ILD cases; an additional 63 
participants were excluded because of indeterminate ILD sta-
tus (see Supplementary Figure 1, http://onlin elibr ary.wiley.com/
doi/10.1002/art.40900/ abstract). Baseline characteristics of the 
eligible participants in the VARA registry (n = 1,823),  stratified by 
lung disease status, are shown in Table 1. Those with RA-ILD 
were older, more often male, had at least a high school edu-
cation, were seropositive, and had received biologic disease- 
modifying antirheumatic drugs or prednisone. Methotrexate use 
was taken less frequently by those with RA-ILD. RA patients with 

http://onlinelibrary.wiley.com/doi/10.1002/art.40900/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40900/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40900/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40900/abstract


ENGLAND ET AL 1486       |

COPD were less likely to be Caucasian, less likely to have a high 

school education, and were more likely to be current smokers.
Characteristics of RA-ILD cases are shown in Supplemen-

tary Table 1 (http://onlin elibr ary.wiley.com/doi/10.1002/art.40900/ 
abstract). The vast majority of cases were confirmed based on a 
pulmonologist diagnosis (97.8%) and CT evidence (94.4%). PFTs 
showing restrictive disease were present in 60.0% of cases with 

biopsy confirmation in 13.3%. ILD was present for a mean of 2.3 
years prior to enrollment and attributed to RA in 93.3% of cases. 
ILD pattern was reported for only 38.9% of cases, with usual inter-
stitial pneumonia (UIP) being the most common pattern.

Serum anti- MAA antibody and RA-ILD. Median serum 
concentrations of IgA and IgM anti- MAA antibody were higher 

Table 1. Baseline characteristics of Veterans Affairs Rheumatoid Arthritis registry participants*

Overall 
(n = 1,823)

RA-ILD 
(n = 90)

RA with COPD 
(n = 294)

RA alone 
(n = 1,439) P

Age, mean ± SD years 63.5 ± 11.0 67.0 ± 9.9 65.8 ± 9.7 62.8 ± 11.3 <0.001
Male sex 90.1 95.6 92.5 89.2 0.05
Caucasian 76.7 76.7 83.7 76.2 0.02
High school education 86.4 91.7 78.9 87.5 <0.001
Smoking status <0.001

Current 26.1 27.8 31.0 25.1
Former 53.4 58.9 58.8 52.0
Never 20.4 13.3 10.2 23.0

BMI, mean ± SD kg/m2 28.4 ± 5.7 27.8 ± 5.1 28.3 ± 6.1 28.4 ± 5.7 0.67
RDCI score, mean ± SD 1.9 ± 1.5 3.2 ± 1.6 3.9 ± 1.1 1.4 ± 1.2 <0.001
RA duration, mean ± SD 

years
11.1 ± 11.5 13.3 ± 13.1 11.1 ± 11.9 10.9 ± 11.3 0.17

SE- positive 68.8 65.6 73.0 68.2 0.22
Anti- CCP–positive 77.3 86.7 80.3 76.0 0.03
RF- positive 79.8 92.2 80.6 78.9  0.009
MDHAQ score, mean ± 

SD
0.9 ± 0.6 0.9 ± 0.5 1.1 ± 0.6 0.9 ± 0.6  0.004

DAS28, mean ± SD 4.0 ± 1.6 4.1 ± 1.4 4.4 ± 1.5 3.9 ± 1.6  0.003
Methotrexate usage 51.9 21.0 47.6 54.7 <0.001
Biologic usage 22.9 30.0 16.3 23.8  0.005
Prednisone usage 43.5 63.0 43.1 42.4 0.01

* Except where otherwise indicated, values are percentage of patients. P values for group differences were deter-
mined by analysis of variance or chi- square test. RA-ILD = rheumatoid arthritis–associated interstitial lung disease; 
COPD = chronic obstructive pulmonary disease; BMI = body mass index; RDCI = rheumatic disease comorbidity index; 
SE = shared epitope; anti- CCP = anti–cyclic citrullinated peptide; RF = rheumatoid factor; MDHAQ = Multidimensional 
Health Assessment Questionnaire; DAS28 = Disease Activity Score in 28 joints. 

Table 2. Anti- MAA antibody concentrations among RA patients*

RA-ILD 
(n = 90)

RA with COPD 
(n = 294)

RA alone 
(n = 1,439) P

IgA anti- MAA 
antibody

891 (501–1,624)† 869 (399–1,665)† 689 (323–1,440)  0.005

IgM anti- MAA 
antibody

3,582 (1,302–11,141)†‡ 2,332 (888–5,649) 2,094 (843–5,610)  0.005

IgG anti- MAA 
antibody

2,226 (1,353–3,781) 1,996 (1,039–3,701) 1,868 (943–3,415) 0.09

* Values are the median (interquartile range) in relative units. P values were determined by Kruskal- 
Wallis test using unadjusted comparisons. Anti- MAA = anti–malondialdehyde–acetaldehyde (see Table 1 
for other definitions). 
† P < 0.05 versus RA alone (using Dunn’s test including Bonferroni correction). 
‡ P < 0.05 versus RA with COPD (using Dunn’s test including Bonferroni correction). 

http://onlinelibrary.wiley.com/doi/10.1002/art.40900/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40900/abstract
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among those with RA-ILD than with RA alone (all P values <0.05) 
(Table 2). Additionally, median serum concentrations of IgM anti- 
MAA antibody were significantly higher in patients with RA-ILD 
(3,582 RU) than in patients with RA with COPD (2,332 RU) (P 
= 0.01). IgG anti- MAA antibody was not significantly different 

between RA-ILD, RA with COPD, and RA alone (P = 0.09).
After multivariable adjustment for patient characteristics 

and RA- related factors, higher quartiles of IgA and IgM anti- 
MAA antibody remained significantly associated with RA-ILD 
(Table 3). Notably, inclusion of anti- CCP antibody positivity and 
DAS28 in multivariable models had minimal impact on the asso-
ciations between anti- MAA antibody and RA-ILD. High values of 
IgA anti- MAA antibody, defined as the upper 3 quartiles, were 
associated with >2- fold higher odds of RA-ILD (OR 2.09 [95% 
CI 1.11–3.90] in fully adjusted model) in the absence of a dose- 
dependent relationship across quartiles (P for trend = 0.07). As 

with IgA isotypes, higher values of IgM anti- MAA antibody were 
also significantly associated with RA-ILD (OR 2.23 [95% CI 1.19–
4.15]) but demonstrated a dose- dependent relationship between 
anti- MAA antibody quartiles and prevalent ILD (P for trend = 
0.004). The 2 highest quartiles of IgG anti- MAA antibody showed 
a trend toward an association with RA-ILD, though this did not 
reach statistical significance (quartile 3, P = 0.15 and quartile 4,  
P = 0.17). We assessed all 3 isotypes together by categorizing 
individuals according to the number of positive anti- MAA anti-
body isotypes. Individuals with 3 positive isotypes had 2.5- fold 
higher odds of having RA-ILD than those with 0–1 positive iso-

types (OR 2.56 [95% CI 1.29–5.09]).

Characteristics of lung tissue donors. The mean ± SD 
age of participants from whom tissue samples were obtained was 
56.4 ± 11.7 years, and 75.0% were female. A smoking history 

Table 3. Multivariable associations of anti- MAA antibodies with RA-ILD*

Model A 
(n = 1,820)

Model B 
(n = 1,792)

OR (95% CI) P
P for  
trend OR (95% CI) P

P for  
trend

IgA anti- MAA
By quartile 0.04 0.07

Quartile 1 Referent – Referent –
Quartile 2 2.27 (1.12–4.59) 0.02 – 2.09 (1.03–4.27) 0.04 –
Quartile 3 2.20 (1.09–4.43) 0.03 – 2.07 (1.02–4.18) 0.04 –
Quartile 4 2.26 (1.12–4.56) 0.02 – 2.10 (1.04–4.25) 0.04 –

Antibody- 
positive

2.24 (1.20– 4.18) 0.01 – 2.09 (1.11–3.90) 0.02 –

IgM anti- MAA
By quartile 0.001 0.004

Quartile 1 Referent – Referent –
Quartile 2 1.87 (0.91–3.86) 0.09 – 1.84 (0.89–3.81) 0.10 –
Quartile 3 2.26 (1.11–4.60) 0.03 – 2.08 (1.02–4.27) 0.05 –
Quartile 4 2.93 (1.49–5.78) 0.002 – 2.73 (1.38–5.41) 0.004 –

Antibody- 
positive

2.35 (1.26–4.38) 0.007 – 2.23 (1.19–4.15) 0.01 –

IgG anti- MAA
By quartile 0.09 0.14

Quartile 1 Referent – Referent –
Quartile 2 1.34 (0.69–2.61) 0.39 – 1.33 (0.68–2.59) 0.41 –
Quartile 3 1.73 (0.91–3.27) 0.09 – 1.61 (0.84–3.06) 0.15 –
Quartile 4 1.67 (0.88–3.18) 0.12 – 1.58 (0.83–3.02) 0.17 –

Antibody- 
positive

1.58 (0.91–2.75) 0.11 – 1.50 (0.86–2.63) 0.15 –

* Anti–malondialdehyde–acetaldehyde (anti- MAA) antibodies were tested for associations with RA-ILD in sepa-
rate logistic regression models. Model A was adjusted for age, sex, ethnicity, and smoking status. Model B was 
adjusted for all of the variables in model A plus anti-CCP positivity and the DAS28. Patients who were positive for 
anti- MAA antibodies were assessed in total and by quartiles of increasing antibody concentrations. OR = odds 
ratio; 95% CI = 95% confidence interval (see Table 1 for other definitions). 
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was present in 66.7% of patients overall (100% of other ILD and 
emphysema, 33.3% of normal and RA-ILD). The mean ± SD pack- 
years of smoking history was 17.5 ± 14.3. Anti- CCP antibodies 
and IgM- RF were positive in two- thirds of patients with RA-ILD. 
Anti- CCP antibodies, but not IgM- RF, were also detected in one- 
third of other patients with ILD.

MAA and citrulline expression in lung tis-
sue. MAA expression was highest in RA-ILD lung tissue  
(P < 0.001 versus all other groups) (Figures  1A and B). Cit-
rulline levels were also higher in RA-ILD lung tissue (Fig-
ures  1C and D), relative to normal and other ILD lung tissue  
(P < 0.001), but not significantly different than emphysematous 
lung tissue (P = 0.91). Expression of both MAA and citrulline was 
highly colocalized in RA-ILD lung tissue (r = 0.79) (Figures  1E 
and F), significantly higher than in lung tissue from other patient 
groups (P < 0.001 versus normal [r = 0.12] and other ILD [r = 
0.38]; P = 0.002 versus emphysema [r = 0.47]).

Colocalization of MAA and citrulline with immune 
cells in lung tissue. Staining for CD68+ macrophages and 
CD3+ T cells was higher in all diseased tissue relative to normal 
lung tissue (all P values <0.01) (Figure 2A). Macrophage staining 
was higher in other ILD than in RA-ILD and emphysema (P < 
0.05). In contrast, CD19+ and CD27+ (memory) B cells were 

more abundant in RA-ILD lung tissue than in tissue from all other 
groups (P ≤ 0.02). There was minimal- to- moderate colocaliza-
tion between MAA and macrophages or T cells (r = 0.12–0.54), 
with no significant differences between lung tissue types (all P 
values >0.10) (Figure 2B). In contrast, we observed strong colo-
calization of MAA with CD19+ B cells, with the highest corre-
lation identified in RA-ILD (r = 0.78, P ≤ 0.02 versus all other 
lung tissue). Colocalization of MAA with CD27+ B cells was more 
modest (r = 0.02–0.30), with other ILD yielding the highest cor-
relation (r = 0.30, P ≤ 0.004 versus RA-ILD and normal; P = 0.06 
versus emphysema).

Citrulline colocalized with CD68+ macrophages to a greater 
degree in RA-ILD (P = 0.04) and emphysema (P < 0.001) than in 
normal lung tissue (Figure 2C). There was minimal colocalization 
of citrulline with T cells (r = 0.07–0.18). There was moderate colo-
calization of citrulline with CD19+ B cells in both RA-ILD (r = 0.53) 
and other ILD (r = 0.44) that exceeded the degree of colocalization 
observed for emphysema and normal tissue (P < 0.01). Colocal-
ization of citrulline with CD27+ (memory) B cells was highly prev-
alent in diseased lung tissue (all P values <0.001 versus normal) 
but not different between specific types of diseased lung tissue (all 
P values >0.29).

Colocalization of MAA with extracellular matrix 
proteins. Staining for type II collagen was higher in 

Figure  1. Lung tissue expression of malondialdehyde–acetaldehyde (MAA) (A and B), citrulline (CIT) (C and D), and their colocalization 
(E and F) in patients with rheumatoid arthritis–associated interstitial lung disease (RA-ILD), compared to patients with ILD alone, patients with 
emphysema, and normal controls. Lung tissue was examined for the expression of MAA (A) and citrulline (C), and colocalization of their staining 
was quantified using Pearson’s correlation coefficient (E). Representative images of immunohistochemical staining of the lung tissue are shown 
for MAA (B) and citrulline (D), and their colocalization is shown in overlapping images (F). Bars show the mean ± SEM of 3 patients per group. 
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RA-ILD and other ILD than in normal lung tissue (P ≤ 0.002)  
(Figure 3A). However, colocalization of MAA with type II collagen 
was greater in RA-ILD (r = 0.72) compared to other lung tissue (r 
= 0.12–0.49, all P values ≤0.02) (Figure 3B). Fibronectin staining 
was higher in both RA-ILD and emphysema relative to normal 
lung tissue (P ≤ 0.03), with only weak colocalization of MAA and 

fibronectin in RA-ILD (r = 0.21). Vimentin staining was higher 
in all diseased lung tissue compared to normal lung tissue (all 
P values ≤0.03), although colocalization of MAA and vimentin 
was higher in RA-ILD than in other ILD (P < 0.001), without sig-
nificant differences compared to other lung tissue (all P values 
≥0.09).

Figure 2. Colocalization of MAA with citrulline and immune cells in lung tissue from patients with RA-ILD, compared to patients with ILD 
alone, patients with emphysema, and normal controls. A, Lung tissue from each group was stained for expression of macrophages (CD68), T 
cells (CD3), and B cells (CD19 and CD27). B and C, Colocalization of MAA (B) and citrulline (C) with macrophage, T cell, and B cell expression 
in lung tissue from each group was assessed for correlations using Pearson’s correlation coefficient. Bars show the mean ± SEM of 3 patients 
per group. See Figure 1 for definitions.

Figure 3. Colocalization of MAA with extracellular matrix proteins in lung tissue from patients with RA-ILD, compared to patients with ILD 
alone, patients with emphysema, and normal controls. A, Lung tissue from each group was stained for expression of the extracellular matrix 
proteins type II collagen, fibronectin, and vimentin. B, Colocalization of MAA with extracellular matrix protein expression in the lung tissue from 
each group was assessed for correlations using Pearson’s correlation coefficient. Bars show the mean ± SEM of 3 patients per group. See 
Figure 1 for definitions.



ENGLAND ET AL 1490       |

DISCUSSION

ILD complicates the disease course for 5–15% of RA patients 
(1–4), resulting in potentially devastating complications of func-
tional decline and premature mortality. Enhancing the identification 
of RA-ILD is an important area of translational research in RA, with 
serum biomarkers emerging as candidates to fulfill this need. The 
present study is, to our knowledge, the first to investigate serum 
anti- MAA antibody as a potential biomarker of RA-ILD and to char-
acterize the expression of MAA in lung tissue from these patients. 
We found that IgA and IgM anti- MAA antibody concentrations 
were higher in patients with RA-ILD than in other RA patients, 
including those with other forms of chronic lung disease (IgM only). 
In parallel studies, we found MAA adduct expression to be higher 
in RA-ILD lung tissue than in other chronic lung diseases including 
other ILD. Importantly, MAA adducts demonstrated marked colo-
calization with citrulline, CD19+ B cells, and type II collagen, most 
frequently observed in RA-ILD lung tissue. This study is among 
the first to characterize a biomarker for RA-ILD that has leveraged 
a comparator population incorporating RA patients with other 
chronic lung diseases that may be overrepresented in RA (33). 
Taken together, our findings suggest that MAA- modified proteins 
and resulting immune responses may serve as useful biomarkers 
for RA-ILD and that MAA- modified proteins may contribute to the 
pathogenesis of RA-ILD.

Serum biomarkers have been increasingly investigated for 
their potential role in identifying RA-ILD. Protein candidates have 
included biomarkers widely used in RA (anti- CCP antibody and RF) 
(30,32,34), novel autoantibodies (anti–cit-Hsp90) (11), cytokines/
chemokines (MMP- 7, IP- 10, PARC) (9,10), and Sp- D (10). Oxi-
dative stress represents a potentially relevant biologic pathway 
that has not been investigated in prior studies of biomarkers in 
RA-ILD. Oxidative stress, a disruption of the balance of free rad-
icals and antioxidants, is believed to be intimately involved in the 
development of diffuse lung diseases because of the continuous 
exposure to oxygen, high surface area, and robust blood supply in 
the lungs. MAA, which is generated from lipid peroxidation during 
oxidative stress, has the potential to link multiple pathways impli-
cated in pathogenesis of RA-ILD: oxidative stress, autoimmunity, 
inflammation, and fibrosis. MAA induces tolerance loss (15), elic-
its robust adaptive immune responses (anti- MAA antibody), and 
up- regulates proinflammatory and profibrotic pathways (18,19). 
Notably, our study began to characterize lung tissue expression 
of MAA in different lung disease states and serum anti- MAA anti-
body responses in RA patients with and without lung diseases. 
Confirming our hypothesis, MAA expression in lung tissue and 
serum anti- MAA antibody concentrations were highest in patients 
with RA-ILD.

Although we found >2- fold higher odds of ILD among RA 
patients with serum IgA or IgM anti- MAA antibody concentrations 
in the top 3 quartiles, it is important to note that these antibodies 
are not specific to RA-ILD. Anti- MAA antibodies are present in 

RA patients in the absence of chronic lung disease, as well as in 
other disease states (35). However, specificity of a candidate bio-
marker of RA-ILD may be less important than initial case finding, 
given that HRCT and PFT results are ultimately needed to confirm 
the presence and subtype of ILD, which influences prognosis. 
Translating these novel findings of anti- MAA antibody in RA-ILD 
into clinical practice will require additional work. As several other 
serum biomarkers have shown promise in identifying RA-ILD, bio-
marker panels that include anti- MAA antibody and other analytes 
are likely to outperform models based on a single analyte. To date, 
the measurement of anti- MAA antibody has leveraged the use of 
adducted albumin as the plating antigen, a protein that has no 
known pathogenic role in RA. Identification of the precise antigenic 
targets of anti- MAA antibody is likely to allow for improved assay 
performance in identifying RA patients with ILD. Finally, our current 
results enable the assessment of the ability to identify established 
RA-ILD using anti- MAA antibody. Further study will be needed to 
examine the value of anti- MAA antibody for predicting future risk 
of RA-ILD. This could be of even greater value than identifying 
prevalent RA-ILD, as it may identify patients with earlier disease 
that might be more amenable to therapeutic and/or preventative 
interventions (36), though specific data on RA-ILD are lacking.

Corresponding to serum findings, staining for MAA adducted 
antigens was highest in lung tissue from patients with RA-ILD. 
Importantly, this occurred preferentially in RA-ILD lung tissue, with 
significantly higher staining than in tissue from patients with other 
ILD or emphysema. In contrast to MAA, citrulline was expressed 
in both RA-ILD and emphysema. Although the specificity of serum 
anti- CCP antibodies for RA approaches 96% (37), others have 
similarly found citrulline and ACPA responses to accompany 
chronic obstructive lung diseases in the absence of RA (38–40). 
Given the strong colocalization of MAA with citrullinated antigens 
in RA-ILD, we postulate that MAA could act as a “second hit” 
in RA pathogenesis by facilitating loss of tolerance to colocal-
ized citrullinated antigens. Although further testing will be needed 
to address this hypothesis, the colocalization of CD19+ B cells 
with MAA and citrulline would support the concept that these 
posttranslational changes (both of which likely result from injuri-
ous stimuli) conspire in autoantibody generation. This is further 
supported by preliminary work in animal models suggesting that 
immunization with comodified albumin (with MAA and citrulline) 
leads to greater ACPA responses than occur with citrullinated 
albumin alone (41). Finally, vimentin is an extracellular matrix pro-
tein that has previously been shown to be a shared target of cit-
rullination/ACPAs in the synovium and lung (29). While we did not 
find vimentin expression to be increased in RA-ILD compared to 
other lung conditions, we observed marked colocalization of MAA 
with vimentin in RA-ILD lung tissue, which was significantly more 
robust than that seen with other ILD.

Our group previously characterized anti- MAA antibodies in 
sera from RA patients and patients with other rheumatic and 
musculoskeletal diseases (16,35). Circulating anti- MAA antibody 
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concentrations are higher in RA patients than those with oste-
oarthritis, are associated with serum ACPAs, and are enriched 
within RA synovium (16,17). As we found in the RA-ILD lung 
tissue assessed in the present study, MAA and citrulline colo-
calized in RA synovium (17). Also consistent with our present 
findings on RA-ILD lung tissue, prior work by our group has 
shown that MAA and citrulline both colocalize with B cells in 
the synovium. However, there are differences in B cell subsets 
according to site. In the synovium, MAA and citrulline colocal-
ized most strongly with CD27+ memory B cells (17). In the lung 
tissue from patients with RA-ILD, MAA colocalized most strongly 
with CD19+ B cells but not with CD27+ memory B cells. While 
further research is needed to elucidate the temporal evolution 
of immune responses to MAA, it is intriguing that immature B 
cells are associated most strongly with MAA adduct expression 
in the lung, given the emerging evidence that the lungs may be 
a site of immune tolerance breakdown contributing to the early 
development of RA (42).

There are limitations to the present study. Male predom-
inance, military veteran status, and lower prevalence of bio-
logic use within our patient group may affect generalizability. 
ILD data were collected retrospectively, and not all data were 
available within the medical records. This may underestimate 
the cross- sectional prevalence of ILD (4.7%) in the cohort. 
However, misclassification of ILD cases as non- ILD would bias 
our results toward the null. Distinguishing between clinical 
and subclinical ILD cannot be definitive based on retrospec-
tive classification. Because we confirmed diagnoses based on 
physician reports in the medical records, rather than relying on 
diagnostic codes or diagnostic testing alone, we believe the 
majority of ILD cases were clinically evident. Given the low fre-
quency with which ILD pattern (UIP versus NSIP versus other) 
was specified, we were not able to compare anti- MAA con-
centrations by RA-ILD pattern. Likewise, anti- MAA antibody 
measurements were not available for all registry participants, 
which may also have reduced study power. Again, this should 
not have introduced bias, as antibody measurements were 
performed on the entire cohort at the time of the prior study 
without any relation to ILD status.

Reflecting the prevalence of seropositivity for RF and anti- 
CCP antibody, we dichotomized anti- MAA antibody according 
to levels in the upper 3 quartiles on in the lowest quartile. Only 
increasing IgM anti- MAA antibody quartiles were more strongly 
associated with the presence of ILD. Further work is needed 
to determine clinically important cutoffs for these  antibodies. 
Sample sizes were limited for lung tissue studies, with lung 
tissue obtained from 3 individuals with each lung condition, 
prohibiting multivariable analyses. One of the patients with 
non–RA-ILD had detectable ACPAs but was not classified as 
having RA. Given the cross- sectional nature of the study, it 
is unknown if that patient later developed RA. This potential 
misclassification of RA-ILD as non–RA-ILD would only bias 

our results toward the null. Lung tissue samples were not 
matched, so there may be unmeasured confounding.

There are important strengths to this study, as well. We 
performed a detailed review of the medical records to validate 
ILD diagnoses in RA patients from a well- characterized regis-
try that includes robust data, including many relevant covariates 
(20). We not only evaluated serologic anti- MAA antibody con-
centrations but also investigated tissue expression of MAA and 
its colocalization with citrulline, immune cells, and extracellular 
matrix proteins that have been consistently implicated in dis-
ease pathogenesis. Finally, we characterized MAA and anti- MAA 
immune responses in RA-ILD by using comparator subjects who 
were free of lung disease in addition to comparators with other 
chronic lung diseases.

In conclusion, we found higher levels of serum IgA and IgM 
anti- MAA antibody to be associated with RA-ILD in a large cohort 
of US veterans with RA. Lung tissue expression of MAA is similarly 
higher in RA-ILD lung tissue, where it colocalizes with citrulline, 
CD19+ B cells, and extracellular matrix proteins. These findings 
suggest that MAA immune responses could play an important role 
in the pathogenesis of RA-ILD and that anti- MAA antibodies may 
be promising serum biomarkers in the identification of this extraar-
ticular disease manifestation.

AUTHOR CONTRIBUTIONS

All authors were involved in drafting the article or revising it critically 
for important intellectual content, and all authors approved the final version 
to be published. Dr. England had full access to all of the data in the study 
and takes responsibility for the integrity of the data and the accuracy of 
the data analysis.
Study conception and design. England, Duryee, Ascherman, Demoru-
elle, Deane, Thiele, Mikuls.
Acquisition of data. England, Duryee, Roul, Mahajan, Singh, Demoruelle, 
Deane, Klassen, Thiele, Mikuls.
Analysis and interpretation of data. England, Duryee, Poole, Ascherman, 
Caplan, Demoruelle, Deane, Klassen, Thiele, Mikuls.

REFERENCES
 1. Bongartz T, Nannini C, Medina-Velasquez YF, Achenbach SJ, 

 Crowson CS, Ryu JH, et al. Incidence and mortality of interstitial lung 
disease in rheumatoid arthritis: a population- based study. Arthritis 
Rheum 2010;62:1583–91.

 2. Olson AL, Swigris JJ, Sprunger DB, Fischer A,  Fernandez-Perez  
ER, Solomon J, et al. Rheumatoid arthritis- interstitial lung disease- 
associated mortality. Am J Respir Crit Care Med 2011;183: 
372–8.

 3. Dawson JK, Fewins HE, Desmond J, Lynch MP, Graham DR. 
 Fibrosing alveolitis in patients with rheumatoid arthritis as assessed 
by high resolution computed tomography, chest radiography, and 
pulmonary function tests. Thorax 2001;56:622–7.

 4. Gabbay E, Tarala R, Will R, Carroll G, Adler B, Cameron D, et al. 
Interstitial lung disease in recent onset rheumatoid arthritis. Am J 
Respir Crit Care Med 1997;156:528–35.

 5. Travis WD, Costabel U, Hansell DM, King TE Jr, Lynch DA, 
Nicholson AG, et al, on behalf of the ATS/ERS Committee on 
Idiopathic Interstitial Pneumonias. An official American Thoracic 
Society/European Respiratory Society statement: update of the 



ENGLAND ET AL 1492       |

international multidisciplinary classification of the idiopathic interstitial 
pneumonias. Am J Respir Crit Care Med 2013;188:733–48.

 6. Shaw M, Collins BF, Ho LA, Raghu G. Rheumatoid arthritis- 
associated lung disease. Eur Respir Rev 2015;24:1–16.

 7. Chen J, Shi Y, Wang X, Huang H, Ascherman D. Asymptomatic 
preclinical rheumatoid arthritis- associated interstitial lung disease. 
Clin Dev Immunol 2013;2013:406927.

 8. Kinoshita F, Hamano H, Harada H, Kinoshita T, Igishi T, Hagino H, 
et al. Role of KL- 6 in evaluating the disease severity of rheumatoid 
lung disease: comparison with HRCT. Respir Med 2004;98:1131–7.

 9. Chen J, Doyle TJ, Liu Y, Aggarwal R, Wang X, Shi Y, et al. Biomarkers 
of rheumatoid arthritis–associated interstitial lung disease. Arthritis 
Rheumatol 2015;67:28–38.

 10. Doyle TJ, Patel AS, Hatabu H, Nishino M, Wu G, Osorio JC, et al. 
 Detection of rheumatoid arthritis- interstitial lung disease is enhanced by 
serum biomarkers. Am J Respir Crit Care Med 2015;191:1403–12.

 11. Harlow L, Rosas IO, Gochuico BR, Mikuls TR, Dellaripa PF, Oddis 
CV, et al. Identification of citrullinated Hsp90 isoforms as novel 
autoantigens in rheumatoid arthritis–associated interstitial lung 
disease. Arthritis Rheum 2013;65:869–79.

 12. Juge PA, Lee JS, Ebstein E, Furukawa H, Dobrinskikh E, Gazal 
S, et  al. MUC5B promoter variant and rheumatoid arthritis with 
interstitial lung disease. N Engl J Med 2018;379:2209–19.

 13. Doyle TJ, Lee JS, Dellaripa PF, Lederer JA, Matteson EL, Fischer 
A, et al. A roadmap to promote clinical and translational research 
in rheumatoid arthritis- associated interstitial lung disease. Chest 
2014;145:454–63.

 14. Bargagli E, Olivieri C, Bennett D, Prasse A, Muller-Quernheim 
J,  Rottoli P. Oxidative stress in the pathogenesis of diffuse lung 
diseases. Respir Med 2009;103:1245–56.

 15. Thiele GM, Tuma DJ, Willis MS, Miller JA, McDonald TL, Sorrell MF, et 
al. Soluble proteins modified with acetaldehyde and malondialdehyde 
are immunogenic in the absence of adjuvant. Alcohol Clin Exp Res 
1998;22:1731–9.

 16. Thiele GM, Duryee MJ, Anderson DR, Klassen LW, Mohring SM, 
Young KA, et al. Malondialdehyde- acetaldehyde adducts and anti–
malondialdehyde- acetaldehyde antibodies in rheumatoid arthritis. 
Arthritis Rheumatol 2015;67:645–55.

 17. Mikuls TR, Duryee MJ, Rahman R, Anderson DR, Sayles HR, Hollins 
A, et al. Enrichment of malondialdehyde- acetaldehyde antibody in the 
rheumatoid arthritis joint. Rheumatology (Oxford) 2017;56:1794–803.

 18. Wyatt TA, Kharbanda KK, McCaskill ML, Tuma DJ, Yanov D, 
DeVasure J, et al. Malondialdehyde- acetaldehyde- adducted protein 
inhalation causes lung injury. Alcohol 2012;46:51–9.

 19. Wyatt TA, Kharbanda KK, Tuma DJ, Sisson JH. Malondialdehyde- 
acetaldehyde- adducted bovine serum albumin activates protein 
kinase C and stimulates interleukin- 8 release in bovine bronchial 
epithelial cells. Alcohol 2001;25:159–66.

 20. Mikuls TR, Reimold A, Kerr GS, Cannon GW. Insights and implications 
of the VA Rheumatoid Arthritis Registry. Fed Pract 2015;32:24–9.

 21. Arnett FC, Edworthy SM, Bloch DA, McShane DJ, Fries JF,  Cooper 
NS, et al. The American Rheumatism Association 1987 revised 
criteria for the classification of rheumatoid arthritis. Arthritis Rheum 
1988;31:315–24.

 22. Pincus T, Swearingen C, Wolfe F. Toward a multidimensional Health 
Assessment Questionnaire (MDHAQ): assessment of advanced 
activities of daily living and psychological status in the patient- 
friendly Health Assessment Questionnaire format. Arthritis Rheum 
1999;42:2220–30.

 23. Prevoo ML, van ‘t Hof MA, Kuper HH, van Leeuwen MA, van 
de Putte LB, van Riel PL. Modified Disease Activity Scores that 
include twenty- eight–joint counts: development and validation in a 

prospective longitudinal study of patients with rheumatoid arthritis. 
Arthritis Rheum 1995;38:44–8.

 24. Suissa S, Hudson M, Ernst P. Leflunomide use and the risk of 
interstitial lung disease in rheumatoid arthritis. Arthritis Rheum 
2006;54:1435–9.

 25. Curtis JR, Sarsour K, Napalkov P, Costa LA, Schulman KL. Incidence 
and complications of interstitial lung disease in users of tocilizumab, 
rituximab, abatacept and anti- tumor necrosis factor α agents, a 
retrospective cohort study. Arthritis Res Ther 2015;17:319.

 26. Dixon WG, Hyrich KL, Watson KD, Lunt M, BSRBR Control Centre 
Consortium, Symmons DP, on behalf of the British Society for 
Rheumatology Biologics Register. Influence of anti- TNF therapy on 
mortality in patients with rheumatoid arthritis- associated interstitial 
lung disease: results from the British Society for Rheumatology 
Biologics Register. Ann Rheum Dis 2010;69:1086–91.

 27. US Department of Veterans Affairs. VHA Corporate Data Warehouse. 
URL: https://www.hsrd.research.va.gov/for_researchers/vinci/cdw.
cfm.

 28. Miriovsky BJ, Michaud K, Thiele GM, O’Dell JR, Cannon GW, Kerr 
G, et al. Anti- CCP antibody and rheumatoid factor concentrations 
predict greater disease activity in men with rheumatoid arthritis. Ann 
Rheum Dis 2010;69:1292–7.

 29. Ytterberg AJ, Joshua V, Reynisdottir G, Tarasova NK, Rutishauser 
D, Ossipova E, et al. Shared immunological targets in the lungs 
and joints of patients with rheumatoid arthritis: identification and 
validation. Ann Rheum Dis 2015;74:1772–7.

 30. Kelly CA, Saravanan V, Nisar M, Arthanari S, Woodhead FA,  Price-
Forbes AN, et al. Rheumatoid arthritis- related interstitial lung disease: 
associations, prognostic factors and physiological and radiological 
characteristics: a large multicentre UK study. Rheumatology (Oxford) 
2014;53:1676–82.

 31. Saag KG, Kolluri S, Koehnke RK, Georgou TA, Rachow JW, 
 Hunninghake GW, et al. Rheumatoid arthritis lung disease: 
determinants of radiographic and physiologic abnormalities. Arthritis 
Rheum 1996;39:1711–9.

 32. Giles JT, Danoff SK, Sokolove J, Wagner CA, Winchester R, 
Pappas DA, et al. Association of fine specificity and repertoire 
expansion of anticitrullinated peptide antibodies with rheumatoid 
arthritis associated interstitial lung disease. Ann Rheum Dis 
2014;73:1487–94.

 33. Sparks JA, Lin TC, Camargo CA Jr, Barbhaiya M, Tedeschi SK, 
Costenbader KH, et al. Rheumatoid arthritis and risk of chronic 
obstructive pulmonary disease or asthma among women: a marginal 
structural model analysis in the Nurses’ Health Study. Semin Arthritis 
Rheum 2018;47:639–48.

 34. Yin Y, Liang D, Zhao L, Li Y, Liu W, Ren Y, et al. Anti- cyclic citrullinated 
peptide antibody is associated with interstitial lung disease in patients 
with rheumatoid arthritis. PLoS One 2014;9:e92449.

 35. Mikuls TR, Duryee MJ, England BR, Anderson DR, Hearth-
Holmes M, Su K, et al. Malondialdehyde- acetaldehyde antibody 
concentrations in rheumatoid arthritis and other rheumatic 
conditions. Int Immunopharmacol 2018;56:113–8.

 36. Steen VD, Lanz JK Jr, Conte C, Owens GR, Medsger TA Jr. 
Therapy for severe interstitial lung disease in systemic sclerosis: a 
retrospective study. Arthritis Rheum 1994;37:1290–6.

 37. Whiting PF, Smidt N, Sterne JA, Harbord R, Burton A, Burke M, et al. 
Systematic review: accuracy of anti- citrullinated peptide antibodies 
for diagnosing rheumatoid arthritis. Ann Intern Med 2010;152: 
456–64.

 38. Ruiz-Esquide V, Gómara MJ, Peinado VI, Gómez Puerta JA, Barberá 
JA, Cañete JD, et al. Anti- citrullinated peptide antibodies in the 
serum of heavy smokers without rheumatoid arthritis: a differential 

https://www.hsrd.research.va.gov/for_researchers/vinci/cdw.cfm
https://www.hsrd.research.va.gov/for_researchers/vinci/cdw.cfm


MALONDIALDEHYDE–ACETALDEHYDE IN RA-ILD |      1493

effect of chronic obstructive pulmonary disease? Clin Rheumatol 
2012;31:1047–50.

 39. Sigari N, Moghimi N, Shahraki FS, Mohammadi S, Roshani D.  Anti- 
cyclic citrullinated peptide (CCP) antibody in patients with wood- 
smoke- induced chronic obstructive pulmonary disease (COPD) 
without rheumatoid arthritis. Rheumatol Int 2015;35:85–91.

 40. Quirke AM, Perry E, Cartwright A, Kelly C, De Soyza A, Eggleton 
P, et al. Bronchiectasis is a model for chronic bacterial infection 
inducing autoimmunity in rheumatoid arthritis. Arthritis Rheumatol 
2015;67:2335–42.

 41. Maloley PM, Duryee MJ, Hunter CD, O’Dell JR, Anderson DR, Mikuls 
TR, et al. Modification of proteins with malondialdehyde- acetaldehyde 
and citrulline elicit antibody responses in DBA/1J mice [abstract]. 
Arthritis Rheumatol 2016;68 Suppl 10. URL: https ://acrab strac ts.org/
abstr act/modifi cati on-of-prote ins-with-malon diald ehyde-aceta ldehy 
de-and-citru lline-elicit-antib ody-respo nses-in-dba1j-mice/.

 42. Mikuls TR, Payne JB, Deane KD, Thiele GM. Autoimmunity of 
the lung and oral mucosa in a multisystem inflammatory disease: 
the spark that lights the fire in rheumatoid arthritis? J Allergy Clin 
 Immunol 2016;137:28–34.

https://acrabstracts.org/abstract/modification-of-proteins-with-malondialdehyde-acetaldehyde-and-citrulline-elicit-antibody-responses-in-dba1j-mice/
https://acrabstracts.org/abstract/modification-of-proteins-with-malondialdehyde-acetaldehyde-and-citrulline-elicit-antibody-responses-in-dba1j-mice/
https://acrabstracts.org/abstract/modification-of-proteins-with-malondialdehyde-acetaldehyde-and-citrulline-elicit-antibody-responses-in-dba1j-mice/


1494  

Arthritis & Rheumatology
Vol. 71, No. 9, September 2019, pp 1494–1503
DOI 10.1002/art.40880 
© 2019, American College of Rheumatology

A Prospective Study of the Development of Inflammatory 
Arthritis in the Family Members of Indigenous North 
American People With Rheumatoid Arthritis
Stacy Tanner,1  Brenden Dufault,2 Irene Smolik,1 Xiaobo Meng,1 Vidyanand Anaparti,1 Carol Hitchon,1  
David B. Robinson,1 William Robinson,3 Jeremy Sokolove,3 Lauren Lahey,3 Elizabeth D. Ferucci,4 and  
Hani El-Gabalawy1

Objective. To determine the incidence of inflammatory arthritis and autoantibody prevalence in Indigenous North 
American people.

Methods. Unaffected relatives of Indigenous North Americans with rheumatoid arthritis (RA) from central Canada 
and Alaska were systematically monitored from 2005 to 2017. Rheumatoid factor (RF) and anti–citrullinated protein 
antibodies (ACPAs) were tested at every visit, and a subset was tested for ACPA fine specificity using a custom 
multiplex assay. Multistate models based on all available study visits were developed to determine the likelihood of 
transitioning between autoantibody states, or to inflammatory arthritis.

Results. Eighteen of 374 relatives (4.8%) developed inflammatory arthritis during follow-up (after a mean ± SD 
of 4.7 ± 2.4 years), yielding a transition rate of 9.2 cases/1,000 person- years. Thirty percent of those who devel-
oped  inflammatory arthritis were seronegative at baseline, but all were seropositive at inflammatory arthritis onset. 
 Although 30% of ACPA/RF double- seropositive individuals developed inflammatory arthritis (after 3.2 ± 2.2 years), 
the majority of these individuals did not develop inflammatory arthritis. Multistate modeling indicated a 71% and 68% 
likelihood of ACPA and RF seropositive states, respectively, reverting to a seronegative state after 5 years, and a 39% 
likelihood of an ACPA/RF double- seropositive state becoming seronegative. Fine specificity testing demonstrated an 
expansion of the ACPA repertoire prior to the development of inflammatory arthritis.

Conclusion. Despite a high incidence of inflammatory arthritis in this cohort of at- risk relatives of Indigenous North 
Americans with RA, a large proportion of autoantibody- positive individuals do not develop inflammatory  arthritis and 
revert back to an autoantibody- negative state.

INTRODUCTION

Seropositive rheumatoid arthritis (RA) is a systemic 
 autoimmune disease which causes inflammation and  progressive 
destruction of synovial joints after a varying period of preclin-
ical autoantibody seropositivity (1–4). Indigenous North Amer-
icans have some of the highest rates of RA worldwide, with 
varying estimated rates of incidence and prevalence reported 
among  different Indigenous North American populations (5). A 
recent analysis from a large administrative database in Mani-
toba, Canada showed the prevalence of RA in an Indigenous 

North American population to be 0.9%, compared to 0.6% in a 
non-Indigenous North American population (6). In a southeast 
Alaska Indigenous North American population, the prevalence of 
RA is estimated to be 2.4%, with incidence rates of 46/100,000 
males per year and 122/100,000 females per year (7). Indigenous 
North Americans have a greater frequency of poor prognostic 
factors, such as extraarticular manifestations, seropositivity, and 
large joint involvement, compared to white populations (8). At the 
onset of RA, Indigenous North Americans exhibit higher  disease 
activity compared to white populations, and less improvement in 
disease activity and patient- reported outcomes (8–10).
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The increased burden of RA in Indigenous North Americans is 
multifactorial. We have shown that Indigenous North Americans have 
increased genetic risk related to the carriage of shared epitope alleles, 
in particular HLA–DRB1*1402, and single- nucleotide polymorphisms 
that have been shown to be associated with RA in other populations 
(11,12). It should be noted that HLA–DRB1*1402 is highly prevalent 
and unique to Indigenous populations (13,14). RA tends to be familial 
in Indigenous North Americans and is associated with the clustering 
of RA autoantibodies and serum cytokine profiles in the relatives of 
the Indigenous North Americans with RA (15). Other factors associ-
ated with increased risk of RA, such as high prevalence of rheuma-
toid factor (RF) (16), increased smoking rates (17), increased rates 
of obesity (18), and high prevalence of periodontal disease (19,20), 
further compound the risk for RA in this population.

Prospectively collected data on RA in the Pima population in the 
southwestern US from 1983 to 1990 showed an incidence rate of 
3.8 cases/1,000 person- years and a prevalence of 1% in men and 
3.4% in women; however, longitudinal data on autoantibodies in this 
population are not available (21). European- based studies suggest 
that the risk of RA in first- degree relatives of individuals with RA is 
3- fold, with increasing risk associated with anti–citrullinated protein 
antibodies (ACPAs) and RF, or a diagnosis made prior to 40 years of 
age (22). In the present study, we followed up relatives of Indigenous 
North Americans with RA to generate a real- world estimate of the 
incidence of seropositive inflammatory arthritis, autoantibody prev-
alence, and autoantibody fluctuation over time. To our knowledge, 
this is the first prospective cohort study examining the development 
of RA and autoantibodies in a high- risk Indigenous North American 
group comprising the relatives of individuals with RA.

SUBJECTS AND METHODS

Study subjects. From April 15, 2005 through December 31, 
2017, the relatives of Indigenous North Americans with RA (the 
latter being designated RA probands who met the 1987 revised 
American College of Rheumatology [ACR] classification criteria 
[23] or the 2010 ACR/European League Against Rheumatism 
[EULAR] classification criteria [24]), were recruited from urban and 
rural areas in Manitoba, Canada and Alaska for this longitudinal 
prospective study (25). The study was approved by the Research 
Ethics Board of the University of Manitoba, the Alaska Area Insti-
tutional Review Board, the Band Councils of the individual study 
communities in Manitoba, and the Tribal Health Organizations of 
the study communities in Alaska. RA probands were eligible for 
participation if they were older than age 18 years and self- identified 
as being an Indigenous North American. Relatives of these RA 
probands who met the same eligibility criteria were recruited to 
participate in this present study (Supplementary Figure 1, available 
on Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.
com/doi/10.1002/art.40880/ abstract). In summary, the majority 
(75%) were first- degree relatives (FDR), and a total of 621 relatives 
of these Indigenous North Americans with RA were enrolled, of 

whom 374 were followed up longitudinally. There was no  significant 
difference in sex, age, smoking history, body mass index (BMI), 
prevalence of diabetes, or frequency of joint symptoms between 
the cohort who were longitudinally followed up and those who had 
only 1 study visit (data not shown).

Study design and inflammatory arthritis case 
 definition. Our primary objective was to determine the incidence 
of inflammatory arthritis in this at- risk population of relatives of 
Indigenous North Americans with RA. The secondary goal of this 
study was to explore the stability of RA autoantibody states over 
time. At baseline, relatives given a standardized 68- joint exami-
nation for swollen and tender joints by a rheumatologist to con-
firm the clinical absence of synovitis, and were stratified based on 
the presence of ACPAs and RF (Supplementary Figure 1, http://
onlin elibr ary.wiley.com/doi/10.1002/art.40880/ abstract). Those 
who were ACPA and/or RF seropositive returned annually for a 
study visit, while relatives who were seronegative for these anti-
bodies returned in 3 years. This asymmetric follow- up protocol 
was a logistic decision that was made in order to focus on indi-
viduals who were most likely to develop inflammatory arthritis. 
Follow- up visits consisted of examination by a rheumatologist 
(DR, HEG, or EDF) for evidence of synovitis, autoantibody test-
ing, and symptom reporting. All participants were provided infor-
mation regarding the typical symptoms of RA and instructed to 
report these symptoms immediately to the study coordinator so 
that they could be examined by a rheumatologist at the time of 
symptom onset. Participants could contribute follow- up time to 
the study if they had 2 or more visits and a minimum of 6 months 
of follow- up duration.

Since the onset of RA can feature a range of articular 
involvement patterns ranging from monoarthritis to polyarthritis, 
the development of inflammatory arthritis was defined as 1 or 
more swollen joints deemed to represent active synovitis by 1 
of 3 study rheumatologists (DR, HEG, or EDF). Inflammatory 
arthritis, rather than RA, was selected as an end point because 
it would have been unethical to delay treatment of patients with 
autoantibody- positive inflammatory arthritis, since treatment 
could alter the disease course. Joint swelling most likely caused 
by other arthropathies (e.g., crystalline arthritis or osteoarthri-
tis) were excluded from the definition of inflammatory arthritis, 
although in most cases, the analysis of synovial fluid was not 
undertaken. Joints that were tender but not swollen were also 
not considered to represent synovitis. Subjects who met this 
definition of inflammatory arthritis were deemed to be “progres-
sors.” Once a study subject developed inflammatory arthritis, 
they no longer contributed to the follow- up period calculations.

Symptom reporting. Details of the musculoskeletal ques-
tionnaire used in this study have been previously published (25). 
The questionnaire focuses on 6 symptoms suggestive of inflam-
matory arthritis and is answered in a yes/no format.

http://onlinelibrary.wiley.com/doi/10.1002/art.40880/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40880/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40880/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40880/abstract
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Laboratory parameters and HLA testing. Screening for 
ACPAs and IgM RF was performed at a clinical and/or research lab-
oratory at a single tertiary care hospital (Health Sciences Centre). 
Because of the longitudinal study design, testing for ACPAs was 
performed using one of the following assays: anti- CCP IgG, anti- 
CCP2, anti- CCP3, or anti- CCP3.1. ACPA seropositivity status was 
categorized as negative (below manufacturer’s standardized assay 
cutoff), weak positive (≤3 times the upper limit normal [ULN]), or 
strong positive (>3 times the ULN) according to the ACR classifica-
tion criteria for RA (24). Because the anti- CCP3 test has been shown 
to be more sensitive than the anti- CCP2 test (26), all subjects con-
tributing to the longitudinal follow- up period had baseline and last 
study visit samples tested using either anti- CCP3 or anti- CCP3.1 
assays. Samples obtained during other study visits (between the 
baseline and last visit) were tested using any of the assays listed 
above and contributed to the multistate modeling described below.

Baseline IgM RF was tested by nephelometry at a clinical labo-
ratory, using 20 IU/ml as the cutoff value for positive versus negative. 
In the early stages of the study, IgM RF testing used enzyme- linked 
immunosorbent assay (ELISA) with appropriate positive and neg-
ative controls. IgM RF seropositivity was defined as weak positive 
(≤3 times the ULN) or strong positive (>3 times the ULN). C- reactive 
protein was measured by the clinical laboratory in mg/liter.

HLA–DRB1 typing was performed by polymerase chain 
reaction using sequence- specific oligonucleotide primers and 
sequence- based typing as previously described (27). The following 
DRB1 alleles were included as SE- encoding alleles: DRB1*0101, 
0102, 0401, 0404, 0405, 0408, 0410, 1001, and 1402.

ACPA fine specificity testing. Comprehensive analysis of 
ACPA fine specificity was undertaken on available stored plasma 
samples in relatives enrolled from 2005 to 2012. Autoantibodies 
toward a broad spectrum of citrullinated and noncitrullinated pep-
tides from known RA autoantigens were coupled to a bead- based 
assay, and ACPAs were detected quantitatively by anti- human 
phycoerythrin- conjugated IgG antibodies after being passed 
through a laser detector, as previously described (3). To generate 
an ACPA score, each ACPA value was divided by the mean value 
of the cohort, then all ACPA values were added together, calculated 

as [Σ(ACPA value/mean ACPA value)] as previously described (28). 
An ELISA assay was used to test for serum anti–citrullinated his-
tone 4 antibodies (anti–Cit- H4), as we have previously reported (29).

Statistical analysis and multistate modeling. Descrip-
tive statistics (mean values with SD, median values with  interquartile 
range [IQR]) were used to summarize the cohort characteristics. 
Comparisons between the progressor and nonprogressor groups 
were made using the chi- square test (for categorical variables 
and, as appropriate, independent t- tests), the Mann- Whitney test, 
or the Kruskal- Wallis test for continuous variables. To calculate 
rates of the development of inflammatory arthritis, the number of 
cases of inflammatory arthritis was used as the numerator and the 
denominator was the total number of person- years of follow- up. 
Correlations between Cit- H4 antibody, anti- CCP3.1, and ACPA 
scores were calculated using Pearson’s correlation coefficient.

To characterize fluctuating autoantibody states over time and 
in recognition of the asymmetric nature of follow- up, we created 
multistate models to analyze the likelihood of converting from one 
autoantibody state to another (e.g., ACPA and RF positive to ACPA 
negative and RF positive). A multistate model is a model for time- 
to- event data in which all subjects start at an initial state and visit 
intermediate states (ACPA/RF +/−), possibly more than once (30), 
or enter an absorbing state of inflammatory arthritis at which time 
the end point is met and observation/follow- up ceases. Multistate 
models can be thought of as a generalization of both survival anal-
ysis and discrete- time Markov models, with the rates of transition 
between states being described as hazards or instantaneous risks 
(31). The higher the hazard, the more likely a subject makes the 
transition between 2 given states. Multistate models also allow the 
estimation of the probability of being in a future state after a spec-
ified amount of time. To model such data, we used the  multistate 
model package in R (32). We included ACPA and RF seropositivity 
status from all available study visits (n = 1,181; median 3 visits/
individual [IQR 3–5]) in the cohort of 374 relatives who were longi-
tudinally followed up.

The first multistate model focused on transitions between 
ACPA states (Supplementary Figure 2, http://onlin elibr ary.wiley.
com/doi/10.1002/art.40880/ abstract), and the second multi-

Figure 1. Transition paradigm between autoantibody states in multistate models. ACPA = anti–citrullinated protein antibody; RF = rheumatoid 
arthritis. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40880/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.40858/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40858/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40880/abstract
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state model included ACPA and RF status, and the absorbing 
state of inflammatory arthritis (Figure  1). The transition from 
RF and ACPA positive to RF negative and ACPA positive was 
included in the model a priori but later removed when the data 
did not support its existence.

RESULTS

Participant characteristics. Baseline characteristics 
of the study population are shown in Table  1. In total, 314 
(84%) of 374 participants were from Manitoba, and 60 (16%) 

of 374 were from Alaska. Forty- one participants (11.1%) were 
anti- CCP3 positive (4.9% strongly positive), and 16.4% were 
RF positive. Twelve participants (3.2%) were positive for both 

ACPAs and RF at baseline.

Comparisons of anti- CCP assays. Concordance between 
CCP2 and CCP3.1 findings was tested in 426 samples, which 
had been tested by both assays. Overall, there was only modest 
agreement between the 2 tests (κ = 0.521, P = 0.01). We found 
94% of strong positive CCP2 results were also strong positive by 
CCP3.1 assay, whereas only 54% of CCP3.1 strong positive tests 
were strong positive for CCP2. Overall, there were more weak 
positives associated with anti- CCP3.1 testing but 3 individuals 
were positive only for anti- CCP2 and not for CCP3.1.

Follow- up and development of inflammatory 
arthritis. At the conclusion of the study, the majority of par-
ticipants (83.7%) were autoantibody negative. Autoantibody 
prevalence did not differ in those who were followed up for 5 
or more years versus those who were followed up for fewer 
than 5 years (r = 0.065, P = 0.25).

A total of 18 (4.8%) of 374 relatives developed inflammatory 
arthritis after being followed up an average of 4.7 ± 2.4 years 
(mean ± SD). Of these, 15 (83%) of 18 progressors met the 2010 
ACR/EULAR criteria for RA at the onset of inflammatory arthritis. 
The total cumulative duration of follow- up for the entire cohort was 
1,940 person- years, giving a transition rate of 9.2 cases of inflam-
matory arthritis per 1,000 person- years (i.e., 0.9% annually).

Details of baseline characteristics of the cohort are in Table 1. 
At the time of enrollment, the arthritis symptom profile of the 
progressors and nonprogressors was similar. Progressors were 
younger (mean age 30.0 years versus 37.1 years; P = 0.02) and 
tended to have a lower BMI (28.9 kg/m2 versus 32.4 kg/m2; P = 
0.06). Interestingly, none of the progressors had type 2 diabetes, 
whereas almost 20% of the nonprogressors had diabetes, a prev-
alence that is similar to what has been previously documented in 
the Indigenous North American population (33).

Although the frequency of HLA–DRB1*1402 carriage was 
higher in progressors, there was no difference in the SE allele car-
riage (Table 1). HLA–DRB1*0901, a non- SE allele, is associated 
with seropositive RA in Indigenous North American adults and 
children (27,34), and when we included HLA–DRB1*0901 as a 
risk allele in addition to SE alleles, this increased the strength of 
the association between inflammatory arthritis and having 2 RA 
risk alleles (53% [8 of 15] versus 29% [69 of 234]; P = 0.05).

As shown in Table 2, 28% (5 of 18) progressors were ACPA/
RF double positive at baseline and developed inflammatory arthri-
tis after a mean ± SD 3.2 ± 2.2 years. The 6 progressors who 
were seronegative at baseline all developed ACPAs prior to, or 
at, the onset of inflammatory arthritis, occurring a mean ± SD 
2.3 ± 1.7 years prior to the diagnosis of inflammatory arthritis. 
The calculated rate of developing inflammatory arthritis was 4.1 

Table 1. Baseline characteristics of the subjects with longitudinal 
follow- up*

Progressor 
(n = 18)

Nonprogressor 
(n = 356) P

Female sex 14 (77.8) 234 (65.7) 0.29
Age, mean ± SD years 30.0 ± 11.5 37.1 ± 12.8 0.02
Duration of follow- up, 

mean ± SD years
4.7 ± 2.4 5.2 ± 2.7 0.57

History of smoking 16 (88.9) 272 (76.5) 0.24
Pack years smoking, 

median (IQR)
3.5 

(1.2–12.0)
5 (0.8–12.6) 0.41

BMI, kg/m2, mean ± SD 28.9 ± 7.9 32.4 ± 7.1 0.06
Type 2 diabetes 0 (0) 58 (19.5) 0.13
Any HLA SE 13/14 (92.9) 191/234 (81.6) 0.29
HLA–DRB1*1402 

positive
9/14 (64.3) 93/234 (39.7) 0.07

HLA SE double positive 4/14 (28.6) 54/234 (23.1) 0.64
CRP, median (IQR) mg/

liter
2.4 (1.1–5.7) 3.4 (1.7–7.0) 0.44

Autoantibody status
ACPA negative 8 (44.4) 321/352 (91.2) 0.01
ACPA positive 10 (55.5) 31/352 (8.8) 0.01
ACPA strong positive† 7 (38.9) 11/352 (3.1) 0.01
RF negative 11 (61.1) 295/348 (84.7) 0.02
RF positive 7 (38.9) 53/348 (15.2) 0.01
RF strong positive† 4 (22.2) 11/348 (3.2) 0.01
RF and ACPA negative 6 (30.0) 271/348 (77.9) 0.01
RF and ACPA positive 5 (27.8) 7/348 (2.0) 0.01

Symptoms
Hand pain 10/16 (62.5) 143/279 (51.3) 0.381
Other joint pain 10/15 (66.7) 155/280 (55.4) 0.390
Hand swelling 6/16 (37.5) 99/282 (35.1) 0.845
Other joint swelling 7/16 (43.8) 79/279 (28.3) 0.405
Hand stiffness 8/17 (47.1) 109/281 (38.3) 0.498
Other joint stiffness 8/16 (50) 114/280 (40.7) 0.407

* Except where indicated otherwise, values are the number/num-
ber assessed (%). IQR = interquartile range; BMI = body mass index;  
SE = shared epitope; CRP = C- reactive protein; ACPA = anti– 
citrullinated protein antibody; RF = rheumatoid factor. 
† Strong positivity was classified if the value was ≥3 times the upper limit 
of normal based on the manufacturer’s cutoff. 
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cases/1,000 person- years for the autoantibody- negative group 
and increased to 97.1 cases/1,000 person- years in the case of 
ACPA/RF double- positive individuals. At the time that progressors 
were classified as having developed inflammatory arthritis, 15 of 
18 met the classification criteria for RA. The remaining 3 progres-
sors went on to subsequently meet the RA classification criteria 
after the end point of the study. None of the incident cases of 

inflammatory arthritis were seronegative inflammatory arthritis.

Multistate model of transition between autoanti-
body states. To better understand the likelihood of transitions 
between different levels of ACPA positivity, a multistate model 
was developed (see Supplementary Table 1, http://onlin elibr ary.
wiley.com/doi/10.1002/art.40880/ abstract). The model sug-
gests that reversions to seronegativity after 5 years are com-
mon, including when the ACPA status was strongly positive, 
although the strongly positive ACPAs were much less likely to 

Table 2. Baseline characteristics and development of inflammatory arthritis, by autoantibody group*

ACPA−/RF− 
(n = 277)

ACPA−/RF+ 
(n = 48)

ACPA+/RF− 
(n = 29)

ACPA+/RF+ 
(n = 12)

Age, years 36.7 ± 12.8 34.6 ± 12.7 39.2 ± 13.8 38.7 ± 13.2
Female sex, no. (%) 185 (67.3) 30 (62.5) 19 (63.3) 9 (75.0)
BMI, kg/m2 32.2 ± 6.7 33.1 ± 8.7 30.8 ± 8.0 35.1 ± 8.0
HLA SE positive, no./no. assessed (%) 155/192 (80.1) 27/32 (84.4) 11/12 (91.7) 6/7 (86.0)
HLA SE, 2 alleles, no./no. assessed (%) 46/192 (24.0) 6/32 (18.8) 4/12 (33.3) 1/7 (14.3)
Time at risk, total person- years 1,472.1 276.2 137.3 51.5
Cases of inflammatory arthritis (% in autoantibody group) 6 (2.1) 2 (4.2) 5 (17.2) 5 (41.7)
Cases of inflammatory arthritis per 1,000 person- years 4.1 7.2 36.4 97.1
Time to inflammatory arthritis, years 5.6 ± 1.1 5.5 ± 5.0 4.7 ± 2.7 3.2 ± 2.2
Time to ACPA positivity, years 2.3 ± 1.7 2.2 (n=1) - - 
No. of cases meeting ACR RA criteria 5/6 1/2 5/5 4/5

* Autoantibody groups were determined by enrollment autoantibody status. Seropositivity for anti–citrullinated protein antibody 
(ACPA) and rheumatoid factor (RF) is based on the manufacturer’s cutoff level. Except where indicated otherwise, values are the 
mean ± SD. BMI = body mass index; SE = shared epitope; ACR = American College of Rheumatology; RA = rheumatoid arthritis. 

Table  3. Multistate models predicting the likelihood of being in an autoantibody state or 
development of inflammatory arthritis after specific follow- up periods*

Years of followup,  
baseline state

Autoantibody 
negative

ACPA+/
RF−

ACPA−/
RF+

ACPA+/
RF+

Inflammatory 
arthritis

1- year followup
Baseline state

Autoantibody negative 0.82 0.08 0.09 0.001 0.001
ACPA+/RF− 0.74 0.15 0.06 0.04 0.01
ACPA−/RF+ 0.44 0.03 0.48 0.04 0.01
ACPA+/RF+ 0.08 0.01 0.20 0.53 0.18

2- year followup
Baseline state

Autoantibody negative 0.77 0.08 0.12 0.02 0.01
ACPA+/RF− 0.75 0.08 0.12 0.04 0.01
ACPA−/RF+ 0.59 0.06 0.28 0.05 0.02
ACPA+/RF+ 0.20 0.04 0.21 0.28 0.27

5- year followup
Baseline state

Autoantibody negative 0.72 0.08 0.15 0.03 0.02
ACPA+/RF− 0.71 0.08 0.13 0.04 0.04
ACPA−/RF+ 0.68 0.07 0.16 0.04 0.05
ACPA+/RF+ 0.39 0.05 0.12 0.06 0.38

* Values are the likelihood of being in the given state, with the sum of likelihoods totaling 100%. 
ACPA = anti–citrullinated protein antibody; RF = rheumatoid arthritis. 

http://onlinelibrary.wiley.com/doi/10.1002/art.40880/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40880/abstract
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transition to a negative state after only 1 or 2 years. The esti-
mated time spent in each state was 2.46 years (95% confidence 
interval [95% CI] 1.02–5.96) for ACPA negative, 0.2 years (95% 
CI 0.09–0.47) for ACPA weak positive, and 1.65 years (95% CI 
1.02–2.67) for ACPA strong positive. Although weakly positive 
ACPA is a very transitory state, the majority of strongly positive 
ACPAs had also reverted to a seronegative state after prolonged 
follow- up.

In the second multistate model which includes ACPA, 
RF, and inflammatory arthritis (Figure  1), transition probabilities 
were estimated for 1, 2, and 5 years of follow- up, as shown in 
Table 3. Double negative was the most common state (n = 832 
visits, 70%), while double ACPA/RF positive was the least com-
mon (n = 50, 4.2%). Subjects who were both ACPA negative 
and RF negative were 72% (95% CI 67–75%) likely to remain in 
this state after 5 years. Single positive states of either ACPA or 
RF had similar likelihoods of transitioning to inflammatory arthri-
tis after 5 years (4.2% and 4.8%, respectively). The ACPA/RF 
double- positive state, which comprised seropositivity at any level 
above the assay cutoff, carried an estimated risk of transitioning 
to inflammatory arthritis of 18% (95% CI 12–27%) after 1 year, 
27% (95% CI 18–41%) after 2 years, and 38% (95% CI 24–54%) 
after 5 years. A more striking finding is that 7 (58%) of 12 of the 

ACPA/RF double- positive subjects at baseline had not developed 
inflammatory arthritis after being followed up for a mean ± SD of 
5.1 ± 2.2 years, and indeed this state carried an estimated 36% 
(95% CI 27–51%) likelihood in the multistate model of becoming 

autoantibody negative after 5 years.
In analyzing all of the study visits from individuals who were 

ACPA/RF double positive at any time point during the follow- up 
period, but who did not develop inflammatory arthritis, it was 
evident that strong positivity (>3 times the assay cutoff) for 
both ACPAs and RF rarely reverted to a seronegative state but 
remained in this state for an extended time period. Sex, age, 
and HLA status were introduced into the modeling as covariates 
(see Supplementary Tables S2, S3, and S4; http://onlin elibr ary.
wiley.com/doi/10.1002/art.40880/ abstract), but the 95% CIs 
were too broad to be interpreted.

ACPA fine specificity in progressors and 
 nonprogressors. Longitudinal analysis of the ACPA repertoire 
revealed an incremental increase in both the total number of 
ACPAs and intensity of reactivity in the progressors (Figure 2). 
Similarly, the ACPA+/RF+ double- positive nonprogressors also 
displayed intense reactivity to many citrullinated epitopes. In 
contrast, individuals with intermittent ACPA positivity by stan-

Figure  2. Heatmaps of anti–citrullinated protein antibody (ACPA) fine specificities in subjects at multiple follow- up visits, grouped by 
autoantibody status and development of inflammatory arthritis (progressor). Each distinct block of columns (outlined in black) represents an 
individual, with smaller undefined columns within the block representing individual visits when ACPA fine specificities were tested. Scale below is 
based on fluorescence intensity. The time of development of anti–cyclic citrullinated peptide 2 (anti–CCP2) seropositivity ( ) and the time of loss 
of ACPA seropositivity ( ) are shown. ^ = acquisition of IgM rheumatoid factor (RF); * = time of onset of inflammatory arthritis. FibA = fibrinogen 
A; FIL = filaggrin; CFC = Cit filaggrin cyclic; ApoE = apolipoprotein E; Vim 1 = vimentin.

http://onlinelibrary.wiley.com/doi/10.1002/art.40880/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40880/abstract
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dard commercial ELISA testing had reduced scope of ACPA 
reactivity over time. The enolase epitope was strongly positive 
in all samples because it was a defective peptide in the assay, 
making that particular epitope uninterpretable. In the  available 
samples tested, the calculated ACPA score correlated with 
anti- CCP titers (r = 0.55, P = 0.01; n = 214). ACPA  levels 
directed toward an immunodominant citrullinated epitope 
derived from the histone 4 protein (29) showed a high degree 
of correlation between the levels of anti–Cit- H4 antibodies and 
the ACPA score in sequential samples from the progressors 
(r = 0.66, P = 0.0001; n = 42).

DISCUSSION

This prospective observational study of the relatives of 
Indigenous North Americans with RA in Manitoba and Alaska 
has demonstrated a relatively high frequency of development 
of seropositive RA, with an overall rate of 9.2 cases per 1,000 
person- years of follow- up. The incidence rate of inflammatory 
arthritis in at- risk relatives of Indigenous North Americans with 
RA was not previously described.

Large prospective observational studies of RA onset, 
such as those emanating from the Nurses’ Health Study, have 
shown age- adjusted incidence rates to be 26.7 cases/100,000 
person- years (35) in a primarily white female North American 
population. Data from Olmsted County, Minnesota indicated a 
slightly higher RA incidence rate of 40.9 cases/100,000 person- 
years (36). A study of combined data from Swedish patient 
registries demonstrated an ~4 times increased risk of develop-
ing RA in FDRs of patients with autoantibody- positive RA (22), 
and a rate of 4.9 cases/1,000 person- years was observed at 
follow- up in a cohort of Mexican Mestizo RA FDRs (37). Thus, 
even considering methodologic differences between these 
studies, an incidence rate of 9.2 cases per 1,000 person- years 
in our study population of first- and second- degree relatives 
of Indigenous North Americans with RA is substantially higher 
than that reported in other populations. These findings suggest 
that the previously reported genetic and environmental risk fac-
tors in this Indigenous North American population culminate in 
a high incidence of seropositive RA.

In the current study, symptoms suggestive of RA (such as 
arthralgia) were not used to select study participants, and we 
found that articular symptoms were not more frequent in pro-
gressors compared to nonprogressors. We previously found that 
self- reported symptoms of pain, stiffness, and swelling are more 
frequent in relatives of Indigenous North Americans with RA com-
pared to either Indigenous North Americans or  non-Indigenous 
North Americans with no family history of autoimmune diseases 
(25).

A prospective cohort study from The Netherlands that 
recruited individuals based on ACPA or RF seropositivity and 
presence of arthralgia demonstrated an inflammatory arthritis 

incidence rate of 20% after a median of 11 months of fol-
low- up (38). In a separate study of a Dutch cohort, subjects 
were designated as having “clinically suspect arthralgia” if 
they had inflammation of the small joints, and in that cohort, 
the incidence rate of inflammatory arthritis was ~20% over a 
median follow- up of 1.4 years (39). Importantly, in this latter 
study, the median time to development of inflammatory arthritis 
was 7 weeks after enrollment, and >80% of those individuals 
had subclinical inflammation on magnetic resonance imag-
ing (MRI) at enrollment. Preclinical RA is difficult to define and 
these studies identified synovitis as possibly occurring during 
the inflammatory state labeled as clinically suspect arthralgia. 
Because the date at which inflammatory arthritis was diag-
nosed, rather than the exact date of onset of symptoms per-
taining to inflammatory arthritis, was used, it is possible that 
the date of inflammatory arthritis diagnosis does not reflect 
very early development of synovitis. Systematic application 
of imaging modalities such as MRI and ultrasound may be of 
value in classifying preclinical stages of RA.

Commercial anti- CCP assays have been progressively devel-
oped to optimize the sensitivity and specificity for the diagnosis of 
RA. Data regarding their performance in preclinical cohorts are more 
limited. We found the baseline prevalence of ACPA seropositivity, 
based on CCP3 testing, in unaffected relatives of Indigenous North 
Americans with RA to be 11.1%, which is similar to the 9.5% prev-
alence found in an FDR cohort in a study of the etiology of RA (26).

Double seropositivity for ACPAs and RF was associated with 
the highest rates of inflammatory arthritis development and the 
shortest latency period, consistent with findings in other cohorts. 
Some practitioners treat ACPA/RF double- seropositive individ-
uals with hydroxychloroquine, and several ongoing clinical trials 
are targeting this patient population using other strategies (40,41). 
Surprisingly, the multistate modeling indicated that the likelihood 
of ACPA/RF double seropositivity reverting to seronegativity after 
5 years was >30%. The model also indicated a high likelihood of 
all seropositive states ultimately reverting to a seronegative state 
after an extended follow- up period. These findings suggest that 
our current understanding of RA risk based simply on the pres-
ence of ACPAs and/or RF seropositivity remains insufficient to 
provide clinically actionable guidelines.

ACPA fine specificity testing in the progressors confirmed 
previous findings that there is a protracted period of epitope 
spreading that appears to accelerate prior to inflammatory arthritis 
onset (3,4,42). In progressors who were RF negative at baseline, 
RF seropositivity tended to develop in parallel with, or after, the 
ACPA epitope spreading, and shortly before the development of 
inflammatory arthritis. Levels of ACPA targeting the specific pep-
tide Cit- H4 were closely correlated with increasing ACPA scores, 
indicating a relationship between these 2 events. We have previ-
ously shown that this peptide is an immunodominant autoantigen 
in RA synovial fluid, where ongoing NETosis may fuel the auto-
immune response (29). These findings suggest that the autoim-
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mune response to Cit- H4 likely develops outside the joint as part 
of a broader ACPA response, and then becomes amplified in the 
inflammatory synovial microenvironment.

Although the role of HLA–DRB1 risk alleles in the progression 
to inflammatory arthritis in this population is of considerable inter-
est, it was difficult to show a clear association. This is likely due to 
a high background frequency of the risk alleles. The inclusion of 
HLA–DRB1*0901 as a risk allele increased the strength of asso-
ciation with carriage of 2 risk alleles. HLA–DRB1*0901 has been 
associated with RA despite the fact that Asian populations are 
known to lack the Q(R)RRAA sequence in position 71–74 (43). 
We could not demonstrate any impact of HLA–DRB1 alleles in the 
autoantibody transitions analyzed in the multistate model, possi-
bly because our model lacked the power to analyze their impact.

Limitations of the study include uncertainty as to whether the 
findings can be extended to the general population of Indigenous 
North Americans and non-Indigenous North Americans. Familial 
risk of RA is increased ~2–4 fold in most populations, particularly 
in Indigenous North Americans (15,22). Thus, based on shared 
genetic and environmental risk factors, relatives of Indigenous 
North American RA patients may have an increased propensity 
for developing ACPAs and/or RF, and also for developing inflam-
matory arthritis once they have autoantibodies. Given that a 
high proportion of individuals with autoantibodies reverted to a 
seronega tive state, this phenomenon likely applies to some degree 
to other populations. Data from other prospectively  followed up 
preclinical cohorts will be valuable in this respect.

Cohort studies in geographically dispersed Indige-
nous North American populations are logistically challeng-
ing and carry inherent limitations. Follow- up frequency for 
autoantibody- positive and negative individuals was asyn-
chronous based on practical considerations and may have 
introduced a bias that led to a distortion in the incidence rate. 
Furthermore, a considerable number of individuals dropped 
out of the study, which may have introduced a further selection 
bias into the cohort. A comparison between the demographic 
and serologic characteristics of individuals who were included 
in the current analysis and those who were lost to follow- up 
after the baseline visit did not suggest any significant differ-
ences (data not shown).

Because this study spanned more than 15 years, commer-
cially available anti- CCP testing evolved over this period. The 
anti- CCP results were generated by a single clinical laboratory 
at the time of each study visit, but the commercial assays used 
changed. We tried to reduce this variability by ultimately testing 
all participants at the baseline and final visits using the currently 
available commercial CCP3.1 kits. We also assigned categorical 
values to negative, weak positive, and strong positive anti- CCP 
results based on the cutoff of the specific assay used on each 
visit. Nevertheless, the variability of anti- CCP testing in interven-
ing visits and moderate concordance among assays may have 
impacted on the multistate modeling in particular.

We acknowledge that an accurate and generalizable defini-
tion of inflammatory arthritis onset is difficult to achieve. The study 
relied on the experience of 1 of 3 study rheumatologists to make 
a diagnosis of inflammatory arthritis. This was not confirmed by 
a second rheumatologist, and neither imaging nor synovial fluid 
analysis was undertaken in most cases, which is a limitation of 
the study. Progressors could have been misdiagnosed at the time 
of inflammatory arthritis diagnosis, but the fact that they were all 
seropositive at that point and all ultimately met RA criteria makes 
this unlikely. It should be added that seronegative RA is highly infre-
quent in this, and other, Indigenous North American  populations.

In conclusion, we showed a high incidence of seropositive 
inflammatory arthritis in a longitudinal cohort of high- risk relatives 
of Indigenous North Americans with RA who were prospectively 
followed up. Prediction models based on repeated measurements 
of ACPAs and RF showed that the development of inflammatory 
arthritis and reversion to a seronegative state were equally likely 
outcomes in ACPA+/RF+ subjects. Although we performed this 
study in a unique population of subjects who are known to have 
a high burden of disease, our findings should be considered in 
the future to appropriately power intervention studies designed to 
potentially prevent the onset of clinically detectable RA.
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Complex Relationships of Smoking, HLA–DRB1 Genes, 
and Serologic Profiles in Patients With Early Rheumatoid 
Arthritis: Update From a Swedish Population- Based  
Case–Control Study
Anna Karin Hedström,1 Johan Rönnelid,2 Lars Klareskog,3 and Lars Alfredsson1

Objective. Smoking is associated with an increased risk of rheumatoid arthritis (RA) in subsets of patients de-
fined according to the presence or absence of anti–citrullinated protein antibodies (ACPAs) and rheumatoid factors 
(RFs). Moreover, an interaction between smoking and the HLA–DRB1 shared epitope (SE) has been demonstrated to 
be a risk factor for seropositive RA. The aim of this study was to investigate the interplay between smoking and the 
HLA–DRB1 SE with regard to risk of RA in different patient subsets based on ACPA and RF status.

Methods. Incident cases of RA (3,645 cases, 5,883 matched controls) were divided into 4 subgroups based on 
the presence or absence of RF and anti–cyclic citrullinated peptide 2 (anti- CCP2) antibodies. The influence of smok-
ing on the risk of disease was determined in each RA subgroup, using logistic regression models with calculation of 
odds ratios and 95% confidence intervals (95% CIs). The potential interaction between smoking and HLA–DRB1 SE 
genes was evaluated by calculating the attributable proportion due to interaction (AP).

Results. In the RF+/anti- CCP2+ subset of RA patients, both smoking and the presence of the HLA–DRB1 SE 
conferred independent disease risks, and there was a strong interaction between the 2 risk factors (AP 0.4, 95% CI 
0.3, 0.5). In the RF−/anti- CCP2+ patient subset, the HLA–DRB1 SE conferred an increased risk of RA, whereas the in-
dependent influence of smoking was limited. However, there was a significant interaction between the HLA–DRB1 SE 
and smoking (AP 0.2, 95% CI 0.02, 0.5). In the RF+/anti- CCP2− patient subset, there was an increased risk of dis-
ease among smokers, which was only marginally affected by the presence of the HLA–DRB1 SE, and no interaction 
between the 2 factors was observed (AP 0.002, 95% CI −0.3, 0.3). In the RF−/anti- CCP2− patient subset, neither 
smoking nor the presence of the HLA–DRB1 SE conferred an increased risk of RA.

Conclusion. These findings demonstrate different effects of smoking and HLA–DRB1 in the 4 serologically de-
fined RA subsets.

INTRODUCTION

Rheumatoid arthritis (RA) is an immune- mediated inflamma-
tory disease resulting from the complex interaction between genetic 
constitution and environmental triggers. The most important genetic 
risk factor for RA defined to date is the shared epitope (SE) of HLA–
DRB1 (1–3), and smoking has been identified as the most impor-
tant environmental factor in the development of RA (4–6).

The effects of these 2 risk factors, the HLA–DRB1 SE and 
smoking, and the interaction between them have been shown to 

be confined to the subset of RA patients whose disease is defined 
by the presence of anti–citrullinated protein antibodies (ACPAs) 
and/or rheumatoid factors (RFs), and a hypothesis regarding the 
etiology of this subset has been formulated based on the interac-
tion between the HLA–DRB1 SE and smoking, as well as between 
the HLA–DRB1 SE and other airway exposures (7,8). However, 
the potential roles of RF and ACPAs in the pathogenesis of differ-
ent subsets of RA have not yet been fully elucidated. We used an 
updated version of the Swedish population- based case–control 
study Epidemiological Investigation of Rheumatoid Arthritis (EIRA) 
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to investigate the interplay between smoking and the HLA–DRB1 
SE with regard to risk of RA in different serologically defined patient 
subsets grouped according to ACPA and RF status.

PATIENTS AND METHODS

Study design and study subjects. The present study 
investigated data from the ongoing EIRA project, which is a 
population- based case–control study comprising subjects ages 
18–70 years in the middle and southern parts of Sweden. All 
hospital- based and most privately run rheumatology units in the 
study area participated in recruiting incident RA cases to the study. 
All patients identified as an incident case fulfilled the American Col-
lege of Rheumatology 1987 classification criteria for RA (9). During 
the study period (November 1996 to September 2014), completed 
questionnaires were obtained from 3,724 RA cases and 5,935 
matched healthy controls. Subjects who could not provide detailed 
information on smoking habits were excluded, as were patients 
whose ACPA or RF status was not available. A flow chart depicting 
the distribution of subjects is presented in Supplementary Figure 1 
(available on the Arthritis & Rheumatology web site at http://onlin 
elibr ary.wiley.com/doi/10.1002/art.40852/ abstract). For each case 
recruited between November 1996 and October 2005, 1 control 
subject was randomly selected from the national population regis-
ter, matched by age in 5- year age strata, by sex, and by residential 
area (EIRA I). For each case recruited between October 2005 and 
September 2014, 2 control subjects were selected using the same 
matching criteria (EIRA II). The response proportion was 92% for 
the cases and 75% for the controls. All aspects of the study were 
approved by the ethics committee of the Karolinska Institutet.

Anti–cyclic citrullinated peptide 2 (anti- CCP2) and RF 
analyses. Cases were categorized into either anti- CCP2 positive 
or anti- CCP2 negative based on the results of an Immunoscan- RA 
Mark2 enzyme- linked immunosorbent assay (anti- CCP2 test). An 
antibody level exceeding 25 AU/ml was regarded as a positive 
result. RF positivity or RF negativity was determined locally by the 
unit entering the case into the study.

Data collection and definition of smoking status. 
Information regarding lifestyle factors and different environ-
mental exposures was collected using a standardized ques-
tionnaire. Detailed information on smoking was obtained by 
asking each subject about current and previous smoking hab-
its, including duration of smoking, average number of ciga-
rettes smoked per day, and type of cigarettes. For each case, 
the time of the initial appearance of RA symptoms was used 
as an estimate of the date of disease onset, and the year in 
which this occurred was defined as the index year. The corre-
sponding controls were given the same index year. Informa-
tion regarding smoking was considered prior to or during the 
index year in the cases and during the same period of time in 

the corresponding controls. Subjects who had smoked during 
the index year were defined as current smokers, those who 
had stopped smoking prior to the index year were defined as 
past smokers, and those who had never smoked before or 
during the index year were defined as never smokers.

Genotyping. Blood samples were available from partic-
ipants who answered the questionnaire between November 
1996 and May 2012. HLA–DRB1 genotypes were obtained using 
a previously described method (10). Data on genotypes were 
available for 3,355 cases (63%) and 2,840 controls (48%). The 
HLA–DRB1*01, HLA–DRB1*04, and HLA–DRB1*10 alleles were 
classified as the SE alleles.

Statistical analysis. Using logistic regression analyses 
with calculation of odds ratios (ORs) and 95% confidence inter-
vals (95% CIs), the risk of occurrence of each RA serologic subset 
in patients with different smoking habits was compared with that 
in never smokers. The occurrence of RA among those who had 
started and stopped smoking in different life periods was com-
pared with that among never smokers. A trend test for a dose- 
response relationship regarding cumulative dose of smoking and 
risk of each subset of RA was performed using a continuous 

Table 1. Rate of anti- CCP2 positivity among RA cases categorized 
by RF status, number of SE alleles, and smoking status*

No. of  
RA cases

Anti- CCP2  
positive,  
no. (%)

RF- negative
0 alleles

Never smoker 179 18 (10.1)
Ever smoker 254 23 (9.1)

1 allele
Never smoker 209 59 (28.2)
Ever smoker 317 104 (32.8)

2 alleles
Never smoker 73 38 (52.1)
Ever smoker 111 60 (54.1)

RF- positive
0 alleles

Never smoker 128 86 (67.2)
Ever smoker 296 205 (69.3)

1 allele
Never smoker 313 265 (84.7)
Ever smoker 808 701 (86.8)

2 alleles
Never smoker 192 177 (92.2)
Ever smoker 496 473 (95.4)

* Anti- CCP2 = anti–cyclic citrullinated peptide 2; RA = rheumatoid 
arthritis; RF = rheumatoid factor; SE = shared epitope. 

http://onlinelibrary.wiley.com/doi/10.1002/art.40852/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40852/abstract
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 variable for cumulative dose of smoking (expressed in pack- years) 
in a logistic regression model.

In addition, we investigated the interaction between smoking 
and SE genes with regard to each RA subset. The potential inter-
action was analyzed using departure from additivity of effects as 
the criterion for interaction and was evaluated by calculating the 
attributable proportion due to interaction (with 95% CIs) (11,12).

All analyses were adjusted for age, sex, residential area, ances-
try, and study. Assessment of ancestry was based on whether or 
not the subject was born in Sweden, and whether or not either of 
the subject’s parents had immigrated to Sweden. A subject who 
was born in Sweden and whose parents had not immigrated was 
classified as Swedish. Adjustments were also made for educa-
tional level (university degree or no university degree), exposure 
to passive smoking (yes or no), alcohol consumption (number of 

standardized drinks per week at study inclusion), and body mass 
index at inclusion in the study (≤25 kg/m2 or >25 kg/m2). However, 
these factors had only a minor influence on the results and were 
therefore not retained in the final analyses. All analyses were con-
ducted using SAS software version 9.4 (SAS Institute).

RESULTS

The majority of the patients with incident RA were both RF 
positive and ACPA positive (57%), whereas 25% were negative for 
both classes of antibodies. Nine percent of patients were ACPA 
positive only, and 9% were RF positive only. The characteristics of 
the cases and controls are presented in Supplementary Table 1 (on 
the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40852/abstract). There were no significant 

Table 2. Odds of developing rheumatoid arthritis, stratified by serologic subset, according to different categories of smokers compared with 
never smokers, in total and by cumulative dose of smoking*

Anti-CCP2−,RF− Anti-CCP2+,RF− Anti-CCP2−,RF+ Anti- CCP2+, RF+

No.  
cases/no. 
controls† OR (95% CI)

No.  
cases/no. 
controls† OR (95% CI)

No. 
cases/no. 
controls† OR (95% CI)

No.  
cases/no. 
controls† OR (95% CI)

Total
Never smoker 367/2,655 1.0  

(reference)
133/2,655 1.0 

(reference)
111/2,655 1.0 

(reference)
594/2,655 1.0  

(reference)
Past smoker 330/1,909 1.1 

(0.9–1.4)
109/1,909 1.2 

(0.98–1.6)
116/1,909 1.3 

(1.02–1.8)
774/1,909 1.8 (1.6–2.1)

Current 
smoker

218/1,319 1.1 
(0.9–1.3)

89/1,319 1.3 
(1.004–1.7)

109/1,319 1.8 (1.3–2.3) 695/1,319 2.4 (2.1–2.7)

<10 pack- years
Never smoker 367/2,655 1.0 

(reference)
133/2,655 1.0 

(reference)
111/2,655 1.0 

(reference)
594/2,655 1.0 

(reference)
Past smoker 179/1,062 1.1 

(0.9–1.4)
58/1,062 1.1 (0.8–1.5) 62/1,062 1.2 (0.9–1.7) 320/1,062 1.2 (1.001–

1.5)
Current 

smoker
68/476 1.1 

(0.8–1.5)
28/476 1.0 (0.7–1.3) 28/476 1.2 (0.8–1.8) 148/476 1.3 (1.1–1.5)

10–20 
pack- years

Never smoker 367/2,655 1.0 
(reference)

133/2,655 1.0 
(reference)

111/2,655 1.0 
(reference)

594/2,655 1.0 
(reference)

Past smoker 79/495 1.0 
(0.7–1.2)

30/495 1.3 (0.9–2.0) 25/495 1.2 (0.8–1.9) 205/495 1.9 (1.6–2.3)

Current 
smoker

52/325 1.1 
(0.8–1.5)

26/325 1.6 
(1.04–2.5)

37/325 2.4 (1.6–3.6) 201/325 2.7 
(2.2–3.3)

>20 pack- years 
Never smoker 367/2,655 1.0 

(reference)
133/2,655 1.0 

(reference)
111/2,655 1.0 

(reference)
594/2,655 1.0 

(reference)
Past smoker 72/352 1.2 

(0.9–1.6)
21/352 1.5 (0.9–2.4) 29/352 1.9 (1.3–2.7) 249/352 3.1 

(2.6–3.7)
Current 

smoker
98/518 1.2 

(0.9–1.5)
35/518 1.6 

(1.05–2.4)
44/518 2.0 (1.2–3.1) 346/518 3.6 

(2.9–4.4)

* All analyses were adjusted for age, sex, residential area, and ancestry. Anti- CCP2 = anti–cyclic citrullinated peptide 2; RF = rheumatoid fac-
tor; OR = odds ratio; 95% CI = 95% confidence interval. 
† Values are the number of exposed cases and controls. 
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differences between the RA subsets with regard to age, sex, or 
ancestry.

Among the RA patients, ACPA positivity independently cor-
related with both the HLA–DRB1 SE status and the RF status 
(Table 1). Smoking habits did not significantly influence these cor-
relations, but there was a significant dose- dependent relationship 
between smoking and RF positivity irrespective of anti- CCP2 and 

HLA–DRB1 SE status (P < 0.0001).
Compared with never smokers, the overall OR for developing 

RF−/anti- CCP2− RA among ever smokers was 1.1 (95% CI 0.96–
1.3). The corresponding ORs for the other subsets of patients 
who were ever smokers were as follows: for RF−/anti- CCP2+ 
RA, OR 1.2 (95% CI 0.98−1.6); for RF+/anti- CCP2− RA, OR 1.6 
(95% CI 1.2–1.9); for RF+/anti- CCP2+ RA, OR 2.0 (95% CI 1.8–
2.2) (Table 2). The association between smoking and risk of RA 
increased numerically with increasing exposure to smoking (i.e., 
increasing pack- years of smoking) in all 3 antibody- dependent 
subsets, but was largest in the subsets positive for RF (P for trend 

< 0.0001 in the RF- positive subsets).

The influence of smoking on the risk of developing RF+/anti- 
CCP2+ RA increased significantly with the number of SE alleles (P 

for trend < 0.0001) (Table 3).
The risk of RA conferred by HLA–DRB1 SE seropositivity 

was mainly observed in anti- CCP2+ RA patients, irrespective of 
RF status (Table 4). The interaction between smoking and HLA–
DRB1 SE genes, measured as the attributable proportion due to 
interaction, was highest in the subset positive for both RF and 
anti- CCP2, but a notable interaction was observed also in the 
RF−/anti- CCP2+ RA subset for the group consisting of individuals 
who had smoked more than 10 pack- years (Table 4). This interac-
tion was also stronger among HLA–DRB1 SE homozygotes than 
among HLA–DRB1 SE heterozygotes (Table  5). No significant 
interaction was observed between smoking and HLA–DRB1 SE 
genes with regard to the risk of anti- CCP2− RA, regardless of RF 

status (Table 4).
A summary of the risk of RA conferred by smoking and the 

presence of the HLA–DR SE in the 4 different serologically defined 
subsets of RA patients is provided in Figure 1.

Table 3. Odds of developing rheumatoid arthritis, stratified by serologic subset, according to HLA SE status and different categories of 
smokers compared with never smokers*

Anti-CCP2−,RF− Anti-CCP2+,RF− Anti-CCP2−,RF+ Anti- CCP2+, RF+

No. 
cases/no. 
controls† OR (95% CI)

No.  
cases/no. 
controls† OR (95% CI)

No.  
cases/no. 
controls† OR (95% CI)

No.  
cases/no. 
controls† OR (95% CI)

HLA SE negative 
Never smoker 161/592 1.0  

(reference)
18/592 1.0  

(reference)
42/592 1.0 

(reference)
86/592 1.0  

(reference)
Past smoker 142/501 1.0 

(0.7–1.3)
12/501 1.0 

(0.4–1.8)
43/501 1.1 (0.7–1.7) 117/501 1.6 (1.2–2.2)

Current 
smoker

89/263 1.2 
(0.9–1.6)

11/263 1.3 
(0.6–2.8)

48/263 2.4 (1.5–3.7) 88/263 2.3 
(1.6–3.2)

HLA SE 
heterozygote

Never smoker 151/521 1.0  
(reference)

59/521 1.0  
(reference)

49/521 1.0 
(reference)

265/521 1.0  
(reference)

Past smoker 125/464 0.9 
(0.7–1.1)

58/464 1.2 
(0.8–1.8)

58/464 1.6 (0.9–2.0) 369/464 1.6 (1.3–2.0)

Current 
smoker

95/272 1.1 
(0.8–1.5)

46/272 1.5 
(0.97–2.3)

49/272 1.7 (1.1–2.7) 336/272 2.4 
(1.9–2.9)

HLA SE 
homozygote 

Never smoker 35/137 1.0 
(reference)

38/137 1.0  
(reference)

15/137 1.0 
(reference)

177/137 1.0 
(reference)

Past smoker 35/92 1.3 
(0.9–2.6)

29/92 1.3 (0.7–2.2) 11/92 1.1 (0.5–2.5) 238/92 2.2 (1.6–3.1)

Current 
smoker

16/60 1.0 
(0.6–2.0)

31/60 1.9 
(1.04–3.4)

12/60 1.8 (0.8–3.9) 235/60 3.2 
(2.2–4.6)

* All analyses were adjusted for age, sex, residential area, and ancestry. SE = shared epitope; anti- CCP2 = anti–cyclic citrullinated peptide 2; 
RF = rheumatoid factor; OR = odds ratio; 95% CI = 95% confidence interval. 
† Values are the number of exposed cases and controls. 
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Table 4. Interaction between the HLA SE and smoking in relation to odds of developing rheumatoid arthritis*

Anti-CCP2−,RF− Anti-CCP2+,RF− Anti-CCP2−,RF+ Anti- CCP2+, RF+

No.  
cases/no.  
controls† OR (95% CI)

No.  
cases/no. 
controls† OR (95% CI)

No.  
cases/no. 
controls† OR (95% CI)

No.  
cases/no.  
controls† OR (95% CI)

Total
HLA SE negative

Never smoker 161/592 1.0 (reference) 18/592 1.0 (reference) 42/592 1.0 (reference) 86/592 1.0 (reference)
Ever smoker 231/764 1.1 (0.9, 1.4) 23/764 1.1 (0.6, 2.0) 91/764 1.8 (1.2, 2.6) 205/764 1.9 (1.5, 2.5)

HLA SE positive
Never smoker 184/636 1.0 (0.8, 1.3) 97/636 5.0 (3.0, 8.4) 63/636 1.4 (0.9, 2.1) 441/636 4.8 (3.7, 6.1)
Ever smoker 261/848 1.1 (0.9, 1.4) 160/848 6.7 (4.0, 11.1) 126/848 2.2 (1.5, 3.1) 1166/848 10.0 (7.8, 12.8)

AP‡ 0.03(−0.3,0.3) 0.2 (0.02, 0.5) 0.002(−0.3,0.3) 0.4 (0.3, 0.5)
<10 pack- years 

of smoking
HLA SE negative 

0 pack- years 161/592 1.0 (reference) 18/592 1.0 (reference) 42/592 1.0 (reference) 86/592 1.0 (reference)
<10 pack- 

years
101/340 1.1 (0.8, 1.4) 10/340 1.0 (0.5, 2.0) 35/340 1.4 (0.8, 2.2) 62/340 1.2 (0.8, 1.7)

HLA SE positive 
0 pack- years 184/636 1.0 (0.8, 1.3) 97/636 5.0 (3.0, 8.4) 63/636 1.4 (0.9, 2.1) 441/636 4.8 (3.7, 6.2)
<10 pack- 

years
119/402 1.1 (0.8, 1.4) 68/402 5.1 (3.0, 8.8) 52/402 1.7 (1.1, 2.6) 374/402 6.3 (4.8, 8.3)

AP‡ −0.06(−0.5,0.3) 0.04(−0.3,0.4) −0.02(−0.5,0.5) 0.2 (0.05, 0.4)
10–20 pack- 

years of 
smoking 

HLA SE negative 
0 pack- years 161/592 1.0 (reference) 18/592 1.0 (reference) 42/592 1.0 (reference) 86/592 1.0 (reference)
10–20 pack- 

years
59/198 1.1 (0.8, 1.5) 6/198 1.2 (0.5, 3.0) 25/198 2.0 (1.2, 3.5) 59/198 2.3 (1.6, 3.4)

HLA SE positive 
0 pack- years 184/636 1.0 (0.8, 1.3) 97/636 5.0 (3.0, 8.4) 63/636 1.4 (0.9, 2.1) 441/636 4.8 (3.7, 6.3)
10–20 pack- 

years
61/220 1.0 (0.7, 1.4) 47/220 8.5 (4.8, 15.3) 33/220 2.4 (1.4, 3.9) 317/220 11.4 (8.5, 15.3)

AP‡ −0.09(−0.6,0.4) 0.4 (0.1, 0.7) −0.06(−0.6,0.5) 0.5 (0.3, 0.6)
>20 pack- years 

of smoking 
HLA SE negative 

0 pack- years 161/592 1.0 (reference) 18/592 1.0 (reference) 42/592 1.0 (reference) 86/592 1.0 (reference)
>20 pack- 

years
71/226 1.2 (0.8, 1.6) 7/226 1.5 (0.6, 3.6) 31/226 2.5 (1.5, 4.1) 84/226 3.3 (2.3, 4.6)

HLA SE positive
0 pack- years 184/636 1.1 (0.8, 1.3) 97/636 5.0 (3.0, 8.4) 63/636 1.4 (0.9, 2.1) 441/636 4.8 (3.7, 6.2)
>20 pack- 

years
81/226 1.3 (0.98, 1.8) 45/226 9.2 (5.1, 16.6) 41/226 3.1 (2.0, 5.0) 475/226 18.2 (14, 24)

AP‡ 0.09(−0.3,0.5) 0.4 (0.1, 0.7) 0.09(−0.4,0.5) 0.6 (0.5, 0.7)

* All analyses were adjusted for age, sex, residential area, and ancestry. Anti- CCP2 = anti–cyclic citrullinated peptide 2; RF = rheumatoid fac-
tor; OR = odds ratio; 95% CI = 95% confidence interval. 
† Values are the number of exposed cases and controls. 
‡ Attributable proportion (AP) due to interaction between the HLA shared epitope (SE) and smoking. 
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DISCUSSION

The main finding of the present study is that the impact 
of smoking and HLA–DRB1 genes and their interaction with 
regard to risk of RA varied between the 4 serologically defined 
subsets of RA. It has previously been difficult to distinguish the 
association between the HLA–DRB1 SE and ACPAs from the 
unique association between smoking and RF, due to the fact 
that sample sizes have been limited. By using well- defined sero-
logic subsets of RA, we have demonstrated that smoking is 
indeed a prominent risk factor for RF+/anti- CCP2− RA, whereas 
the effect of smoking is more limited, but still existing, in RF−/
anti- CCP2+ RA. Our results are consistent with those of sev-
eral previous studies in which it was suggested that smoking 
may generate RF and ACPAs as well as other autoantibodies 
in RA (13). The situation with regard to the association with the  
HLA–DRB1 SE was even more obvious. A clear association with 
the class II genes was observed for both anti- CCP2–positive RA 
subsets irrespective of RF status, whereas no association was 
observed for the RF+/anti- CCP2− RA subset.

Another recent study showed that RF levels are associated with 
ACPA positivity irrespective of smoking history, and noted that there 
seemed to be a difference in the importance of the number of SE 
alleles in determining ACPA positivity between RF- negative and RF- 
positive RA patients (10). The results of the present study confirmed 
a correlation between RF and anti- CCP2 positivity in RA patients 
that was independent of smoking habits. However, the correlation 
was present regardless of HLA–DRB1 SE status (P < 0.0001).

A question that can now be addressed more distinctly than 
before is how smoking may be involved in the induction of RF 
and ACPAs (herein measured as anti- CCP2 antibodies) in indi-
viduals with different genetic setups. Our study in the RF+/anti- 

CCP2− RA subset clearly showed that smoking may induce RF 
independent of both the HLA–DRB1 SE and presence/induction 
of ACPAs. This is consistent with findings in previous studies in 
healthy individuals, which showed that smoking can induce RF 
production (14). This lack of relationship with the HLA–DRB1 SE 
status is also compatible with the notion of T cell–independent 
triggering mechanisms, as demonstrated recently by the find-
ings of a low number of T cell–mediated somatic mutations in 
single RF- producing B cells from RA patients (15). The situation 
was substantially different in the RF−/anti- CCP2+ RA group, in 
whom there was a major and gene dose–dependent effect of 
HLA–DRB1 and a more limited, but still visible, effect of smoking, 
particularly in heavy smokers. This finding is compatible with prior 
reports of high numbers of T cell–dependent somatic mutations in 
genes coding for anticitrulline- reactive antibodies (15–17).

The situation in the major subset of RA patients who were 
positive for both RF and anti- CCP2 was also different, with major 
effects of both smoking and the HLA–DRB1 SE and with a pro-
nounced interaction between the 2 risk factors. Thus, the chal-
lenge is to understand the mechanisms that explain why the 
gene–environment interaction between the HLA–DRB1 SE and 
smoking is most pronounced in conjunction with the presence of 
both RF and anti- CCP2 antibodies. As previously described, the 
data suggest that class II major histocompatibility complex (MHC)–
dependent immunity may be triggered at sites in which smoke 
primarily interacts with the immune system, i.e., in the lungs and 
related mucosal tissues (18,19). A more precise molecular defini-
tion with regard to which structures in the HLA–DRB1 molecule 
are involved in this interaction has also been provided recently (20).

An obvious hypothesis for a triggering scenario would be 
that RF generated by T cell–independent effects of smoking (14) 
would enhance class II MHC–dependent T cell activation against 

Table 5. Odds of developing rheumatoid arthritis, stratified by serologic subset, in subjects categorized by the number of HLA SE alleles and 
smoking status*

Anti-CCP2+,RF− Anti- CCP2+, RF+

No. cases/no. 
controls† OR (95% CI) AP‡

No. cases/no. 
controls† OR (95% CI) AP‡

HLA SE 
0 alleles

Never smoker 18/592 1.0 (reference) 86/592 1.0 (reference)
Ever smoker 23/764 1.1 (0.6–2.0) 205/764 1.8 (1.4–2.4)

1 allele
Never smoker 59/501 4.0 (2.3–6.8) 264/501 3.6 (2.7–4.7)
Ever smoker 100/697 5.3 (3.2–8.8) 0.2 (0.02–0.5) 693/697 6.9 (5.3–8.8) 0.4 (0.2–0.5)

2 alleles
Never smoker 38/135 7.8 (5.4–17.8) 177/135 8.8 (6.4–12.1)
Ever smoker 60/151 14.0 (8.0–24.3) 0.3 (0.04–0.7) 473/151 21.5 (16.0–28.8) 0.6 (0.4–0.7)

* Anti- CCP2 = anti–cyclic citrullinated peptide 2; RF = rheumatoid factor; OR = odds ratio; 95% CI = 95% confidence interval. 
† Values are the number of exposed cases and controls. 
‡ Attributable proportion (AP) due to interaction between the HLA shared epitope (SE) and ever smoking. 
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citrullinated proteins at mucosal sites where smoke encounters 
the immune system. Such enhancing effects on antigen pres-
entation from RF and other mechanisms that generate immune 
complexes are well known (21). This scenario may be further 
strengthened from the generation of RF due to reactivity of T 
cells against antigens present in local immune complexes (22). 
Taken together, these data suggest that the dramatic interac-
tion between the HLA–DRB1 SE and smoking in conferring a 
risk of RF- positive RA (8) and ACPA- positive RA (6,23) requires 
the simultaneous presence of both of these antibodies.

Interestingly, the presence of both RF and ACPAs also 
appears to provide the highest risk for subsequent development 
of RA in antibody- positive, but still nonarthritic, individuals (24,25). 
The synergizing effects between ACPAs, RF, and immune com-
plexes have also been described in models of effector phases 
of joint inflammation in RA (26–28). All of these prior studies 
addressed in vitro–formed immune complexes, but the first report 
of an evaluation of ACPA- containing immune complexes obtained 
in vivo was recently published (29).

Our study was designed as a case–control study with inci-
dent RA cases, and information regarding smoking habits and 
exposure to passive smoking was collected retrospectively. 
Recall bias was minimized by using incident cases of RA. We 
took great effort to obtain information on lifestyle factors and 
environmental exposures from the RA patients in a way that 
was identical to that used for the controls. Furthermore, the 
questionnaire contained a wide range of questions regarding 
many potential environmental risk factors, and no section in the  
questionnaire was given prime focus.

A potential selection bias may arise when recruiting cases and 
controls. The proportion of respondents with regard to participation 
in the EIRA study was 92% for cases and 75% for controls. Since 

the structure of the Swedish public health care system provides 
equal access to medical services for all Swedish citizens, it is most 
likely that almost all cases of RA are referred to public rheumatology 
units, and it is not likely that the few unidentified cases would cause 
a substantial bias in our calculations. Selection bias among con-
trols is likely to be modest, since the prevalence of smoking among 
controls, seen as an indicator of lifestyle, was consistent with that 
observed in the general population at equivalent ages (30).

In summary, our findings describe how smoking and the 
HLA–DRB1 SE may play different roles in the pathogenesis of 
different serologically defined subsets of RA, and that RF and 
ACPAs appear to act together in both the triggering and the  
effector phases in the major RF+/ACPA+ subset of RA.
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Selective Sexual Dimorphisms in Musculoskeletal and 
Cardiopulmonary Pathologic Manifestations and Mortality 
Incidence in the Tumor Necrosis Factor–Transgenic Mouse 
Model of Rheumatoid Arthritis
Richard D. Bell,1 Emily K. Wu,1 Christopher A. Rudmann,1 Megan Forney,1 Claire R. W. Kaiser,1 Ronald W. Wood,1 
Joe V. Chakkalakal,1 Nicole D. Paris,1 Alanna Klose,1 Guang-Qian Xiao,2 Javier Rangel-Moreno,1  
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Objective. To examine and quantify the sexual dimorphism in pathologic features manifested in the musculo-
skeletal and cardiopulmonary systems and incidence of mortality in the tumor necrosis factor–transgenic (TNF- Tg; 
Tg3647 strain) mouse model of inflammatory erosive arthritis.

Methods. Kaplan- Meier survival estimates were determined in male and female Tg3647 mice and sex- matched 
wild- type (WT) littermate mice. Longitudinal and cross- sectional pathologic outcomes in the musculoskeletal and 
cardiopulmonary systems were assessed via ultrasound, micro–computed tomography, grip strength measurements, 
histologic and serologic analyses, flow cytometry, and skeletal muscle physiologic measures.

Results. Compared to male Tg3647 mice (n = 30), female Tg3647 mice (n = 34) had significantly shorter lifespans 
(P < 0.001) and exhibited the following pathologic features (n = 4–6 per group; P < 0.05 versus male Tg3647 litter-
mates): gross deficits in body mass and muscle weight, early- onset inflammatory arthritis with severity of end- stage 
arthritis that was as severe as that seen in male transgenic mice, and early onset and increased severity of inflamma-
tory interstitial lung disease (ILD). Histologically, the ILD observed in Tg3647 mice was characterized by inflammatory 
cell accumulation and pulmonary arteriole thickening, which was concomitant with the presence of right ventricular 
hypertrophy, a feature that was also more severe in the female compared to male Tg3647 mice (P < 0.05). No sexual 
dimorphisms in TNF- induced deficient grip strength, axial skeletal growth, or bone loss were found. Globally, the 
extent of the pathologic changes observed in female Tg3647 mice was greater than that observed in male Tg3647 
mice when each group was compared to their sex- matched WT littermates.

Conclusion. These findings indicate that TNF selectively drives the early onset of arthritis and progression of 
pathologic changes in the cardiopulmonary system in female Tg3647 mice. These results in the Tg3647 mouse iden-
tify it as a suitable model to better understand the mechanisms underlying sexual dimorphism and cardiopulmonary 
disease in the setting of inflammatory arthritis and other connective tissue diseases.

INTRODUCTION

Autoimmune diseases, such as rheumatoid arthritis (RA), 
systemic lupus erythematosus, Graves’ disease, Sjögren’s syn-
drome, and scleroderma, exhibit remarkable sexual dimorphism, 
with female:male incidence ratios of at least 2:1, and some of 

these diseases are 10 times more frequent in females (1). RA is 
one of the most prevalent of these autoimmune diseases, affect-
ing 0.6–0.8% of the adult population in the US, second only to 
thyroid disease (2,3). Conceptually, 3 main factors may account 
for the predominance of these disorders in females: steroid hor-
mones, chromosomal differences based on the number of X 
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chromosomes, and environmental or societal differences (1). 
The analysis of environmental or societal differences in preclini-
cal models presents major obstacles, and a significant body of 
work has focused on the interaction between autoimmunity and 
sex hormones and chromosome- linked traits (1,4–6). Of particular 
relevance, however, is the absence of current models to study 
the role of sexual dimorphism in the development of inflammatory 
arthritis and concomitant extraarticular features (7).

The tumor necrosis factor–transgenic (TNF- Tg) mouse 
serves as a model of multiple diverse inflammatory phenotypes 
(8–10). Specifically, the Tg197 and Tg3647 mouse strains pos-
sess the full- length human TNF gene with a modified 3′–untrans-
lated region (3′- UTR) exchanging for the β- globin 3′- UTR, and 
they develop spontaneous inflammatory erosive arthritis at ages 
1 month and 3 months, respectively (8,10). This difference in 
the age at disease onset is thought to be due to the number of 
transgenes inserted, as the Tg197 strain carries ~5 copies and 
the Tg3647 strain carries 1 copy (8,10). However, differences in 
the timing of disease onset and disease severity between male 
and female mice have not been fully explored. Additionally, other 
murine models of spontaneous arthritis, such as the SKG, K/BxN, 
and other TNF- induced murine arthritis models (i.e., models driven 
by different TNF transgenes), have not been described as display-
ing sexual dimorphism (7,11).

Herein, we expand upon anecdotal evidence within our 
laboratory showing that female TNF- Tg (Tg3647 line) mice have 
shorter lifespans and develop arthritis earlier than their male coun-
terparts. These studies were motivated by recent epidemiologic 
evidence describing increased mortality, earlier arthritis onset, and 
increased arthritis severity in female patients with RA (12–14). We 
investigated the incidence of mortality in Tg3647 mice, along with 
supporting necropsy analysis of female mice that were euthanized 
at age 6 months. These analyses demonstrated that the dramati-
cally shortened lifespan of the female mice compared to their male 
littermates may be related to the development of cardiopulmonary 
disease in the females. We also performed longitudinal and cross- 
sectional analyses of the cardiopulmonary and musculoskeletal 
systems to investigate sexual dimorphism in both the progression 
and pathophysiologic manifestations of rheumatic disease related 
to the increased incidence of mortality. We found that female 
Tg3647 mice manifested symptoms of arthritis at earlier time 
points than males, and also developed severe cardiopulmonary 
disease, which explains the high incidence of mortality and shorter 
lifespans of the female mice.

MATERIALS AND METHODS

The present study was conducted with prior approval from 
the University of Rochester Medical Center University Commit-
tee for Animal Resources. The Tg3647 strain of TNF- transgenic 
mice was originally obtained from Dr. George Kollias (8,10) and 
has been maintained across multiple generations. All studies were 

performed with littermate wild- type (WT) control mice. An initial 
cohort composed of male WT mice (n = 28), female WT mice 
(n = 27), male Tg3647 mice (n = 30), and female Tg3647 mice 
(n = 34) was observed for 400 days under standard microisolator 
conditions, with autoclaved food (Rodent Diet 5010; LabDiet) and 
water available ad libitum. Date of birth and date of death were 
recorded for Kaplan- Meier survival estimates. Subsequently, 4 
female Tg3647 mice that were euthanized at age 6 months were 
submitted for necropsy analysis of the internal organs.

For the present analyses, a prospective study was designed 
and performed to assess longitudinal outcomes in the mice from 
ages 2 months to 5.5 months, as well as to assess outcomes at 
cross- sectional time points of 3, 4, and 5.5 months (1 month = 28 
days). In total, 3 cohorts of 4 groups of mice, composed of male 
WT, female WT, male Tg3647, and female Tg3647 mice (n = 6 mice 
per group), were created, and the mice were euthanized at either 
3, 4, or 5.5 months of age (for a flow chart of the study design, see 
Supplementary Figure 1, available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.40903/ 
abstract). Confirmatory studies with additional mice were per-
formed to assess complementary outcomes as needed. Details 
on the methods used for histology, ultrasound, micro–computed 
tomography (micro- CT), grip strength measurements, muscle force 
generation, tibialis anterior dissection, spine analysis, flow cytome-
try analysis, measurement of cytokine levels, and statistical analy-
ses are all presented in the Supplementary Materials and Methods 
(available on the Arthritis & Rheumatology web site at http://onlin 
elibr ary.wiley.com/doi/10.1002/art.40903/ abstract).

RESULTS

Earlier mortality and concomitant pathologic 
manifestations within the cardiopulmonary and 
 musculoskeletal systems in female Tg3647 mice. 
Kaplan- Meier estimates of survival in female versus male Tg3647 
and WT mice revealed a significant decrease in the lifespan of 
female Tg3647 mice compared to their male Tg3647 counter-
parts (median 166 days versus 229 days; P < 0.001)  (Figure 1A). 
In order to understand the etiology of the accelerated mortal-
ity in transgenic female mice, an internal organ necropsy study 
was performed on 4 female Tg3647 mice that had been eu -
thanized at age 6 months. This investigation revealed significant 
cardiopulmonary pathologic manifestations in all 4 mice, includ-
ing marked numbers of plasma cells, lymphocytes, and mac-
rophages surrounding pulmonary vessels and airways, as well 
as thickened right ventricles (RVs) (for more details, see Supple-
mentary Materials and Methods [http://onlin elibr ary.wiley.com/
doi/10.1002/art.40903/ abstract]).

These unexpected findings triggered a comprehensive 
assessment of the temporal progression of pathologic features 
in the cardiopulmonary and musculoskeletal systems in the male 
and female Tg3647 mice and their WT littermates. The purpose 
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of these studies was to formally define the female–male tem-
poral pathologic divergence in this model of RA. Of note, no 
remarkable pathologic features were identified in the liver, kid-
ney, large intestine, small intestine, brain, and salivary glands in 
any of the mice (details in Supplementary Materials and Methods 
[http://onlin elibr ary.wiley.com/doi/10.1002/art.40903/ abstract]), 
but pathologic analysis did reveal musculoskeletal and splenic 
abnormalities in the Tg3647 mice, which are symptoms that 
have been well- established in TNF- Tg mice (8–10,15).

Specific musculoskeletal sexual dimorphism in 
Tg3647 mice. Total body weights of both the male and female 
Tg3647 mice were significantly decreased (P < 0.05) compared 
to their sex- matched WT littermates at ages 4, 5, and 5.5 months 
(Figure 1B). Importantly, the body weight of female Tg3647 mice 
decreased from age 3 months to age 5.5 months (P < 0.001), while 
there was no difference in the body weight of male Tg3647 mice or 
male WT mice during this period (Figure 1B). No differences in bone 
growth were observed until age 4 months, when differences in the 
L5 height between Tg3647 mice and WT mice became apparent 
(see Supplementary Figures 2A–E, available on the Arthritis & Rheu-
matology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.40903/ abstract). Evidence of generalized osteopenia in Tg3647 

mice, as compared to WT mice, was similar to that previously 
reported (16). No differences in the L5 trabecular bone volume/total 
volume and cortical bone volume were found between male and 
female Tg3647 mice (see Supplementary Figures 2F–O at http://
onlin elibr ary.wiley.com/doi/10.1002/art.40903/ abstract).

Grip strength was significantly decreased (P < 0.05) at all time 
points in both male and female Tg3647 mice when compared to 
their sex- matched WT littermate controls (Figure 1C). Moreover, 
at ages 2 and 3 months, female Tg3647 mice had significantly 
reduced grip strength (P < 0.05) compared to age- matched male 
Tg3647 mice. However, post hoc analysis revealed no interaction 
of sex and genotype at these time points (Figure 1C), suggesting 
that female mice have less grip strength independent of genotype.

In terms of skeletal muscle, absolute extensor digitorum 
longus (EDL) muscle force showed severe deficits in the female 
Tg3647 mice at age 5.5 months (P < 0.05 versus all other groups). 
However, this was primarily attributable to the lack of EDL mus-
cle mass in Tg3647 mice compared to WT mice (P < 0.001) 
 (Figures 1D and E). When the values were normalized to account 
for cross- sectional area of the muscle, there were no differences in 
specific EDL muscle force between the groups (Figure 1F).

Arthritic changes in the knee occurred earlier in female 
Tg3647 mice compared to male Tg3647 mice. The female mice 

Figure 1. Increased morbidity and accelerated mortality in female Tg3647 mice (a tumor necrosis factor–transgenic [TNF- Tg] mouse strain). 
Female and male Tg3647 mice and sex- matched wild- type (WT) littermate mice were compared for survival expectancy (A), total body weight 
(B), and grip strength (C) from ages 2 months to 5.5 months. Absolute extensor digitorum longus (EDL) muscle force (D) and specific muscle 
force normalized to cross- sectional area of the muscle (F) were compared between groups, and the potential contribution of muscle mass 
to EDL muscle force was evaluated (E). Bars show the mean ± SD. † = P < 0.05 for female Tg3647 versus male Tg3647; § = P < 0.05 for 
female Tg3647 versus all other groups; ¶ = P < 0.05 for male Tg3647 versus male WT; ‡ = P < 0.05 for female Tg3647 versus female WT;  
** = P < 0.01; *** = P < 0.001. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/
art.40903/abstract.
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demonstrated significant increases (P < 0.001) in total synovial 
area, numbers of cells within the synovium, total histology score, 
and inflammatory infiltrates at age 3 months as compared to the 
male mice at age 3 months (Figures  2A–F and Supplementary 
Figures 3A–J, available on the Arthritis & Rheumatology web site 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.40903/ abstract). 
In contrast, the severity of ankle arthritis was similar between the 
sexes at age 3 months (see results in Supplementary  Figures 
4A–D, available on the Arthritis & Rheumatology web site at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.40903/ abstract). 
 Histologic features of the knees and ankles of WT mice remained 
normal over the study period (data not shown).

Analysis of the popliteal lymph node (PLN) volume, a 
biomarker of arthritic changes in the knee (15,17,18), also 
showed changes at earlier time points in female Tg3647 mice 
compared to male Tg3647 mice. While both male and female 
Tg3647 mice experienced a progressive increase in their 
PLN volumes at the same rate, vascularity of the PLNs was 
greater in females than in males at age 3 months, as deter-
mined by normalized power Doppler volume analysis. Com-
pared to that in male mice at age 5.5 months, the total PLN 

volume in female mice began to decrease at an earlier age 
(Figures 2G and H). The earlier changes in PLN dynamics in 
female mice were clearly demonstrated when the classifica-
tion scheme was applied to categorize the LNs into expanding 
and collapsed phases (see Supplementary Table 1, availa-
ble on the Arthritis & Rheumatology web site at http://onlin 
elibr ary.wiley.com/doi/10.1002/art.40903/ abstract). Signifi-
cantly more expanding PLNs (P < 0.05) were identified in 
female Tg3647 mice compared to male Tg3647 mice at ages 
3 and 4 months (early arthritis). Furthermore, the PLNs of 8 
female mice collapsed by age 5.5 months (advanced arthritis), 
whereas the PLNs of only 3 male mice collapsed by age 5.5  
months (P < 0.05).

Moreover, the trends in PLN volume individually showed 
that PLNs in female mice reached peak volume and began to 
collapse much earlier than PLNs in the majority of male mice 
(Figures  2I and J). Overall, these data indicate that female 
Tg3647 mice developed knee arthritis at an earlier age and also 
had earlier pathologic complications in the draining lymph nodes 
of the joints and significant musculoskeletal morbidity compared 
to their male counterparts.

Figure 2. Earlier onset of knee arthritis and dysfunction of the joint draining lymph nodes in female Tg3647 mice. A and B, Arthritic synovial 
changes (indicated by the arrow) were assessed in the knees of male Tg3647 mice (A) and female Tg3647 mice (B) at age 3 months. C–F, 
Histomorphometric analysis of the mouse knees was performed at each cross- sectional time point (ages 3, 4, and 5.5 months) for total synovial 
affected area (C), affected synovial cellular area (D), total histology score from blinded scoring of the synovium for arthritic changes (E), and score 
of pannus invasion and tartrate- resistant acid phosphatase–positive area of the synovial inflammatory infiltrate (F). G–J, Popliteal lymph node 
(PLN) size (G) and PLN blood flow (determined using normalized power Doppler volume) (H), as biomarkers of knee arthritis progression, were 
assessed over time in each group, and individual PLN volume was assessed over time in female Tg3647 mice (I) and male Tg3647 mice (J). 
Bars show the mean ± SD (group sizes shown in Figure 1). * = P < 0.05; *** = P < 0.001. NS = not significant (see Figure 1 for other definitions). 
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40903/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.40903/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40903/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40903/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40903/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40903/abstract


BELL ET AL 1516       |

Accelerated and more severe cardiopulmonary 
disease in female Tg3647 mice. Although prior reports 
have documented the presence of interstitial lung disease (ILD) 
(19,20) in Tg3647 mice, sexual dimorphism in pulmonary patho-
logic features has not been previously studied. We therefore per-
formed a comprehensive assessment of the lungs and hearts of 

male and female Tg3647 and WT mice in longitudinal and cross- 
sectional cohorts. Representative images of the lung sections 
demonstrated dramatic differences at age 4 months between 
age- matched male and female mice, including increased 
perivascular and peribronchiolar inflammatory infiltrates as well 
as thickened alveolar septums and interstitial infiltrates in female 

Figure 3. Increased interstitial and vascular pulmonary pathologic manifestations in female Tg3647 mice. A, B, D, and E, Representative 
micrographs of hematoxylin and eosin–stained lung tissue are shown. The lungs were assessed for pulmonary pathologic features in a 4- month- 
old male Tg3647 mouse (A and D) and 4- month- old female Tg3647 mouse (B and E). Panels D and E are high- magnification images of the 
boxed area in A and B, respectively. Original magnification ×16 in A and B; ×40 in D and E. Arrows in D and E show peribronchiolar (green), 
perivascular (black), and interstitial (blue) infiltrates, as well as dramatic arteriole thickening (red). C, Histomorphometric analysis was used to 
assess the affected nuclei area in the lungs of mice at ages 3, 4, and 5.5 months. F, The total histology score was assessed in a blinded manner 
for pathologic features in the lungs of all mice at ages 3, 4, and 5.5 months. G–I, Micro–computed tomography was used to assess changes 
in air volume (G), tissue volume (H), and total volume (I) in the lungs of all mice at ages 3, 4, and 5.5 months. Bars show the mean ± SD (group 
sizes shown in Figure 1). # = P < 0.05 for genotype main effect (Tg3647 versus WT at all time points); † = P < 0.05 for female Tg3647 versus 
male Tg3647; ¶ = P < 0.05 for male Tg3647 versus male WT; § = P < 0.05 for female Tg3647 versus all other groups; ‡ = P < 0.05 for female 
Tg3647 versus female WT. See Figure 1 for definitions.
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mice (Figures 3A, B, D, and E and Supplementary Figures 5A–D, 
available on the Arthritis & Rheumatology web site at http://onlin 
elibr ary.wiley.com/doi/10.1002/art.40903/ abstract).

When histomorphometry was performed to calculate the 
percentage of cell area containing nuclei within the lung tissue 
sections, we observed a striking increase in percent cell area 
(P < 0.05) in the lung tissue of female Tg3647 mice at ages 4 
and 5.5 months compared to male Tg3647 mice at these ages 
(Figure 3C). Blinded scoring of each lung tissue section for specific 
pulmonary pathologic features indicated a similar trend, in which 
female Tg3647 mice had significantly increased total histology 

scores (P < 0.05) compared to male Tg3647 mice at ages 4 and 
5.5 months (Figure 3F). When histomorphometry subscores were 
investigated, the scores for the extent of peribronchiolar infiltrates 
(male versus female Tg3647 mice at age 4 months, mean ± SD 
0.7 ± 0.3 versus 1.4 ± 0.5; at age 5.5 months, 1.0 ± 0.1 ver-
sus 2.1 ± 0.6), perivascular infiltrates (male versus female Tg3647 
mice at age 4 months, mean ± SD 1.2 ± 0.4 versus 2.0 ± 0.6; 
at age 5.5 months, 1.2 ± 0.4 versus 2.3 ± 0.5), and arteriole 
thickness (male versus female Tg3647 mice at age 4 months, 
mean ± SD 0.9 ± 0.3 versus 2.1 ± 0.6; at age 5.5 months, 1.1 
± 0.5 versus 2.3 ± 0.4) were found to contribute the most to the 

Figure 4. Significant vascular pulmonary pathologic manifestations concomitant with right ventricular enlargement in female Tg3647 mice. A–D, 
Representative Masson’s trichrome–stained lung sections are shown. The lungs were assessed for arteriole thickening in a 4- month- old male 
Tg3647 mouse (A), 5.5- month- old male Tg3647 mouse (B), 4- month- old female Tg3647 mouse (C), and 5.5- month- old female Tg3647 mouse 
(D). In C, the green arrow shows pronounced arteriole thickening in a female mouse at age 4 months. In D, the red arrow shows closing off of the 
arterioles of a female mouse at age 5.5 months. E, Arteriole thickening was quantified as arteriole wall area and compared between the groups. 
F, The ratio of arteriole wall area to luminal area was compared between the groups. G–J, Cardiac histopathologic features were assessed in the 
hearts of a representative 4- month- old male Tg3647 mouse (G), 5.5- month- old male Tg3647 mouse (H), 4- month- old female Tg3647 mouse (I), 
and 5.5- month- old female Tg3647 mouse (J). Arrows indicate significant enlargement of the right ventricle in the female mice at ages 4 and 5.5 
months compared to their male counterparts. K and L, The right ventricular wall area was assessed for correlation with age (K) and the arteriole 
wall area was assessed for correlation with the right ventricular wall area (L) using Spearman’s rho correlation coefficients (Spearman’s rho = 0.7, 
P < 0.0001). Bars show the mean ± SD (group sizes shown in Figure 1). § = P < 0.05 for female Tg3647 versus all other groups; † = P < 0.05 
for female Tg3647 versus male Tg3647; # = P < 0.05 for genotype main effect (Tg3647 versus WT at all time points); * = P < 0.05. See Figure 1 
for definitions. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40903/abstract.
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 histomorphometric differences in the lung tissue between male 
and female Tg3647 mice at these ages (see descriptions of the 
scoring systems and score scales in Supplementary Materials and 
Methods, and results in Supplementary Table 2, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.40903/ abstract).

In vivo micro- CT measurements of the lungs for aerated 
volume, tissue volume, and total volume confirmed the massive 
cellular burden in the lungs of female Tg3647 mice, since female 
Tg3647 mice exhibited a significant decrease in air volume at ages 
4 and 5.5 months and a significant increase in lung tissue volume 

at age 4 months (each P < 0.05) as compared to male Tg3647 
mice (Figures 3G–I) . Interestingly, interstitial fibrosis was not sig-
nificantly different between the groups when scored pathologically 
(data not shown) nor when analyzed directly with histomorpho-
metry (see Supplementary Figures 5E–J [http://onlin elibr ary.wiley.
com/doi/10.1002/art.40903/ abstract]). However, the increased 
arteriole thickness score and intense Masson’s trichrome staining 
around the small arteries in female transgenic mice warranted fur-
ther investigation.

Representative images of the arterioles of male Tg3647 mice 
(Figures 4A and B) and female Tg3647 mice (Figures 4C and D) 

Figure 5. Increased numbers of CD11b+/CD11c+ double- positive cells in Tg3647 mice compared to their WT littermates. A, Total live cell 
counts were determined by flow cytometry in the lungs of mice at all time points. B–F, Specific cell counts in the lungs were done for CD3+ (B), 
CD19+ (C), CD11b+ (D), CD11c+ (E), and CD11c+/CD11b+ double- positive cells (F). G–K, The percentages of CD3+ (G), CD19+ (H), CD11b+ 
(I), CD11c+ (J), and CD11c+/CD11b+ double- positive cells (K) were determined in the lungs of mice. L, TUNEL staining was performed to 
determine the extent of cell death. Bars show the mean ± SD (group sizes shown in Figure 1). ¶ = P < 0.05 for male Tg3647 versus male WT; 
‡ = P < 0.05 for female Tg3647 versus female WT; § = P < 0.05 for female Tg3647 versus all other groups; *** = P < 0.001. See Figure 1 for 
definitions. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40903/abstract.
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stained with Masson’s trichrome showed an intense blue stain-
ing as well as a thickened medial layer around the vessels (green 
arrow in Figure 4C) in the mice at ages 4 and 5.5 months. The 
arteriole wall displayed dramatic thickening in the 4- month- old 
and 5.5- month- old female Tg3647 mice compared to all other 
groups (each P < 0.05) (Figure 4E). No differences in vessel wall 
thickening among the male WT, female WT, or male Tg3647 mice 
was found at any age. Furthermore, the ratio of wall area to luminal 
area was increased in female Tg3647 mice from age 4 months to 
age 5.5 months (P < 0.05 in female Tg3647 mice at age 4 months 
versus at age 5.5 months), suggesting that progressive narrowing 
of the arterioles was occurring (Figures 4D and F).

Based on such severe pulmonary pathologic manifestations 
in the mouse arterioles, we next evaluated RV enlargement and 
found it was significantly increased in female transgenic mice 
compared to male transgenic mice at ages 4 months and 5.5 
months and compared to WT littermates (each P < 0.05) (Fig-
ures 4G–K and Supplementary Figures 6A and B, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.40903/ abstract). Furthermore, a significant cor-
relation between lung arteriole wall area and RV area was noted 
in the transgenic mice (Spearman’s rho = 0.70, P < 0.0001) (Fig-
ure 4L). 

Assessment of the liver, kidneys, and spleens from 
5.5- month- old male and female Tg3647 and WT mice (3 mice 
per sex and genotype) was performed. In agreement with the 
findings from the initial necropsy study of 4 female Tg3647 mice, 
the necropsy study of the internal organs of WT mice revealed 
no pathologic manifestations, whereas Tg3647 mice had severe 
cardiopulmonary disease with mild liver and kidney congestion, 
indicative of heart failure. In addition, splenomegaly was present 
in the transgenic mice, a finding that was consistent with prior 
observations in Tg3647 mice (8,9,15,21).

Increased numbers of CD11b+/CD11c+ double- 
positive cells in Tg3647 mouse lungs. In order to evaluate 
the cellular and molecular characteristics related to the histologic 
changes in the cardiopulmonary system, we performed flow 
cytometry and cytokine analyses in our cohorts of mice. Total cell 
numbers in the enzymatically digested lungs of transgenic mice 
were increased at all time points, with total cell numbers peaking 
at age 4 months in female Tg3647 mice (Figure 5A). The num-
bers of all immune cell populations studied were also increased at 
all time points in transgenic mice compared to their WT counter-
parts (Figures 5B–F). Interestingly, when the percentages of spe-
cific cell populations were calculated, the percentages of CD3+ 
and CD19+ cells in the lungs were not elevated in the transgenic 
mice (Figures 5G and H), and yet there was a dramatic increase 
in the percentages of CD11b+/CD11c+ double- positive cells in 
both male and female Tg3647 mice compared to their WT coun-
terparts at all time points (Figures  5I–K). Notably, CD11b+ cell 
percentages were significantly increased at all ages in both male 

and female Tg3647 mice compared to WT controls (Figure 5I). 
CD11c+ cell percentages were increased in the transgenic mice 
at age 3 months, but the percentages were not different between 
transgenic mice and WT animals at age 4 months, and increased 
again in the transgenic mice at age 5.5 months (Figure 5J).

Because there was a lack of consistency between the immune 
cell counts and total synovial cell area measured by histomorpho-
metry in the mice at age 5.5 months (Figure 5A versus Figure 2C), 
lung slides were stained with a TUNEL assay to assess cell apo-
ptosis. The results showed that there was a significant increase in 
apoptosis (P < 0.05) in the lung tissue of female Tg3647 mice at 
ages 4 months and 5.5 months compared to all other groups, and 
also a significant increase in apoptosis (P < 0.001) in the female 
transgenic mice from age 4 months to age 5.5 months, suggest-
ing that the lower cell counts determined by flow cytometry when 
compared to the total synovial cell area determined by histomor-
phometry could be attributed to an occurrence of substantial cell 
loss ex vivo.

Because the Tg3647 mouse line contains a copy of the 
human TNF gene as well as its own mouse TNF gene, we mea-
sured the serum levels of both human and mouse TNF in the mice 
(Figures 6A–J). Cytokine analysis revealed a significant increase 
in the levels of human TNF (P < 0.05) in the serum of all Tg3647 
mice, at all time points, compared to WT mice (Figure 6A). The 
levels of interleukin- 9 (IL- 9) and IL- 10 were each significantly 
increased (P < 0.05) only in the serum of female Tg3647 mice 
(Figures  6D and E), while IL- 17 serum levels were significantly 
increased (P < 0.05) in both female WT and female Tg3647 mice 
compared to their male littermates (Figure 6F). The serum levels of 
interferon- γ–inducible protein 10 (IP- 10), monocyte chemoattract-
ant protein 1 (MCP- 1), leukemia inhibitory factor (LIF), and kerati-
nocyte chemoattractant (KC) were all significantly increased (P < 
0.05) in Tg3647 mice of both sexes (Figures 6G–J).

DISCUSSION

RA is a systemic autoimmune disease and there are many 
established animal models that can be used to study the joint and 
extraarticular features of RA- like diseases (11), but to our knowl-
edge, this is the first study to longitudinally characterize sexual 
dimorphism in a spontaneous murine model of chronic inflamma-
tory erosive arthritis with concomitant cardiopulmonary pathologic 
manifestations. In female mice, the progressive cardiopulmonary 
disease becomes lethal in the first several months after birth, which 
would explain the mechanism of early mortality in female mice in 
this well- established model of RA. We also describe significant 
sexual dimorphism in muscle dysfunction, timing of onset of arthri-
tis, timing of collapse of the joint draining lymph nodes, develop-
ment and severity of ILD, and pulmonary arteriole thickening.

Extraarticular manifestations of RA, in particular lung dis-
ease, are a common occurrence. Recent estimates report that 
up to 10% of the RA population experience pulmonary involve-
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ment  (22–24). Furthermore, patients with RA who are diagnosed 
as  having ILD have poor survival expectancy, with some studies 
reporting a median survival time as low as 2.6 years after diag-
nosis, and growing evidence suggests an increased mortality 
incidence in female patients with RA (23,25). In a recent review 
from our group focusing on RA- associated ILD, we discussed the 
lack of consensus regarding the relationship between sex and 
morbidity and mortality in patients with RA- associated ILD (26). 
Whereas men with RA have historically been presumed to have 
an increased incidence of all- cause mortality compared to women 
with RA, more recent data suggest that women may be at higher 
risk of death from RA, in particular those with RA- associated ILD. 
In a large retrospective study of more than 2 million decedent 
records from the National Center for Health Statistics in the US, 
Olson et al found that in decedents with RA- associated ILD, mor-
tality rates on average were increased in women compared to men 
in all age groups (23). Although the authors did not speculate on 
the potential etiologic mechanisms of this increase in women, we 
posit that the sexual dimorphism observed in the Tg3647 mouse 
may inform this discussion. Furthermore, a recent study showed 
that sexual dimorphism is present in subtypes of RA- associated 
ILD (i.e., nonspecific interstitial pneumonia [NSIP] versus usual 
interstitial pneumonia [UIP], as discussed further below), which 
may explain some of the incongruous findings in clinical studies of 
sex differences and mortality in RA- associated ILD (27).

The pathogenesis of RA- associated ILD is poorly under-
stood, and diagnosis of lung disease is primarily based on find-

ings from imaging tests. The predominant types of RA- associated 
ILD are a fibrotic type, UIP, and a cellular infiltrate type, NSIP (27). 
Frequently, however, both imaging and histology studies of lung 
biopsy tissue have shown that some patients may have character-
istics of both subtypes (24), suggesting that there is a spectrum of 
disease rather than distinctly different types of RA- associated ILD. 
In our mouse model, we observed an interstitial cellular infiltrate 
similar to that seen in human NSIP. While the fibrotic UIP subtype 
is often thought to have a worse prognosis, recent evidence sug-
gests that both types have a similar frequency of mortality (28,29).

A notable phenomenon of the phenotype in the Tg3647 
mouse model is the pulmonary arteriole thickening that likely leads 
to RV hypertrophy (see Figure 4), as well as the increased mor-
tality with dramatic cardiopulmonary pathologic manifestations. 
Clinically, RA- associated pulmonary hypertension is rare, but one 
of the recognized predominant causes is ILD (30), as was seen 
in our mouse model. Other causes include vasculitis and throm-
boembolic disease, neither of which was identified in our mouse 
model. Interestingly, development of pulmonary hypertension is 
much more common in other connective tissue diseases, such 
as systemic sclerosis, mixed connective tissue disease, and lupus 
(31,32). Furthermore, the role of TNF in the development of pul-
monary vasculopathy has been intensely studied and has been 
described in animal models of arthritis induction with TNF overex-
pression (33,34). However, to date, there is no preclinical model 
to recapitulate the cellular ILD- related effects on vasculopathy and 
mortality outcomes. Therefore, the use of this sexually dimorphic 

Figure 6. Increased serum levels of cytokines and chemokines in Tg3647 mice compared to their WT littermates. Serum from each group of 
mice at age 5.5 months was assayed and compared for the concentrations of human TNF (hTNF) (A), mouse TNF (B), interleukin- 6 (IL- 6) (C), 
IL- 9 (D), IL- 10 (E), IL- 17 (F), interferon- γ–inducible protein 10 (IP- 10) (G), monocyte chemoattractant protein 1 (MCP- 1) (H), leukemia inhibitory 
factor (LIF) (I), and keratinocyte chemoattractant (KC) (J). Bars show the mean ± SD (group sizes shown in Figure 1). § = P < 0.05 for female 
Tg3647 versus all other groups; ¶ = P < 0.05 for male Tg3647 versus male WT; ‡ = P < 0.05 for female Tg3647 versus female WT; & = P < 0.05 
for sex main effect (male versus female); # = P < 0.05 for genotype main effect (Tg3647 versus WT). See Figure 1 for other definitions. Color 
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40903/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.40903/abstract
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Tg3647 mouse model in future research studies is warranted in 
order to better understand the pathophysiologic processes that 
may be clinically relevant to connective tissue diseases.

Importantly, other investigators have seen similar sexual 
dimorphism in acute arthritis animal models of RA. Keith and col-
leagues investigated the role of testosterone in the development 
and progression of arthritis and lung disease in the SKG mouse 
model of zymosan- induced arthritis (4). They found increased 
incidence and severity of arthritis in female SKG mice compared 
to male mice injected with zymosan, and orchiectomized male 
SKG mice displayed a similar incidence and severity of arthritis 
as that in the females. Furthermore, they identified an inflamma-
tory, but not fibrotic, lung disease in both the female SKG mice 
and orchiectomized male mice, but not in the male SKG mice 
that were only injected with zymosan. Interestingly, arthritic dis-
ease worsened in ovariectomized SKG mice, and arthritis was 
ameliorated in sham control animals treated with estrogen (35). 
Studies utilizing the collagen- induced arthritis animal model 
demonstrated increased incidence of arthritis in male mice after 
immunization, and castration of male mice exacerbated disease 
(36,37). When either testosterone or estrogen was exogenously 
delivered to immunized animals of either sex, both hormones sup-
pressed disease (38–40). These data indicate that sex hormones 
can play both a protective and an accelerating role in autoimmune 
disease, depending on the source of inflammation and the type 
of response initiated by the immune system. Thus, studies mod-
ulating the sex hormones in Tg3647 mice are necessary to better 
understand their interactions within the immune system, the sex-
ual dimorphism, and the multisystem pathologic features.

Contrasting effects of sex hormones on autoimmunity are 
also seen in RA patients. Women are significantly more likely to 
have RA than men, and there is a modest reduction in disease 
activity during pregnancy, with women who have moderate or 
severe disease seeing the largest effect (41). There is also a signif-
icant risk of flare postpartum. Yet, women with RA who take oral 
contraceptives do not show a clear reduction in the risk of RA (rel-
ative risk 0.88, 95% confidence interval 0.751–1.03) (42). Andro-
gen replacement therapy may be effective at improving disease 
outcomes, especially in men and women with low testosterone 
levels (43,44). Overall, several factors, including serum versus tis-
sue hormone concentrations, timing of onset, and clinical features 
may dictate the effect of sex hormones on arthritis.

Recently, Ntari et al described a strictly cardiovascular dis-
ease in the Tg197 line of TNF- Tg mice (45), which is a murine 
model of more aggressive disease (10) than that seen in the 
Tg3647 TNF- Tg mouse line described herein. In the Tg197 mouse 
line, Ntari and colleagues found left- sided aortic and mitral valve 
thickening and significant fibrosis, with no evidence of lung inflam-
mation or right- sided heart disease. This effect was driven by TNF 
receptor signaling, which was dependent on valvular interstitial 
cells. In our model, however, we found no evidence of left- sided 
heart disease in the Tg3647 mice (see Figure 4 and Supplemen-

tary Figure 7, available on the Arthritis & Rheumatology web site 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.40903/ abstract). 
We did observe significant collagen deposition in the interstitium of 
the myocardium of the RV, suggesting that TNF signaling may be 
conserved in both processes (see Supplementary Figures 6C–F 
[http://onlin elibr ary.wiley.com/doi/10.1002/art.40903/ abstract]). 
These differences between the 2 prominent TNF- Tg mouse lines 
are likely due to the number of transgenes inserted, the age of 
onset of disease manifestations, and the relative amounts of cir-
culating human TNF. As mentioned earlier, the Tg197 mouse has 
an earlier onset of arthritis and cardiovascular disease than the 
Tg3647 mouse, and no sexual dimorphism has been reported 
(8,9). In addition, pulmonary vasculopathy is primarily restricted 
to female mice in the Tg3647 line, suggesting that TNF may be 
interacting significantly with female hormones, whereas the Tg197 
mouse develops disease before sexual maturity. This combina-
tion of factors could likely account for the differences in pathologic 
manifestations between the 2 primary TNF- Tg mouse models.

Interestingly, when we performed flow cytometry on the lungs 
of Tg3647 mice, CD11b+/CD11c+ double- positive cells were sig-
nificantly increased, both in total numbers and by percentage, in 
the male and female mice at all time points (Figure 5). This cell 
population is likely to originate from dendritic cells (46), which has 
been suggested to play a key role in the immunopathologic devel-
opment of lung disease (47), and is likely the major component 
of the interstitial inflammatory infiltrate into the lung. Furthermore, 
ectopic lymphoid follicles were seen in histologic analyses (see 
Supplementary Figure 6), and total B cell numbers were increased, 
as demonstrated by flow cytometry. The presence of ectopic 
lymphoid tissue in our transgenic mice is similar to the inducible 
bronchus- associated lymphoid tissue (iBALT) seen in patients 
with pulmonary complications of RA and Sjögren’s syndrome (48). 
Consistent with the idea that iBALT supports local production of 
autoantibodies, antibodies against vimentin and H2B detected in 
the serum of Tg3647 mice may be produced in the lung (49).

A limitation of our flow cytometry data was that the total cell 
counts in female Tg3647 mouse lung tissue did not correlate 
with the histologic cell counts (Figure 5A versus Figure 2C). One 
explanation is that the cells in these lungs were either primed 
to undergo programmed cell death or were currently undergo-
ing apoptosis. To confirm this hypothesis, we stained lung tis-
sue from all cohorts with a TUNEL assay and found a dramatic 
increase in TUNEL+ cells (~2- fold increase) in the female Tg3647 
mice from age 4 months to age 5.5 months. This critical and nor-
mal process observed in both inflammation and wound healing 
was likely limiting the number of live cells isolated and processed 
for flow cytometry at the later stages of disease (50).

Analysis of serum cytokine levels in the Tg3647 mice 
revealed that the serum levels of IL- 9 and IL- 10 were increased 
in female Tg3647 mice, while IP- 10, MCP- 1, LIF, and KC serum 
levels were increased in Tg3647 mice regardless of sex (Figure 6). 
IL- 9 is significantly increased in the serum of patients with intersti-

http://onlinelibrary.wiley.com/doi/10.1002/art.40903/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40903/abstract
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tial lung inflammation associated with connective tissue disorders 
and is known to enhance recruitment of B cells while reducing the 
 incidence of interstitial fibrosis (51,52). Thus, it is feasible that IL- 9 
may be playing a role in the lack of interstitial fibrosis development 
in this TNF- Tg mouse model. IL- 10 is a known antiinflammatory 
cytokine and is produced to dampen the immune response in 
inflammatory settings. Therefore, increased IL- 10 levels are likely 
a compensatory mechanism to counter the severe inflammation 
noted at age 5.5 months in female Tg3647 mice. IP- 10 (CXCL10), 
MCP- 1, and KC (CXCL1) are all potent chemoattractants for leu-
kocytes; consistent with this, we found a dramatic abundance 
of leukocytes in the interstitium of all Tg3647 mice. In summary, 
serum cytokine analysis complements the histopathology and 
flow cytometry results in describing lymphoid and myeloid cell 
migration and proliferation, with activated compensatory antiin-
flammatory mechanisms, in the Tg3647 mice.

In conclusion, herein we longitudinally phenotyped the spe-
cific sexual dimorphisms in pathologic features within the muscu-
loskeletal and cardiopulmonary systems in Tg3647 TNF- Tg mice. 
We found that the early mortality in female mice could be attrib-
uted to heart failure secondary to severe pulmonary vasculopathy. 
This mouse model, most commonly studied for its inflammatory 
erosive arthritis, contains additional musculoskeletal and cardio-
pulmonary pathologic manifestations that can be studied to better 
understand the role of sex in TNF- mediated diseases, and specifi-
cally to assess the effects of sexual dimorphism on these affected 
systems. Elucidating these mechanisms may have broad impact 
on the extraarticular pathologic features that develop in RA, sys-
temic sclerosis, and other connective tissue diseases.
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Randomized, Double- Blind, Placebo- Controlled Trial of 
Intraarticular Trans-Capsaicin for Pain Associated With 
Osteoarthritis of the Knee
Randall M. Stevens,1 John Ervin,2 Jennifer Nezzer,3 Yeni Nieves,3 Kimberly Guedes,1 Robin Burges,1  
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Objective. To assess the efficacy and safety of high- purity synthetic trans- capsaicin (CNTX- 4975) in patients with 
chronic moderate- to- severe osteoarthritis (OA)–associated knee pain.

Methods. In this phase II multicenter double- blind study, patients ages 45–80 years who had stable knee OA were 
randomized in a 2:1:2 ratio to receive a single intraarticular injection of placebo, CNTX- 4975 0.5 mg, or CNTX- 4975 
1.0 mg. The primary efficacy end point was area under the curve (AUC) for change from baseline in daily Western On-
tario and McMaster Universities Osteoarthritis Index pain with walking score (range 0–10, 0 = none and 10 = extreme) 
through week 12. Secondary efficacy end points included a similar AUC analysis of outcomes in patients treated with 
CNTX- 4975 0.5 mg, and evaluations extending to 24 weeks.

Results. Efficacy was evaluated in 172 patients (placebo group, n = 69; CNTX- 4975 0.5 mg group, n = 33; 
CNTX- 4975 1.0 mg group, n = 70). At week 12, greater decreases in the AUC for the pain score were observed with 
CNTX- 4975 in the 0.5 mg and 1.0 mg groups versus placebo (0.5 mg group least squares mean difference [LSMD] 
−0.79, P = 0.0740; 1.0 mg group LSMD −1.6, P < 0.0001). Significant improvements were maintained at week 24 
in the 1.0 mg group (LSMD −1.4, P = 0.0002). Treatment- emergent adverse events were similar in the placebo and 
CNTX- 4975 1.0 mg groups.

Conclusion. In this study, CNTX- 4975 provided dose- dependent improvement in knee OA–associated pain. 
CNTX- 4975 1.0 mg produced a significant decrease in OA knee pain through 24 weeks; CNTX- 4975 0.5 mg signifi-
cantly improved pain at 12 weeks, but the effect was not evident at 24 weeks.

INTRODUCTION

Knee osteoarthritis (OA) affects >10% of individuals ages 60 
years and older, and current treatment options for pain control are 
considered inadequate (1,2). Management includes nonpharma-
cologic and pharmacologic options, many of which have at least 
short- term benefits (3,4). Intraarticular therapies, including injec-
tions of viscosupplements and glucocorticoids, may have limited 
efficacy (3–6). In a randomized clinical trial, intraarticular injection 
of glucocorticoids every 12 weeks for 2 years was associated 
with significantly greater loss of cartilage volume compared to 
placebo, with no significant difference in knee pain (6). Whether 
the loss of cartilage volume has clinical significance is unknown. 

 Pharmacologic treatments have been recommended for properly 
selected patients, but they carry risks of adverse effects involving 
the gastrointestinal, cardiovascular, renal, and central nervous sys-
tems (3). The presence of comorbidities may make individuals with 
knee OA more susceptible to these adverse effects, thus limiting 
treatment options (3,7). A total knee joint replacement often pro-
vides longer- term benefits. However, this surgery entails serious 
risks, and many patients continue to have pain and disability fol-
lowing surgery (7,8). In addition, many patients are not candidates 
for major surgery (8). Therefore, there is an unmet need for effective 
therapies to mitigate risks and provide effective pain management.

Capsaicin, the pungent ingredient in chili peppers, is a 
potent agonist for the transient receptor potential cation channel 
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 subfamily V member 1 (TRPV1) (9). TRPV1 is a nonspecific cation 
channel that opens with exposure to heat, acid, and certain fatty 
acids (10). Within the peripheral nervous system, this channel is 
selectively expressed on the terminals of nociceptors (pain sen-
sory fibers). After a brief period of activation, capsaicin induces a 
long- term desensitization of nociceptors related to calcium influx 
into the nociceptive nerve terminals (Aδ and C fibers). This desen-
sitization is likely due to a reversible retraction of innervation (9,11). 
Based on studies of the skin, it is known that the nociceptors grow 
back during a period of weeks to months (12,13). In the mean-
time, there is a profound attenuation of pain sensibility but not 
of other sensory functions (11). A topical formulation of capsaicin 
has been approved by the US Food and Drug Administration for 
the treatment of postherpetic neuralgia (14,15).

In this study, the strategy was to take advantage of the 
selective long- term analgesic effects of capsaicin to address the 
moderate- to- severe pain associated with OA of the knee. An 
injectable form of highly purified trans- capsaicin, CNTX- 4975, 
was developed using proprietary technology. A single intraarticu-
lar injection of CNTX- 4975 was expected to provide rapid- onset 
long- term analgesia, with a duration of effect commensurate with 
the time required for the nociceptors to regenerate. Because 
trans- capsaicin at a concentration needed to affect the noci-
ceptors is confined to the joint, the effects were expected to be 
restricted to within the joint. The elimination half- life of CNTX- 4975 
is <4 hours (data on file; Centrexion Therapeutics Corp.), which 
establishes a favorable ratio of pharmacokinetic and pharmaco-
dynamic properties, namely, a brief systemic exposure with the 
prospect of long- term clinical benefit.

We report findings from the TRIUMPH study, a phase IIb 
randomized, double- blind, placebo- controlled, dose- ranging trial 
(ClinicalTrials.gov identifier: NCT02558439) designed to eval-
uate the efficacy and safety of a single intraarticular injection of 
CNTX- 4975 for up to 24 weeks in patients with chronic, stable, 
moderate- to- severe OA knee pain in whom previous treatment 
was not successful.

PATIENTS AND METHODS

Patient characteristics. Patients were enrolled between 
August 2015 and April 2016 at 22 sites in the US. Eligible patients 
were adults ages 45–80 years who had a body mass index (BMI) 
of ≤45 kg/m2, radiographic evidence of chronic OA (Kellgren/
Lawrence [K/L] grade 2–4) (16) in the index knee, moderate- to- 
severe pain in the index knee that was stable for ≥2 months prior 
to screening, and a mean pain score of 5–9 (range 0–10, 0 = none 
and 10 = extreme) at screening and baseline (day 1) according to 
the question in the Western Ontario and McMaster Universities 
Osteoarthritis Index (WOMAC) (17) that addresses pain with walk-
ing. The mean pain score in the contralateral knee had to be ≤3.

Additionally, patients must have had an inadequate response, 
an adverse event resulting in discontinuation of prior treatment, or 

an absolute or relative contraindication (based on product label-
ing) to what would otherwise be standard- of- care treatment(s). 
Prior standard- of- care may have included ≥1 of the following: sys-
temic nonsteroidal antiinflammatory drugs (NSAIDs) (oral, rectal, 
or injection), opioid analgesics (oral or transdermal), intraarticular 
glucocorticoid, or intraarticular hyaluronic acid.

Exclusion criteria included pain in the index knee from a joint 
disease other than OA; pain in the nonindex knee rated at >3 
according to the WOMAC pain with walking score; topical capsai-
cin, glucocorticoid injection, or intraarticular viscosupplementation 
in the index knee within 90 days of screening; joint replacement 
surgery at any time or open surgery on the index knee during 
the preceding 12 months; arthroscopic surgery on the index knee 
within 3 months of screening; non- OA chronic pain that required 
use of analgesic medications (e.g., pregabalin, duloxetine); current 
use of opioids for any condition other than OA of the index knee 
(maximum dose of 15 mg/day of hydrocodone [or equivalent]); 
secondary OA of the knee due to traumatic injury; significant cur-
rent or past instability (e.g., cruciate ligament tear or rupture or 
previous repair) or misalignment (>10 degrees varus or valgus) of 
the index knee; documented history of neuropathic arthropathy or 
finding of bony fragmentation in the index knee with imaging; reg-
ular use of anticoagulant blood thinners (except low- dose aspirin 
or clopidogrel); or ulcer or open wound anywhere on the index 
knee.

Study design. Patients were randomly assigned in a 2:1:2 
ratio to 1 of 3 treatment groups (placebo, CNTX- 4975 0.5 mg, or 
CNTX- 4975 1.0 mg) and stratified for balance across treatment 
groups by K/L grade (2–3 and 4 [≤10% had grade 4]) and BMI (<30 
kg/m2 and ≥30 kg/m2). Randomization schedules were computer- 
generated using a permuted block algorithm that randomly allo-
cated study drug to the randomization numbers. The numbers 
generated were assigned sequentially using a central interactive 
response system as patients entered the study. No one involved in 
study conduct had access to the randomization schedule before 
official unblinding of assignments. A central reader assessed all 
radiographs at baseline to determine the K/L grade. All patients, 
investigators, and study personnel involved in the conduct of the 
study (including data management personnel and the sponsor) 
were blinded with regard to treatment assignment, except for 
a randomization statistician and programmer from the contract 
research organization who had access to randomization code, 
a pharmacist who prepared study drug and provided a labeled 
syringe of masked study drug product for administration, and a 
pharmacy clinical research associate.

This study consisted of a screening period, a single treatment 
day (day 1), and a 24- week follow- up period. At the investiga-
tors’ discretion, patients could be premedicated using an opioid, 
NSAID, or local anesthetic (e.g., ethyl chloride, topical or subcu-
taneous lidocaine), with a maximum of 2 premedications. After 
15 minutes of joint cooling with a wrap placed around the knee, 
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patients received 15 ml of intraarticular 2% lidocaine, without epi-
nephrine, for the purpose of (in order of importance): 1) achieving 
the targeted concentration of capsaicin, 2) improving distribution 
of capsaicin within the joint, and 3) decreasing the initial pain asso-
ciated with injection. Cooling was reapplied for 30 minutes and 
then the study drug was provided in a vehicle consisting of poly-
ethylene glycol 300, which was diluted to 30% (volume/volume) 
at the point of care with sterile water for injection. A single intraar-
ticular injection (4 ml) of placebo (vehicle control), CNTX- 4975 0.5 
mg, or CNTX- 4975 1.0 mg was administered. The CNTX- 4975 
and placebo injections were identical in appearance and viscosity. 
Injection into the joint was confirmed by ultrasound and/or joint 
fluid aspiration. Cooling was removed for injection and then reap-
plied immediately for 30 minutes–1 hour. Patients were advised 
not to take a hot bath or shower or to expose the injected knee to 
external heat within 24 hours after the injection.

Throughout the study, patients were permitted to take oral 
rescue medications (see Supplementary Table 1, on the Arthri-
tis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.40894/ abstract) for OA pain in the index knee. 
Rescue medication was not permitted within 12 hours preced-
ing any planned posttreatment study visit. Use of topical medica-
tion for OA knee pain during the trial was not permitted. Physical 
therapy was not permitted within 30 days prior to screening and 
throughout the study.

Patients used an interactive web- based response system 
to record index knee pain felt with walking during the previous 
24 hours. Patients rated their pain daily from baseline to week 
12 and weekly from week 12 to 24. In- clinic assessments were 
conducted at weeks 4, 8, 12, 16, and 24, and telephone assess-
ments were conducted on day 3 and at weeks 14, 18, and 22.

This study was conducted in accordance with the principles 
of the Declaration of Helsinki, the International Conference on Har-
monisation Guidelines for Good Clinical Practice, and applicable 
regulations of the country in which the study was conducted. The 
protocol was approved by the institutional review board (IRB) at 
each academic center, or a central IRB (Sterling IRB, Atlanta, GA) 
at nonacademic sites that were able to have a central review, prior 
to study initiation. Written informed consent was provided at the 
screening visit, before study- related procedures were initiated.

Efficacy and safety evaluations. The primary efficacy 
end point was area under the curve (AUC) for the change from 
baseline through week 12 in daily WOMAC pain with walking 
scores in patients treated with CNTX- 4975 1.0 mg versus pla-
cebo. Secondary efficacy end points included a similar AUC anal-
ysis of scores in patients treated with CNTX- 4975 0.5 mg and an 
evaluation of 24- week outcomes. Time points for the primary and 
secondary efficacy variables were changed from week 4 to week 
12 in a protocol amendment to better address the study objec-
tives using data collected for a longer period of time. Week 12 was 
selected because it is considered to be a criterion for considering 

whether a therapy addresses “chronic” pain (18). This amendment 
was made prior to database lock and unmasking of the data.

Prespecified exploratory efficacy analyses of both doses 
of CNTX- 4975 versus placebo were performed to ascertain the 
mean changes from baseline in WOMAC scores addressing 
pain with walking (range 0–10), knee stiffness (range 0–20), and 
physical function (range 0–170) at each visit through week 24, 
and to assess the frequency of use of rescue medication for the 
index knee pain throughout the study period. Additional analyses 
included the Patient Global Impression of Change (PGIC) (7-point 
scale ranging from very much improved to very much worse) (19) 
at each postinjection visit, and an adapted Patient- Specific Func-
tional Scale (PSFS) to assess functional activity of the index knee 
(range 0–10, 0 = able to perform activity and 10 = unable to per-
form the activity at the same level as before injury or problem) (20).

Safety assessments included monitoring for treatment- 
emergent adverse events (TEAEs), serious adverse events, and 
laboratory abnormalities. Procedural pain ratings (range 0–4, 0 = 
none and 4 = severe) were obtained at different intervals up to 2 
hours postinjection of study drug. The number needed to treat 
(NNT), defined as the average number of patients treated to pre-
vent 1 unfavorable outcome, and the number needed to harm 
(NNH), defined as the number of patients treated before 1 patient 
has an adverse event beyond what would occur with placebo, 
were assessed at 12 and 24 weeks.

Statistical analysis. For an effect size of 0.45, a sample 
size of 157 evaluable patients (63 each in the placebo and CNTX- 
4975 1.0 mg groups and 31 in the CNTX- 4975 0.5 mg group) 
was needed to achieve 80% statistical power for a significant 
dose–placebo comparison using a 2- sided test at the 10% sig-
nificance level (prespecified alpha level, P ≤ 0.10). Assuming a 
10% dropout rate, the initial planned enrollment was 173 patients, 
with 69 each in the placebo and CNTX- 4975 1.0 mg groups and 
35 in the CNTX- 4975 0.5 mg group. For consistency with the 
method of sample size estimation and the study’s power to detect 
a statistical difference in the primary end point, all analyses were 
performed using a prespecified alpha level of 0.10, with corre-
sponding 90% confidence intervals (90% CIs).

Demographics, baseline characteristics, and safety end 
points were analyzed in the safety population, which included 
all patients who received any study medication. All efficacy end 
points were analyzed in the modified intent- to- treat population, 
which included all randomized patients who had ≥1 postbaseline 
efficacy assessment.

Primary and secondary efficacy end points were analyzed by 
analysis of covariance, with treatment as the main effect and with 
sex, pooled site, baseline K/L grade, baseline BMI, and baseline 
WOMAC knee pain with walking score as covariates. AUCs for 
pain rating values were converted to the 0–10 pain rating scale. 
The AUC was calculated using a time- weighted average stan-
dardized by length of time in the study for each patient through 

http://onlinelibrary.wiley.com/doi/10.1002/art.40894/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40894/abstract
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week 12 or 24, depending on the end point. Standardization was 
performed by dividing a patient’s total AUC by their time in the 
study, which allowed comparison of average daily pain for both 
completers and noncompleters to avoid attributing a low AUC 
value to patients who discontinued the study early. This method 
was also used to calculate a rescue- adjusted AUC for daily 
WOMAC pain with walking scores, removing scores from days 
when rescue medication was used. In the event of missing pain 
scores, the difference in time was considered in the calculation. If 
there were days missing in a study week, the calculated average 
for that study week included only nonmissing values; if no values 
were recorded for the study week, the average weekly WOMAC 
score for that study week was recorded as missing.

Exploratory efficacy end points of mean changes from base-
line in WOMAC scores (for pain with walking, knee stiffness, and 
physical function) and PSFS scores were analyzed using a mixed 
model for repeated measures (MMRM). The MMRM included the 
same covariates as the primary analysis model. Study week and 
treatment by study week interaction were included as categorical 
variables. An unstructured within- patient covariance matrix was 
used. Least squares mean difference (LSMD) and 90% CIs were 

provided for each study week by treatment group. This analysis 
included all available data on patients who completed the study 
and those who discontinued early. In this analysis population, loss 
to follow- up was minimal, as few patients in each treatment group 
discontinued the study early and none discontinued because of 
an adverse event.

A responder analysis was performed for the PGIC, in which 
patients with significant clinical improvement (very much improved 
or much improved) in the index knee were compared to patients 
in all other categories. Proportions were compared between each 
CNTX- 4975 treatment group and the placebo group using Pear-
son’s chi- square test or Fisher’s exact test. All analyses were per-
formed using SAS version 9.3 or later. For safety assessments, 
no formal inferential statistical analyses were performed.

RESULTS

Patients. A total of 175 eligible patients were enrolled 
and included in the safety population (placebo, n = 70; CNTX- 
4975 0.5 mg, n = 34; CNTX- 4975 1.0 mg, n = 71) (Figure 1). All 
patients had radiographic evidence of knee OA (K/L grade 2–4, 

Figure 1. Disposition of the study patients. Reasons for exclusion at screening included Kellgren/Lawrence grade outside of range 2–4 
(320 patients [60%]); inability to understand and follow study requirements, including diary entry via computer (64 [12%]); failure to meet 
the requirement for moderate- to- severe pain (29 [5%]); history of allergic reaction to the planned local anesthesia regimens, polyethylene 
glycol, or capsaicin (19 [3%]); baseline and screening scores outside of a 5–9 range on the Western Ontario and McMaster Universities 
Osteoarthritis Index (WOMAC) pain with walking assessment (12 [2%]); >2- point difference in WOMAC pain with walking score between 
screening and baseline (11 [2%]); prior participation in an ALGRX4975 or CNTX- 4975 study (10 [2%]); and positive urine drug screen or active/
past substance use disorder within prior year (10 [2%]). Other inclusion/exclusion criteria each contributed ≤1% to exclusions at screening.   
* = Number of patients in the safety analysis. † Three patients were excluded from the efficacy analysis (modified intent-to-treat population, n 
= 172). One patient was excluded (prior to unblinding) due to deviation/noncompliance, as this patient was injected at 2 different study sites 
(CNTX-4975 1.0 mg, n = 1; placebo, n = 1). A third patient was lost to follow-up in the CNTX-4975 0.5 mg group.

Assessed for eligibility 
(n=711)

Excluded; did not meet inclusion 
criteria (n=536)

Completed (n=63)

Allocated and received placebo
(n=70)

Allocated and received
CNTX-4975 0.5 mg (n=34)

Completed (n=30)

Randomized (n=175)*

Enrollment

Discontinued (n=7)
Adverse event (n=0)
Deviation/noncompliance (n=1)†

Withdrawal of consent (n=2)
Other (n=0)

Lost to follow-up (n=4)

Discontinued (n=4)
Adverse event (n=0)
Deviation/noncompliance (n=0)
Withdrawal of consent (n=1)
Other (n=0)

Lost to follow-up (n=3)†

Analysis

Follow-Up

Allocation

Allocated and received
CNTX-4975 1.0 mg (n=71)

Completed (n=64)

Discontinued (n=7)
Adverse event (n=0)
Deviation/noncompliance (n=4)†

Withdrawal of consent (n=2)
Other (n=1)

Lost to follow-up (n=0)
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as determined by a central reader [radiologist]). Three patients 
were excluded from the efficacy analysis prior to unblinding: 1 
patient entered the study at 2 centers, received 2 injections, 
and was initially counted as 2 separate patients, and 1 patient 
received study medication but left the study site and could not 
be contacted. Thus, 172 patients were included in the modified 
intent- to- treat population (placebo, n = 69; CNTX- 4975 0.5 mg, 
n = 33; CNTX- 4975 1.0 mg, n = 70). A total of 157 patients 
(90%) completed the study (Figure 1). Demographics and base-

line disease characteristics are summarized in Table 1.

Efficacy. In the placebo group, the CNTX- 4975 0.5 mg 
group, and the CNTX- 4975 1.0 mg group, the mean baseline 
scores for pain with walking were 7.4, 7.2, and 7.2, respectively. 
In the primary AUC efficacy analysis, the reduction in pain scores 
from baseline through week 12 was significantly greater in the 
CNTX- 4975 1.0 mg group compared to placebo (LSMD −1.6 
[90% CI −2.2, −1.0], P < 0.0001; mean ± SD change −4.1 ± 2.1 
versus −2.6 ± 2.2) (Figure 2). Based on the primary end point and 
the pooled SD, the Cohen’s d standardized effect was calculated 
as 0.68. A smaller but significant improvement versus placebo 
was observed with the 0.5 mg dose (LSMD −0.8 [90% CI −1.5, 
−0.06], P = 0.07; mean ± SD change −3.3 ± 2.1). The AUC for 
change from baseline through week 24 (same efficacy measure as 

week 12) showed significant improvements with the CNTX- 4975 
1.0 mg dose versus placebo (LSMD −1.4 [90% CI −1.9, −0.77], 
P < 0.001; mean ± SD change −3.9 ± 2.2 versus −2.7 ± 2.2), but 
not with the CNTX- 4975 0.5 mg dose (LSMD −0.6 [90% CI −1.3, 
0.15], P = 0.19; mean ± SD change −3.2 ± 1.9) (Figure 2).

In the analysis of the primary end point adjusted for use of 
rescue medications, the reduction in rescue- adjusted WOMAC 
pain with walking scores from baseline through week 12 was sig-
nificantly greater with CNTX- 4975 1.0 mg versus placebo (LSMD 
−0.9 [90% CI −1.5, −0.3], P = 0.01; mean ± SD change −2.75 
± 2.61 versus −1.95 ± 2.16), consistent with results for the pri-
mary end point. More rescue medication was taken in the placebo 
group and the CNTX- 4975 0.5 mg group than in the CNTX- 4975 
1.0 mg group. For patients who took acetaminophen, the mean 
per patient total dose during the 12 weeks was 21,006 mg in the 
placebo group (n = 50) compared to 13,392 mg in the CNTX- 
4975 1.0 mg group (n = 47). The most commonly taken NSAID 
was ibuprofen. The mean per patient total ibuprofen dose was 
greater in the placebo group (9,403 mg; n = 18) than in the CNTX- 
4975 1.0 mg group (7,446 mg; n = 13).

In the MMRM analysis, significant improvements in the 
WOMAC pain with walking score with CNTX- 4975 0.5 mg 
were demonstrated, compared to placebo, at week 12 (LSMD 
−0.9 [90% CI −1.7, −0.03], P = 0.09; mean ± SD change −3.8 

Table 1. Demographics and baseline disease characteristics*

Placebo 
 (n = 70)

CNTX- 4975 0.5 mg 
 (n = 34)

CNTX- 4975 1.0 mg 
 (n = 71)

Total 
 (n = 175)

Age, mean ± SD years 61 ± 9 60 ± 6 59 ± 8 60 ± 8
Female 64 59 63 63
BMI

<30 kg/m2 33 38 30 33
≥30 kg/m2 67 62 70 67

Index knee
Right 46 38 51 46
Left 54 62 49 54

K/L grade (index knee)†‡
2 36 27 45 38
3 53 65 47 53
4 11 9 9 10

WOMAC pain with walking score§
Moderate (>4–7) 34 38 47 40
Severe (>7–10) 63 59 54 58
Missing¶ 3 3 0 2

* Except where indicated otherwise, values are the percent of patients. BMI = body mass index; K/L = Kellgren/
Lawrence; WOMAC = Western Ontario and McMaster Universities Osteoarthritis Index. 
† Range 0 (no radiographic features of osteoarthritis are present) to 4 (large osteophytes, marked joint space 
narrowing, severe sclerosis, and definite bony deformity). 
‡ Chi- square test indicated no association (P = 0.4007) between treatment and baseline severity. 
§ Range 0 (none) to 10 (extreme). 
¶ Patients did not have 7 days of response data from baseline to randomization. Calculated baseline value 
required 7 of 14 days of diary data to calculate baseline pain with walking on a flat surface but did not require 
a diary entry at baseline. 
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± 2.5 versus −3.0 ± 2.5), but not at week 24 (LSMD −0.5 
[90% CI −1.5, 0.5], P = 0.41; mean ± SD change −3.6 ± 2.0 
versus −3.0 ± 2.8). At the CNTX- 4975 1.0 mg dose, significant 
divergence from placebo was evident at week 12 (LSMD −1.5 
[90% CI −2.2, −0.8], P < 0.001; mean ± SD change −4.4 ± 2.6 
versus −3.0 ± 2.5) and at week 24 (LSMD −0.9 [90% CI −1.6, 
−0.1], P = 0.07; mean ± SD change −3.3 ± 2.6 versus −3.0 
± 2.8) (Table 2). A significant improvement was evident with 
the 1.0 mg dose as early as 1 week after treatment (Figure 3). 
The 1.0 mg dose was associated with significantly improved 
WOMAC knee stiffness scores (LSMD −2.5 [90% CI −3.8, 
−1.2], P = 0.001; mean ± SD change −6.7 ± 5.2 versus −4.8 
± 6.6) and knee function scores (LSMD −18.3 [90% CI −28.6, 
−7.9], P = 0.004; mean ± SD change −59.3 ± 39.8 versus 
−46.2 ± 46.0) versus placebo at week 12 (MMRM) (Table  2 
and Supplementary Figures 1 and 2, http://onlin elibr ary.wiley.
com/doi/10.1002/art.40894/ abstract). Numerical improve-
ments in the CNTX- 4975 1.0 mg group versus placebo were 
observed at week 24 for knee stiffness (LSMD −1.2 [90% CI 
−2.5, 0.1], P = 0.14; mean ± SD change −5.7 ± 5.5 versus 
−5.1 ± 6.2) and for knee function (LSMD −7.2 [90% CI −18.3, 
3.8], P = 0.28; mean ± SD change −51.6 ± 44.8 versus −49.4 
± 49.2). The improvements in scores for these WOMAC ques-
tions at week 12 with CNTX- 4975 0.5 mg versus placebo were 
not significant.

Based on the PGIC responder analysis, >50% of patients 
treated with either dose of CNTX- 4975 reported significant 

improvement (much improved or very much improved) in the 
index knee at each follow- up visit. At no point did >50% of 
patients treated with placebo report comparable improvement. 
Improvements at weeks 4, 8, 12, and 16 in patients receiving 
the 1.0 mg dose were statistically significant at the prespecified 
alpha level of ≤0.1 versus placebo; improvements at 24 weeks 
did not reach statistical significance (Supplementary Table 2, 
http://onlin elibr ary.wiley.com/doi/10.1002/art.40894/ abstract). 
At weeks 12 and 16, patients achieved significant improve-
ment with CNTX- 4975 0.5 mg versus  placebo (P < 0.10).

On the PSFS, functional activity of the index knee was 
 significantly improved with CNTX- 4975 1.0 mg versus placebo at 
each follow- up visit from week 4 through week 16 (P < 0.10 at 
each time point) (Supplementary Table 3, http://onlin elibr ary.wiley.
com/doi/10.1002/art.40894/ abstract). Changes in PSFS score 
were not significantly different between CNTX- 4975 0.5 mg and 
placebo treatment at any time point.

The NNT to determine ≥50% pain improvement was calcu-
lated using data from the CNTX- 4975 1.0 mg and placebo groups 
in the modified intent- to- treat population. The NNT at weeks 12 
and 24 was 3.6 and 10.3 patients, respectively.

Safety. Ten patients (all at 1 site) were premedicated with 
ibuprofen prior to injection of the study drug. No other pre-
medications were used. TEAEs were reported by 30%, 47%, 
and 30% of patients in the placebo, CNTX- 4975 0.5 mg, and 
CNTX- 4975 1.0 mg groups, respectively, and were  generally 

Figure  2. Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) pain with walking on a flat surface (QA1) scores. 
Standardized area under the curve (AUC), normalized to the 0–10 rating scale, for change from baseline with CNTX- 4975 versus placebo in 
daily pain with walking scores through week 12 and in average weekly pain with walking scores through week 24 were evaluated. Analysis of 
covariance was performed in the modified intent- to- treat population. LSMD = least squares mean difference; 90% CI = 90% confidence interval.
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mild (19%, 29%, and 20%) or moderate (11%, 18%, and 
10%) in severity (Table 3). On day 1, TEAEs were reported by 
2 patients (3%), 1 patient (3%), and 3 patients (4%), respec-
tively. Only 1 patient in the CNTX- 4975 0.5 mg group reported 
a serious TEAE (intractable shoulder pain from previous OA), 
which was not considered treatment- related. No deaths were 
reported.

The most frequent TEAEs, reported by ≥5% of patients in 
any treatment group, are summarized in Table 3. Most TEAEs 
were considered unrelated to study treatment. Four patients 
reported 7 TEAEs that were considered possibly or probably 
related to study medication; there was 1 report each of ery-
thema, peripheral edema, and nausea (on treatment day 1) in 
the CNTX- 4975 0.5 mg group, and dizziness, oral hypoesthe-
sia, malaise, and hypotension (all on treatment day 1) in the 
CNTX- 4975 1.0 mg group. One patient in the CNTX- 4975 0.5 
mg group developed an effusion that was tapped at 8 and 
21 weeks into the study. The investigator did not believe this 

was study drug–related, and the patient had no other safety 
issues. Few laboratory abnormalities were observed, with sim-
ilar profiles between placebo and CNTX- 4975.

Pain was assessed at specific times both immediately 
before and after injection of intraarticular 2% lidocaine (without 
epinephrine), and study drug, using a 0–4 categorical scale (0 = 
no pain and 4 = severe pain). The average pain score before the 
intraarticular lidocaine injection, while patients were in a rest-
ing position, ranged from 1.6 to 1.7 for each of the 3 groups. 
Ten minutes after lidocaine injection, most patients (70%, 71%, 
and 66% in the placebo, CNTX- 4975 0.5 mg, and CNTX- 4975 
1.0 mg groups, respectively) reported no procedural pain. The 
maximal recorded pain score typically occurred 30 minutes after 
injection of study drug. No- to- moderate pain was recorded in 
93%, 85%, and 80% and moderately severe–to- severe pain in 
7%, 15%, and 20%, respectively. The maximum average pain 
scores at rest (range 0–4) before injection were 1.6, 1.7, and 1.7, 
respectively, and at 30 minutes after injection of study treatment 

Table 2. Mean change from baseline in weekly average WOMAC scores at weeks 12 and 24*

End point†

Placebo 
 (n = 69)

CNTX- 4975 0.5 mg  
(n = 33)

CNTX- 4975 1.0 mg  
(n = 70)

Week 12 Week 24 Week 12 Week 24 Week 12 Week 24

WOMAC pain with walking on a 
flat surface score‡

Baseline score, mean ± SD 7.4 ± 0.9 7.2 ± 1.1 7.2 ± 1.2
Change from baseline, mean ± 

SD
−3.0 ± 2.5 −3.0 ± 2.8 −3.8 ± 2.5 −3.6 ± 2.0 −4.4 ± 2.6 −3.3 ± 2.6

LSM ± SE −2.9 ± 0.4 −2.9 ± 0.4 −3.8 ± 0.5 −3.4 ± 0.5 −4.4 ± 0.4 −3.8 ± 0.4
LSMD vs. placebo (90% CI) −0. 9 

 (−1.7, −0.0)§
−0.5 

 (−1.5, 0.5)
−1.5 

 (−2.2, −0.8)¶
−0.9 

 (−1.6, −0.1)§
WOMAC knee stiffness score#

Baseline score, mean ± SD 13.1 ± 3.8 12.9 ± 3.3 12.3 ± 3.8
Change from baseline, mean ± SD −4.8 ± 6.6 −5.1 ± 6.2 −5.7 ± 5.0 −5.3 ± 4.5 −6.7 ± 5.2 −5.7 ± 5.5
LSM ± SE −4.4 ± 0.7 −4.8 ± 0.7 −5.2 ± 0.9 −4.6 ± 0.9 −6.9 ± 0.7 −6.0 ± 0.7
LSMD vs. placebo (90% CI) −0.8 

 (−2.4, 0.8)
0.3 

 (−1.4, 1.9)
−2.5 

 (−3.8, −1.2)¶
−1.2 

 (−2.5, 0.1)
WOMAC physical function 

score**
Baseline score, mean ± SD 114.1 ± 24.7 108.4 ± 24.2 106.9 ± 27.9
Change from baseline, mean ± SD −46.2 ± 46.0 −49.4 ± 49.2 −49.3 ± 34.6 −45.7 ± 35.5 −59.3 ± 39.8 −51.6 ± 44.8
LSM ± SE −46.3 ± 6.0 −50.4 ± 6.2 −51.3 ± 7.4 −46.3 ± 7.8 −64.5 ± 6.0 −57.6 ± 6.2
LSMD vs. placebo (90% CI) −5.0 

 (−17.9, 7.9)
4.1 

 (−9.7, 17.9)
−18.3 

 (−28.6, −7.9)††
−7.2 

 (−18.3, 3.8)

* WOMAC = Western Ontario and McMaster Universities Osteoarthritis Index; LSMD = least squares mean difference; 90% CI = 90% confi-
dence interval. 
† Mixed model for repeated measures in modified intent- to- treat population. Negative numbers reflect a reduction in pain and stiffness and 
an improvement in function. 
‡ Range 0 (none) to 10 (extreme). 
§ P < 0.10 versus placebo. 
¶ P ≤ 0.001 versus placebo. 
# Sum of the 2 stiffness responses (range 0–20). 
** Sum of the 17 function responses (range 0–170). 
†† P ≤ 0.01 versus placebo. 
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they were 0.7, 1.2, and 1.6. Pain scores in each group declined 
to minimal levels in the subsequent 1.5 hours. Supplementary 
Figure 3 (http://onlin elibr ary.wiley.com/doi/10.1002/art.40894/ )  
includes a summary of procedural pain. An additional post hoc 
analysis indicated that procedural pain was not a significant 
covariate with regard to efficacy.

The NNH was evaluated in the CNTX- 4975 1.0 mg and 
placebo groups. There were a total of 42 TEAEs, with 21 events 
occurring in each of these groups (Table  3). Based on these 
events, the NNH at 12 and 24 weeks was 58 and 237 patients, 
respectively.

DISCUSSION

The findings of this study demonstrated that a single intraar-
ticular injection of CNTX- 4975 1.0 mg was effective in providing 

significant and clinically meaningful reduction (≥50%) in pain that 
occurs while walking on a flat surface in patients with chronic 
moderate- to- severe OA knee pain (21,22), with the effect per-
sisting for up to 24 weeks. Onset of improvement was rapid, with 
significant reduction in pain with walking, compared to placebo, 
as early as 1 week after treatment. The improvement in pain was 
associated with a reduction in knee stiffness and an improvement 
in function, as well as a positive PGIC score, through week 12, 
compared to placebo. The standardized effect size at 12 weeks 
for the CNTX- 4975 1.0 mg dose using the primary end point was 
0.68, which compares favorably to other approved therapies for 
OA- related knee pain (3). The CNTX- 4975 0.5 mg dose was asso-
ciated with a decrease in pain that was intermediate between that 
observed with placebo and with the CNTX- 4975 1.0 mg dose.

CNTX- 4975 1.0 mg was well tolerated, with a safety pro-
file comparable to that of the placebo throughout the study. 

Figure 3. Change in average weekly WOMAC pain with walking scores. Change from baseline in average weekly scores through week 24 
in patients treated with CNTX- 4975 versus placebo is shown. A mixed model for repeated measures was used in the modified intent- to- treat 
population. Week 12 was the prespecified landmark end point; other P values were considered nominal and are presented for summary purposes 
only. Baseline scores (range 0–10): placebo 7.4, CNTX- 4975 0.5 mg 7.2, CNTX- 4975 1.0 mg 7.2. * = P < 0.1; † = P < 0.05; ‡ = P < 0.001, 
versus placebo. See Figure 2 for definitions.
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Table 3. TEAEs through week 24*

Parameter/TEAE
Placebo 
 (n = 70)

CNTX- 4975 0.5 mg 
(n = 34)

CNTX- 4975 1.0 mg 
(n = 71)

≥1 TEAE 21 (30) 16 (47) 21 (30)
≥1 serious TEAE 0 1 (3)† 0
Arthralgia 4 (6) 3 (9) 5 (7)
Upper respiratory tract infection 3 (4) 2 (6) 3 (4)
Increased hepatic enzyme 0 2 (6) 1 (1)
Joint effusion 0 3 (9) 0
Osteoarthritis 1 (1) 2 (6) 0

* Values are the number (%) of patients. Treatment- emergent adverse events (TEAEs) reported by ≥5% 
of patients in any treatment group within the safety population are shown. Procedural pain was not 
counted as a TEAE and therefore is not included. 
† Patient reported intractable shoulder pain from previous osteoarthritis, which was not considered 
treatment-related. 

http://onlinelibrary.wiley.com/doi/10.1002/art.40894/
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 Procedural pain was higher with CNTX- 4975 and tapered to 
minimal levels by 2 hours after injection (Supplementary Figure 3, 
http://onlin elibr ary.wiley.com/doi/10.1002/art.40894/ ). There was 
substantial overlap in postinjection pain with study drug in all 3 
arms of the study. No patient withdrew due to an adverse event. 
Within each group, there was no relationship between procedural 
pain and outcome.

The AUC method was chosen for evaluation of the primary 
end point in this study. This method, while generally used in acute 
pain studies, also applies to chronic pain studies (23). The AUC 
analysis seemed most appropriate for the following reasons: 
1) the profile of CNTX- 4975 in previous studies included early 
onset of action with sustained pain relief through week 24; 2) the 
AUC method shows the entirety of benefit over time; and 3) the 
AUC method has potentially greater assay sensitivity because 
it more accurately shows the effects during the entirety of the 
study instead of at a single time point. The week- to- week mean 
numerical pain rating scale scores (Figure  3) were evaluated 
as a secondary end point using MMRM analysis. At week 12, 
the time of the designated primary end point, divergence from 
placebo was highly significant (P < 0.001) with the 1 mg dose. 
By week 18, the treatment effects of CNTX- 4975 compared to 
placebo began to taper, although evidence showed divergence 
even at week 24 (P = 0.067).

The effects of trans- capsaicin are not dependent on 
ongoing exposure to the drug; the elimination half- life is <4 
hours (24), whereas efficacy extends for months following a 
single injection. This reduces the safety risk of continued drug 
exposure effects in the long term. Due to the short exposure 
time and low systemic drug concentrations observed in clinical 
studies of injectable capsaicin (data on file; Centrexion Thera-
peutics Corp.), as well as the lipophilic nature of the drug (24), 
no effect outside of the knee joint is expected. The reduction in 
pain with the 1.0 mg dose was evident at 24 weeks, although 
there was a suggestion of diminution of effect after 16 weeks. 
Onset, maximum effect, and duration of action demonstrated 
dose dependency. Pain and loss of function are arguably the 
most important clinical features of OA (2), and an intervention 
that meaningfully improves pain and function is worth pursu-
ing, given the limited choices currently available to patients.

This study has several limitations. Because it was a small 
randomized study in a specific population of patients with 
moderate- to- severe OA knee pain, the findings cannot be 
generalized to the knee OA population at large. In addition, 
as a small study, data regarding the safety profile are limited, 
although the findings are consistent with the safety profile of 
other capsaicin products.

In conclusion, the present results support the efficacy 
and safety of the intraarticular injection of trans- capsaicin 
to manage moderate- to- severe pain associated with knee 
OA. The findings indicate that further clinical development is 
 warranted.
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Variability in Antinuclear Antibody Testing to Assess 
Patient Eligibility for Clinical Trials of Novel Treatments for 
Systemic Lupus Erythematosus
David S. Pisetsky,1 Dana Kathryn Thompson,1 Joseph Wajdula,2 Annette Diehl,2 and Sudhakar Sridharan3

Objective. In the development of novel therapies for systemic lupus erythematosus, antinuclear antibody (ANA) 
positivity represents a criterion for trial eligibility. Since as many as 30% of patients enrolled in trials have been ANA 
negative, we evaluated the performance characteristics of immunofluorescence assays (IFAs) for ANA determinations 
for screening.

Methods. This study used 5 commercially available IFAs to assess the ANA status of 181 patients enrolled in a 
phase II clinical trial for an anti–interleukin- 6 antibody. Enrollment included a detailed review of medical records to 
verify a historical ANA value. IFA results were related to various clinical and serologic features at enrollment.

Results. While the frequency of ANA negativity assessed by the central laboratory was 23.8% in a cohort of 181 
patients, the evaluated IFA kits demonstrated frequencies of negativity from 0.6 to 27.6%. With 2 IFA kits showing a 
significant frequency of ANA negativity, positive and negative samples differed in levels of anti–double- stranded DNA, 
C3, and presence of other ANAs as well as the frequency of high interferon (IFN) expression.

Conclusion. These findings indicate that, when used for screening, IFAs can vary because of performance char-
acteristics of kits and thus can affect determination of trial eligibility. With kits producing a significant frequency of 
ANA negativity, ANA status can be associated with other serologic measures as well as the presence of the IFN sig-
nature, potentially affecting responsiveness to a trial agent.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a serious autoim-
mune disease characterized by multisystem organ involvement 
associated with the production of antibodies to components of 
the cell nucleus (antinuclear antibodies [ANAs]) (1). ANA positiv-
ity is a criterion for disease classification, and serologic studies 
have provided evidence that ANA positivity is almost invariable 
in SLE. In addition to serving as biomarkers, ANAs can promote 
disease pathogenesis by forming immune complexes (ICs) that 
can deposit in the kidney, inducing nephritis (1). ICs containing 
antibodies directed to DNA (anti–double- stranded [anti- dsDNA]) 
or RNA binding proteins (anti- RBPs) can also drive the production 
of type 1 interferon (IFN) since ICs promote the uptake of nucleic 

acids into innate immune cells to stimulate internal nucleic acid 
sensors (2–4).

To improve therapy for SLE, there is intense interest in devel-
oping innovative agents such as belimumab, a monoclonal anti-
body to B cell–activating factor (BAFF) or B lymphocyte stimulator 
(BLyS) and the first biologic to receive regulatory approval for treat-
ing active nonrenal lupus. While belimumab did not reach the end 
points in phase II trials, a post hoc analysis indicated efficacy of 
this agent in patients who were positive for either an ANA or anti- 
dsDNA; in the phase II studies, about 30% of enrolled patients were 
serologically negative at screening (5,6). For the subsequent phase 
III trials, only patients who were ANA and/or anti- dsDNA positive at 
screening were enrolled. Since these trials were successful, other 
sponsors are adapting a similar screening strategy (7).
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Studies on belimumab have raised important questions 
about the use of serology to determine trial eligibility. The 
first question relates to the high frequency of ANA negativ-
ity among patients in the phase II studies. ANA testing usu-
ally involves indirect immunofluorescence assays (IFAs) using 
HEp- 2 cells. Kits from different manufacturers, however, may 
differ in performance characteristics, and there can also be 
observer differences (8). Thus, in a trial setting, a negative 
ANA at screening may reflect assay performance rather than 
any fundamental change in ANA production. Another ques-
tion concerns the reasons why serologic status can influence 
treatment responses and whether it predicts response only to 
agents directed at B cells.

A cross- sectional analysis of sera in patients with estab-
lished SLE showed that assay format (IFA, enzyme- linked immu-
nosorbent assay, or multiplex) can affect the frequency of ANA 
positivity (9); this study involved patients in routine care and did 
not address the relationship to disease activity. In view of the 
emerging use of ANA testing in the trial setting, we have there-
fore extended this investigation to specifically assess responses 
of patients with sufficient disease activity for clinical trial eligibility. 
For this purpose, we evaluated samples from a phase II study 
of a monoclonal antibody to interleukin- 6 (IL- 6) (10). At study 
enrollment, 23.8% of the patients had a negative ANA value at 
1:80 dilution as assessed at the central laboratory, although a 
detailed review of medical records by experts confirmed histori-
cally positive ANA status and clinically active disease.

In the current study, we used 5 different ANA kits to test 
the sera of trial subjects and assess the relationship with clinical 
and laboratory features. We were especially interested in the IFN 
signature because IFN production may reflect the activity of ICs 
formed by ANAs. As results presented herein demonstrate, the 
frequency of ANA responses in patients with active lupus can vary 
significantly depending on the assay kit. Further, the results of this 
study indicate that IFA status can be associated with other immu-
nologic findings, including the IFN signature, that could influence 
responsiveness to therapy.

PATIENTS AND METHODS

For this study, samples were collected at baseline from 
181 patients enrolled in a phase II randomized clinical trial (Clin-
icalTrials.gov identifier NCT01405196) in order to evaluate the 
efficacy and safety of a monoclonal antibody to IL- 6 in SLE 
where historical ANA positivity was allowed (10). All potentially 
eligible subjects underwent a careful review of medical history, 
reports of current lupus symptoms, laboratory findings (i.e., 
ANA, anti- dsDNA, and anti- RBPs [anti- Sm, anti- RNP, anti- SSA, 
and anti- SSB]), C3, and C4. Patients were required to have an 
SLE Disease Activity Index 2000 (SLEDAI- 2K) (11)  score of >6, 
with musculoskeletal and mucocutaneous manifestations being 
the most commonly reported symptoms (98.3% and 85.2%, 

respectively). Of patients in the present study, 43 (23.8%) had a 
<1:80 ANA titer at screening assessed at the central laboratory 
that used the Kallestad HEp- 2 Cell Line Substrate (Bio- Rad Lab-
oratories). For patients who were ANA negative, diagnosis and 
eligibility were verified by an independent panel of experts per 
protocol for study inclusion based on a documented historical 
ANA or anti- dsDNA value, clinical and other serologic findings 
such as neutropenia or hypocomplementemia, and appropriate 
level of disease activity.

Anti- RBPs and anti- dsDNA were measured using a bead- 
based immunoassay (AtheNA Multi- Lyte ANA Test System). The 
complement C3 and C4 assays were performed by immunone-
phelometry using the Siemens BNII Nephelometer. IFN classifi-
cation was performed as described previously (12).

For the present study, sera obtained from patients were 
retested with the following ANA kits: ANA IFA: HEp- 20- 10 Test 
(EuroImmun), Nova Lite HEp- 2 ANA (Inova Diagnostics), ANA/
HEp- 2 Cell Culture IFA Test System (Zeus Laboratories), Kallestad 
HEp- 2 Cell Line Substrate (Bio- Rad Laboratories), and HEp- 2000 
Fluorescent ANA- Ro Test System (Immuno Concepts).

All assays were performed according to the recommended 
protocol by the manufacturers. Samples were run with positive 
and negative controls at 1:40 and 1:80 dilutions using an EVOS 
FL Cell Imaging System.

RESULTS

The original study population included 183 patients with a 
mean age of 40.4 years, mean disease duration of 8.1 years, and 
mean SLEDAI score of 9.5. From this cohort, there were ANA 
results from 182 subjects that were analyzed by the central labora-
tory, and samples were available from 181 patients for the present 
study. Samples were screened by a single experienced observer  
(DKT) using 5 commercially available ANA kits with HEp- 2 cells. 
All assays were performed according to recommended manufac-
turer protocol using dilutions of 1:40 and 1:80 and included pos-
itive and negative controls. Results indicated that the frequency 
of ANA negativity varied from 0.6 to 27.6% (Table 1). Of samples 
tested, 70.7% were positive in all assays. No sample was con-
sistently negative in either 4 or 5 assays, and only 1 sample was 
negative in 3 assays (data not shown).

Table 1. Comparison of 5 commercial antinuclear antibody (ANA) 
assays

Assay

No. (%)  
ANA- positive  

samples at 1:80

No. (%)  
ANA- negative 

samples at 1:80

EuroImmun 180 (99.4) 1 (0.6)
Nova Lite 175 (96.7) 6 (3.3)
Zeus 171 (94.5) 10 (5.5)
Kallestad 156 (86.2) 25 (13.8)
Immuno Concepts 131 (72.4) 50 (27.6)
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For this phase II study, the original screening at the central 
laboratory utilized the Kallestad kit, which is 1 of the kits we stud-
ied. We therefore compared the results of the determinations per-
formed at the central laboratory to those performed at the Duke 
laboratory; 1 sample was not included in the analysis due to lack 
of availability (Table 2). The results indicate substantial agreement 
in either reading since 70% of results were positive and 7.7% 
were negative when assessed at both laboratories (Table 2). The 

remaining samples showed discrepancies in positive and negative 

results.
To evaluate the association of ANA response with clinical or 

laboratory findings, the population was divided into groups by 
ANA positivity or negativity using the results of the Kallestad kit 
from either laboratory. A similar comparison was performed with 
the Immuno Concepts kit, which showed the highest frequency of 
negative determinations. As shown in Table 3, compared to those 
who were ANA negative, patients who were ANA positive had 
higher baseline disease activity, mean SLEDAI- 2K scores, anti- 
dsDNA levels, lower C3 concentrations, and a higher frequency of 
anti- RBPs. Using results from the original ANA testing performed 
at the central laboratory, seropositive and seronegative patients 
showed no differences in the frequency of use of immunosuppres-
sive agents (i.e., methotrexate, azathioprine, leflunomide, and/or 
mycophenolate mofetil) or glucocorticoid dosages of ≥7.5 mg/
day. Similarly, there were no differences in the frequency of use 
of antimalarials since 68% of ANA negative patients and 64% of 
ANA positive patients were taking these agents.

Since ICs containing ANAs and their cognate antigens can 
drive IFN production, we investigated the relationship between 
serologic findings and the IFN signature. The results presented 
in Table 3 indicate that those patients who were ANA negative 
as assessed by either the Kallestad or Immuno Concepts kits 

Table 2. Comparison of Kallestad ANA assay results between the 
Duke laboratory and central laboratory*

Assay result
No. (%) of subjects 

(n = 180)

ANA+ at both Duke laboratory and 
central laboratory

126 (70.0)

ANA− at both Duke laboratory and 
central laboratory

14 (7.7)

ANA+ at Duke laboratory/ANA− at 
central laboratory

29 (16.1)

ANA− at Duke laboratory/ANA+ at 
central laboratory

11 (6.1)

* Antinuclear antibodies (ANAs) were tested at a dilution of 1:80. 
In these results, 1 sample was not included in the analysis of 181 
subjects due to lack of availability. 

Table 3. Baseline demographic and clinical characteristics of the patients with systemic lupus erythematosus by ANA positivity*

Central laboratory Duke laboratory Immuno Concepts

Total population
(n = 183)

ANA+ ANA– ANA+ ANA– ANA+ ANA–
(n = 138) (n = 44) (n = 156) (n = 25) (n = 131) (n = 50)

Age, mean years 38.8 45.4 40 43.9 39.8 42.5 40.4
Disease duration in 

years, mean
8.15 8.55 8.41 7.89 8.25 8.58 8.1

SLEDAI score, mean 9.87† 8.52 9.72† 8.32 9.82† 8.76 9.5
SLEDAI score ≥10 72 (52.2)† 13 (29.6) 76 (48.7) 8 (32.0) 68 (51.9)† 16 (32) 85 (46.4)
Immunosuppressive 

agent use‡
60 (43.5) 22 (50.0) – – – – –

Oral glucocorticoid 
use >7.5 mg/day

59 (42.8) 20 (45.5) – – – – –

anti- dsDNA, mean 116.2† 36.4 106.8† 39.3 111.6† 60.5 97
anti- low C3, no. (%) 43 (31.2)† 5 (11.4) 45 (28.9)† 2 (8.0) 41 (31.3)† 6 (12.0) 48 (26.4)
anti- SSA, no. (%) 57 (41.3)† 11 (25.0) 60 (38.5) 6 (24.0) 55 (42.0)† 11 (22.0) 68 (37.4)
anti- SSB, no. (%) 25 (18.1)† 1 (2.3) 23 (14.7) 3 (12.0) 24 (18.3) 2 (4.0) 26 (14.2)
anti- RNP, no. (%) 35 (25.4)† 1 (2.3) 35 (22.4)† 1 (4.0) 31 (23.7) 5 (10.0) 36 (19.7)
anti- Sm, no. (%) 32 (23.2)† 1 (2.3) 31 (19.9) 2 (8.0) 31 (23.7) 2 (4.0) 33 (18.1)
IFN high, no./no. 

assessed (%)
91/127 (71.7)† 10/40 (25.0) 93/144 (64.6)† 9/23 (39.1) 82/118 (69.5) 20/49 (40.8) 101/167 (60.5)

* Baseline demographic and clinical characteristics by antinuclear antibody (ANA) status were not shown for the EuroImmun, Nova Lite, and 
Zeus assays as the majority of subjects (>94%) were ANA+. The t- test was used to compare mean baseline values to determine significance, 
and Fisher’s exact test was used for comparison of all other values. SLEDAI = Systemic Lupus Erythematosus Disease Activity Index; anti- 
dsDNA = anti–double- stranded DNA; IFN = interferon. 
† Significantly different versus ANA– group (P ≤ 0.05). 
‡ Immunosuppressive agents included methotrexate, azathioprine, leflunomide, and mycophenolate mofetil. 



ANA SCREENING FOR SLE CLINICAL TRIALS |      1537

were less likely to have high IFN expression. Taken together, 
these results indicate that IFA determinations, depending on the 
kit, can be related to disease activity and presence of high IFN 
expression.

DISCUSSION

This study provides new information on the use of ANA test-
ing for screening in clinical trials and the potential influence of 
serologic status on treatment response. We showed that different 
IFA kits produce varying frequencies of positivity among patients 
with sufficient disease activity for clinical trial eligibility. Further, 
our findings indicate that patients with negative ANA values in  
certain kits may differ from those with positive responses in immu-
nologic findings, including high IFN expression. Together, these 
findings suggest that the performance characteristics of assays 
may impact the value of this testing to determine trial eligibility and 
possibly eventual prescription of medications approved for active, 
autoantibody- positive disease.

While ANA testing represents an essential element in patient 
evaluation, the assays (“kits”) used for such testing can differ in 
performance characteristics. These differences can relate to fac-
tors such as properties of the fluorescent detection antibodies, 
conditions for cell fixation and properties of the cell lines them-
selves (8). Observer differences can also affect IFA determinations. 
In routine clinical care, the major problem with most IFA kits has 
been the high frequency of positive results in otherwise healthy 
individuals. The issue of false- negatives as well as variability of 
assay results in SLE patients has received less attention.

The use of ANA testing in the trial setting differs from that of 
the routine management of patients with SLE. Differences include 
disease duration and possible changes in serologic findings that 
arise from the natural history of the disease or the effects of immu-
nosuppressive therapy, especially with agents that can affect B 
cells such as cyclophosphamide or mycophenolate mofetil. In 
routine care, assessment of ANAs and anti- RBPs tends to be per-
formed at the initial evaluation only. Thus, there is only limited infor-
mation on their evolution over time and longitudinal expression.

The patient cohort in this study consisted of patients 
enrolled in a clinical trial to evaluate the efficacy and safety of a 
monoclonal anti–IL- 6 antibody in the treatment of active SLE. 
Nevertheless, the frequency of ANA negativity assessed at the 
central laboratory was 23.8%. Review by experts, however, 
substantiated the diagnosis of SLE based on prior ANA or anti- 
dsDNA positivity as well as clinical and laboratory features. Con-
sistent with a prior study of another patient population (9), these 
results indicate that ANA determinations can vary depending on 
the kit, with observer differences also affecting testing results.

The IFA is often viewed as the gold standard for ANA 
assessment since it allows for the detection of antibodies to a 
potentially large number of antigens (13,14). This ability distin-

guishes the IFA from other ANA assays such as bead- based or 
line immunoassays that involve only a limited number of antigens 
(8). Although the IFA assay should allow broad ANA detection, 
the kits in our study differed in the frequency of positive and 
 negative results.

The results of this study have important implications for the 
use of serology in the clinical trial setting. If ANA positivity is con-
sidered an essential feature of SLE, ANA positivity at the time of 
screening can provide some assurance as to diagnosis. Con-
versely, ANA negativity, while not excluding the diagnosis of SLE, 
may reflect immunologic findings as well as disease activity (as 
indicated by the data presented in Table 3). For both the Kallestad 
and Immuno Concepts kits, ANA- negative patients differed from 
ANA- positive patients in disease activity, levels of anti- dsDNA and 
complement C3 and C4, and frequency of anti- RBPs and high 
IFN expression. A positive value with these kits may therefore sig-
nify greater disease activity and the possible likelihood of response 
to certain agents.

Since the IFN signature may reflect immune cell activation 
by ICs with anti- dsDNA or anti- RBPs, a lower frequency of IFN 
expression would be expected in patients who are ANA negative. 
The role of IFN as a marker of disease activity is not yet clear, 
however (15,16). In this regard, ANA titers may also be relevant 
to the immunologic profile of a patient in view of data indicating 
that the extent of in vitro IFN generation may be related to the total 
amount of anti- RBPs, as reflected in a composite index created 
by summing levels of antibodies to SSA, SSB, Sm, and RNP (3).

Together, these findings highlight the challenges of ANA 
testing in the trial setting to screen for serologic activity. This set-
ting can be considered “post- autoimmunity” (i.e., after diagnosis 
and treatment) in contrast to a setting of “pre- autoimmunity” (i.e., 
before disease is clinically evident). With established disease, 
the frequency of ANA positivity may, in fact, be lower than the 
95–99% positivity rate usually considered in the diagnosis of SLE. 
However, our data suggest that a frequency of ANA positivity of 
essentially 100% can be achieved by the utilization of certain kits 
or the combination of kits.

Thus, our results suggest that, in the clinical trial setting, 
ANA assays, depending on their performance characteristics, 
not only may affect assessment of trial eligibility but also could 
identify immunologic features potentially relevant to treatment 
response. In this regard, in the development of belimumab, the 
use of ANA and anti- dsDNA positivity as a criterion for entry 
likely influenced the success of the trials, allowing detection of 
a response that may have been obscured by either enrolling 
all patients irrespective of ANA status or screening with an 
ANA assay with 95–99% positive results. The variations in IFA 
determinations and their association with certain clinical and 
immunologic features highlight the need to better understand 
the use of this biomarker for screening and its potential impact 
on treatment responses.
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Enhanced Programmed Death 1 and Diminished 
Programmed Death Ligand 1 Up- Regulation Capacity of 
Post- Activated Lupus B Cells
Ana-Luisa Stefanski,1 Annika Wiedemann,2 Karin Reiter,2 Falk Hiepe,2 Andreia C. Lino,2 and Thomas Dörner2

Objective. To assess the expression of programmed death 1 (PD- 1), PD ligand 1 (PD- L1), and PD- L2 by B cells 
from patients with systemic lupus erythematosus (SLE) at baseline and after in vitro stimulation and to analyze their 
functional relationship to B cell proliferation.

Methods. Peripheral blood mononuclear cells obtained from 29 SLE patients and 27 healthy donors were stim-
ulated with interleukin- 2 (IL- 2)/IL- 10, anti–B cell receptor (anti- BCR), CpG, and CD40L alone or in combination. 
Expression of PD- 1, PD- L1, and PD- L2 on defined B cell subsets as well as on CD3+ T cells was analyzed by flow 
cytometry at baseline and after 48 hours of stimulation. Additionally, after 48 hours of stimulation, CD71 was evalu-
ated as a proliferation marker on CD19+CD20+ B cells.

Results. Increased PD- 1 expression was characteristic of unstimulated lupus B cells and T cells. Upon stimulation 
of B cells with IL- 2/IL- 10, anti- BCR, CpG, and CD40L for 48 hours, the capacity of SLE B cells to up- regulate PD- L1 
expression was substantially diminished (P = 0.0006) along with reduced B cell proliferation (P = 0.0039). Reduced 
PD- L1 expression was inversely correlated with the presence of the interferon signature (r = –0.8571, P < 0.0001) and 
the clinical SLE Disease Activity Index score (r = –0.5696, P = 0.0087).

Conclusion. Post- activated, hyporesponsive lupus B cells are characterized by a phenotype of increased PD- 1, 
functionally diminished PD- L1 up- regulation capacity, and reduced proliferation upon stimulation.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a multiorgan autoim-
mune disease with underlying abnormalities of cellular and humoral 
immunity. B cells are considered key players in SLE as precursors 
of autoantibody- producing plasma cells, antigen- presenting cells, 
and cytokine and chemokine producers. Recent studies have 
shown that SLE patients present with anergic or post- activated B 
cells, characterized by hyporesponsiveness upon B cell receptor 
(BCR) and Toll- like receptor 9 (TLR- 9) stimulation as well as indi-
cations of impaired T cell and B cell interaction (1).

In this context, costimulatory and coinhibitory signals regu-
late the interaction between T and B cells during an inflammatory 
response, which is crucial for an appropriate host reaction and main-
tenance of self tolerance. Programmed death 1 (PD- 1) is a major 
inhibitory receptor expressed by activated lymphocytes. Engage-

ment of its 2 ligands (PD ligand 1 [PD- L1] and PD- L2) play an impor-
tant regulatory role during immune responses against viruses, chronic 
infections, and tumors (2). Cancer therapy has been revolutionized 
in recent years by the revitalization of exhausted T cells via immune 
checkpoint inhibitors, such as blockers of the PD- 1 pathway. This 
therapeutic concept is also associated with immune- related side 
effects mimicking certain autoimmune features (3). The resulting clin-
ical implications, together with known risk alleles of PD- 1 and related 
susceptibility for SLE (4) as well as observations that PD- 1–knockout 
mice develop a lupus- like pathology (5), suggest potential involve-
ment of the PD- 1 pathway in SLE pathogenesis. However, results 
from studies of mice with experimental lupus- like disease in which 
the PD- 1 pathway has been blocked or enhanced are a subject of 
controversy (6,7). In addition, little is known about the expression 
and kinetics of PD- 1, PD- L1, and PD- L2 by B lymphocytes from 
SLE patients. Thus, the current study was undertaken to address 
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the hypothesis that abnormalities of these particular checkpoint mol-
ecules might be involved in the pathology of SLE B cells and their 
post- activated, hyporesponsive status.

PATIENTS AND METHODS

Study participants. Whole blood samples were collected from 
29 patients who met the American College of Rheumatology criteria 
for SLE (8) (see Supplementary Table 1, available on the Arthritis & 
Rheumatology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.40897/ abstract). Exclusion criteria included treatment with pred-
nisolone (≥20 mg/day) at the time of enrollment, previous rituximab 
therapy, or any prior experimental B cell–depleting therapy. Twenty- 
seven healthy donors served as controls. The study was approved by 
the Local Ethics Committee at Charité University Hospitals Berlin, and 
all participants provided written informed consent.

Culture conditions. Peripheral blood mononuclear cells 
(PBMCs) were prepared by density- gradient centrifugation. One 
million PBMCs were cultured for 48 hours in 96- well, round- 
bottomed plates (Greiner Bio- One) in medium alone or in medium 
containing goat F(ab)2 fragments against human IgG, IgM, and 
IgA (anti- BCR; 0.5 μg/ml) (Jackson ImmunoResearch Labora-
tories); recombinant human interleukin- 2 (IL- 2) and IL- 10 (both 
20 ng/ml) (ImmunoKontact); CD40L (0.5 μg/ml) (Miltenyi Biotec); 
and CpG- containing oligodeoxynucleotide (0.5 mg/ml) (sequence  
59- TsCsg sTsCsg sTsTsT sTsgsT sCsgsT sTsTsTsgsTsC 
sgsTsT- 39; TIB  MolBiol) alone or in combination.

Flow cytometry. For baseline screening and B cell stim-
ulation studies, PBMCs were stained with phycoerythrin (PE)– 
Cy7–conjugated CD19 (clone SJ25C1), Pacific Blue–conju-
gated CD3 (clone UCHT1), PerCP–Cy5.5–conjugated PD- 1 
(clone EH12.1), allophycocyanin (APC)–H7–conjugated CD14 
(clone MOP9), and fluorescein isothiocyanate (FITC)–conjugated 
CD27 (clone L128) (all from BD Biosciences) as well as BV510- 
conjugated CD20 (clone 2H7), PE- conjugated PD- L1 (clone 
29E.2A3), and APC- conjugated PD- L2 (clone 24F.10C12) (all 
from BioLegend). For B cell proliferation studies, PBMCs were 
stained with FITC- conjugated CD71 (clone OKT9; eBioscience).

For examination of B cell subsets at baseline, PBMCs were 
stained with BV711- conjugated CD19 (clone SJ25C1), BUV395- 
conjugated CD3 (clone UCHT1), BUV395- conjugated CD14 
(clone M5E2), BV786- conjugated CD27 (clone L128), PerCP–
Cy5.5–conjugated PD- 1, and PE- conjugated CD11c (clone Blys6) 
(all from BD Biosciences) as well as BV510- conjugated CD20, PE- 
CF594–conjugated IgD (clone IA6- 2), APC- conjugated PD- L1, 
and APC- conjugated PD- L2 (all from BioLegend).

For the detection of sialic acid–binding Ig- like lectin 1 
(Siglec- 1) (CD169) on monocytes, whole blood samples were 
lysed first (PharmLyse; Becton Dickinson) for 15 minutes at room 
temperature. Staining was performed with anti–Siglec- 1–AF647 

(7–239) (BioLegend). Prior to all membrane staining, the Fc recep-
tor (FcR) was blocked for 5 minutes at 4°C using FcR blocking 
reagent (Miltenyi Biotec). Cells were stained for 15 minutes at 4°C.

Prior to measurement, 1 μl of 300 nM DAPI (Invitrogen) was 
added to exclude dead cells. The stained samples were assessed 
by flow cytometry using a FACS Canto II flow cytometer (Becton 
Dickinson) for baseline screening and B cell stimulation studies 
and a FACS LSR Fortessa flow cytometer (Becton Dickinson) for 
detailed evaluation of B cell subsets at baseline. Results were ana-
lyzed with FlowJo software, version 10.

Statistical analysis. Statistical analyses were performed 
using GraphPad Prism version 6. Differences between findings of 
stimulation experiments in cells from healthy donors compared to 
SLE patients were assessed by Mann- Whitney U test. Correla-
tions were calculated using Spearman’s rank coefficient. P values 
less than 0.05 were considered significant.

RESULTS
Increased PD- 1 expression on unstimulated T cells and 

B cells in SLE. First, we investigated the expression of PD- 1 and 
its corresponding ligands PD- L1 and PD- L2 at baseline on CD27– 
and CD27+ B cells as well as on CD20lowCD27++ plasmablasts 
from control subjects and SLE patients (Figure 1A). Expression of 
PD- 1, PD- L1, and PD- L2 was higher in CD27+ B cells compared 
to CD27– B cells in SLE patients as well as controls. The highest 
expression of PD- L2 was found on CD20lowCD27++ plasmablasts.

Of particular note, PD- 1 expression on unstimulated 
CD27– and CD27+ B cells from SLE patients was significantly 
higher compared to cells from control subjects, while there was 
no difference in the expression of the corresponding ligands. To 
assess which B cell subsets express higher PD- 1, we monitored 
CD27–IgD+ (naive), CD27–IgD– (double- negative), CD27+IgD+ 
(nonswitched memory), CD27+IgD– (switched memory), and 
CD11c+ (age- associated) B cells (gating strategy and distribu-
tion of subsets shown in Supplementary Figure 1, available on 
the Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.
com/doi/10.1002/art.40897/ abstract). Naive and switched mem-
ory B cells from SLE patients exhibited significantly higher PD- 1 
expression compared to healthy donors. PD- L1 and PD- L2 were 
most highly expressed on nonswitched memory B cells in healthy 
donors and SLE patients (Figure 1B). Control subjects and SLE 
patients expressed similar levels of PD- 1 and its ligands in CD11c+ 
age- associated B cells (see Supplementary Figure 2, available at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.40897/ abstract).

A significant increase in PD- 1 expression on CD3+ T cells 
from SLE patients was found compared to healthy donors at 
baseline (Figure 1C), whereas there was no difference between 
the 2 groups in expression of either ligand on T cells. Interestingly, 
a positive correlation was found between the expression of PD- 1 
on T cells and its expression on B cells (r = 0.6274, P = 0.0108).

http://onlinelibrary.wiley.com/doi/10.1002/art.40897/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40897/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40897/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40897/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40897/abstract
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For comparison, we studied the expression of 2 other costim-
ulatory molecules on B cells: CD40, crucial for T cell–dependent B 
cell activation (via the CD40/CD40L axis), and CD86, a marker of 
activated B cells and modulating T cell signaling. At baseline, CD40 
was highly expressed on CD27– and CD27+ B cells. In contrast, 
CD86 was highly expressed on CD27++ plasmablasts compared 
to other subsets. Nevertheless, B cells from SLE patients and 
healthy controls showed a similar expression pattern of CD40 and 
CD86 (see Supplementary Figures 3A and B, available at http://
onlin elibr ary.wiley.com/doi/10.1002/art.40897/ abstract).

Diminished PD- L1 up- regulation capacity by 
CD19+CD20+ lupus B cells upon stimulation. PBMCs obtained 
from healthy donors and SLE patients were stimulated for 48 hours 
under different conditions (anti- BCR, CpG, CD40L, and IL- 2/IL- 10 
alone or in combinations) (Figures 2A–C). Stimulation of B cells with 
anti- BCR alone (data not shown) or IL- 2/IL- 10 alone did not result 
in increased expression of any PD- 1 family members. However, the 
highest expression of PD- 1, PD- L1, and PD- L2 on CD19+CD20+ B 
cells from healthy donors and SLE patients was found after stimu-
lation with anti- BCR together with CpG and CD40L (Figures 2A–C). 

Under these conditions, only the up- regulation of PD- L1 was signif-
icantly diminished on SLE B cells compared to controls (Figure 2B). 
There was no difference in PD- 1 expression (Figure 2A) or PD- L2 
expression (Figure  2C). We also observed diminished PD- L1 up- 
regulation by SLE B cells upon stimulation with CpG alone, while 
stimulation with CD40L alone induced similar expression of PD- 1, 
PD- L1, and PD- L2 in healthy controls and SLE patients.

Overall expression patterns of CD86 and CD40 on stimu-
lated SLE B cells were similar (Figure  2D and Supplementary 
Figure 4 at http://onlin elibr ary.wiley.com/doi/10.1002/art.40897/ 
abstract, respectively), including diminished responsiveness to 
CpG  stimulation but preserved response to CD40 stimulation. Of 
particular note, reduced expression of CD86 and CD40 correlated 
with diminished PD- L1 up- regulation upon stimulation of SLE B 
cells (P = 0.0280 and P = 0.0266, respectively).

Inverse correlation of CD169 (Siglec- 1) expression 
levels and PD- L1 levels in activated CD19+CD20+ lupus B 
cells. We subsequently addressed whether there was any rela-
tionship between lupus activity and the expression profile of ana-
lyzed checkpoint molecules. In this context, it has been previously 

Figure 1. Unstimulated B cells and T cells from systemic lupus erythematosus (SLE) patients exhibit increased expression of programmed 
death 1 (PD- 1). PD- 1, PD ligand 1 (PD- L1), and PD- L2 expression at baseline in cell subsets from 7–10 healthy donors (HDs) and 9–10 SLE 
patients is shown. A, PD- 1, PD- L1, and PD- L2 expression by CD20+CD27– and CD20+CD27+ B cells and CD20–CD27++ plasmablasts. 
B, PD- 1, PD- L1, and PD- L2 expression by naive (CD27–IgD+), double- negative (DN) (CD27–IgD–), switched memory (SM) (CD27+IgD–), 
and nonswitched memory (NSM) (CD27+IgD+) B cells. C, PD- 1, PD- L1, and PD- L2 expression by CD3+ T cells. For gating strategies, see 
Supplementary Figure 1, available on the Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.40897/ abstract. 
Symbols represent individual subjects; bars show the mean ± SD. * = P ≤ 0.05; ** = P ≤ 0.01; *** = P ≤ 0.001; **** = P < 0.0001. # = P ≤ 0.05; 
## = P ≤ 0.01, SLE patients versus healthy donors. MFI = mean fluorescence intensity.

http://onlinelibrary.wiley.com/doi/10.1002/art.40897/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40897/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40897/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40897/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40897/abstract
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demonstrated that expression of Siglec- 1 on monocytes can 
serve as a surrogate marker of the type I interferon (IFN) signature 
in SLE (9). In the present study, we found that PD- L1 expres-
sion on B cells was inversely correlated with Siglec- 1 expression 
( Figure 3A) and with SLE disease activity measured by the clinical 
SLE Disease Activity Index score (10) (Figure 3B). Regarding other 
costimulatory molecules, we also observed an inverse correlation 
between Siglec- 1 and CD86 expression  (Figure 3C).

Up- regulated PD- L1 expression as a marker of B cell 
proliferation in SLE patients and healthy controls. To inves-
tigate the impact of PD- 1 on proliferation as an indicator of potential 
post- activated, hyporesponsive cells, we used transferrin receptor 1 
(CD71) membrane expression as a marker of B cell proliferation and 
its relationship to PD- L1 expression. Up- regulation of CD71 has been 
shown to correlate with Ki- 67 expression (11). After 48 hours of stim-
ulation with anti- BCR, CD40L, and CpG, B cells from SLE patients 
proliferated less then B cells from healthy controls (Figure 3D). A direct 

correlation was found between B cell proliferation and PD- L1 expres-
sion, both in healthy donors and SLE patients (Figure 3E).

DISCUSSION

Immune checkpoints are vital regulatory pathways that main-
tain the homeostasis and tolerance of the immune system. The 
PD- 1 pathway is one of the comprehensively investigated immune 
checkpoints in SLE, with a focus on T cells and most studies 
being conducted with preclinical mouse models, and with conflict-
ing results. The expression and kinetics of PD- 1 family members 
on human B cells have not yet been delineated in detail.

Herein, we show that PD- 1 expression is increased in naive 
and switched memory SLE B cells at baseline, which is consis-
tent with a previous report describing increased PD- 1 expression 
on CD19+ and in CD3+ lymphocytes (12). Recent studies have 
demonstrated higher PD- 1 transcript levels in CD27–IgD–CXCR5–
CD11c+ (13) and CD11chighTbet+CD27lowCD38low B cell subsets 

Figure 2. Reduced PD- L1 and CD86 expression by stimulated B cells from 10 patients with SLE compared to 10 healthy donors. Expression 
of PD- 1 (A), PD- L1 (B), PD- L2 (C), and CD86 (D) by CD19+CD20+ B cells after stimulation with interleukin- 2 (IL- 2)/IL- 10, CpG, anti–B cell 
receptor (anti- BCR), and CD40L is shown. Symbols represent individual subjects; bars show the mean ± SD. * = P ≤ 0.05; ** = P ≤ 0.01; *** = P 
≤ 0.001; **** = P < 0.0001. # = P ≤ 0.05; ## = P ≤ 0.01; ### = P ≤ 0.001, SLE patients versus healthy donors. See Figure 1 for other definitions.
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(14) in SLE patients. In our cohort, we also observed increased 
PD- 1 expression in CD27–IgD– double- negative B cells from 
SLE patients compared to healthy controls. The low frequency of 
reported CD27– B cell subsets makes appropriate monitoring of 
the surface expression of PD- 1 molecules  challenging.

Interestingly, a positive correlation was found between higher 
expression of PD- 1 on SLE T cells and higher expression on B 
cells, suggesting a shared regulation of PD- 1 membrane expres-
sion on these cells in SLE. Since it is known that  expression of 
PD- 1 and its ligands depends on cellular activation, we addressed 
the question if and how certain stimulation conditions are able to 

modulate/induce membrane expression of these molecules on 
B lymphocytes. As members of the adaptive immune system, B 
cells require at least 2 signals for proper activation. The first sig-
nal occurs with antigen recognition through the BCR. The second 
signal occurs by engagement of activating coreceptors during 
interaction with T cells (via the CD40/CD40L axis) or by activa-
tion of TLR- 9 via CpG sequences. We showed that PD- L1 up- 
regulation was significantly diminished in B cells from SLE patients 
compared to those from healthy controls upon CpG stimulation 
alone or in combination with anti- BCR and CD40L. PD- L1 expres-
sion correlated inversely with the type I IFN signature as well as 

Figure 3. Correlation between PD- L1 expression after stimulation and type I interferon signature and proliferation. A and C, Inverse correlation 
between expression of sialic acid–binding Ig- like lectin 1 (Siglec- 1) (CD169) at baseline and PD- L1 (A) or CD86 (C) on CD19+CD20+ B cells 
from 10 patients with SLE and 10 healthy donors after 48 hours of stimulation with interleukin- 2 (IL- 2)/IL- 10, CpG, anti–B cell receptor (anti- 
BCR), and CD40L. B, Inverse correlation between clinical SLE Disease Activity Index (cSLEDAI) score and PD- L1 expression on CD19+CD20+ 
B cells after 48 hours of stimulation with IL- 2/IL- 10, CpG, anti- BCR, and CD40L. D, Frequency of CD71- expressing CD19+CD20+ B cells, as 
a marker of proliferation, with and without stimulation for 48 hours with IL- 2/IL- 10, CpG, anti- BCR, and CD40. ## = P ≤ 0.01, SLE patients 
versus healthy donors. Symbols represent individual subjects; bars show the mean ± SD. E, Correlation between CD71 and PD- L1 expression 
on CD19+CD20+ B cells after 48 hours of stimulation with IL- 2/IL- 10, CpG, anti- BCR, and CD40L. See Figure 1 for other definitions.
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lupus disease activity. B cell stimulation via anti- BCR, CpG, and 
CD40L up- regulated PD- L1 membrane expression, especially by 
proliferating B cells, in healthy donors or SLE patients. These data 
are consistent with the conclusion that proliferation seems to be a 
key mechanism to enhance PD- L1 expression on B cells, control 
ensuing immune responses, and restore homeostasis.

Prior studies on B cells in SLE have shown an altered respon-
siveness to TLR- 9 stimulation, such as cytokine production, activa-
tion, and proliferation (1). In this context, our data support the idea 
that post- activated, hyporesponsive SLE B cells are marked by sig-
nificantly enhanced PD- 1 expression at baseline but show functionally 
reduced responses upon TLR- 9 and anti- BCR stimulation, with dimin-
ished proliferation along with reduced PD- L1 up- regulation capacity. 
TLR- 9 stimulation via CpG also resulted in diminished expression of 
the costimulatory molecule CD40 and a lower frequency of activated 
CD86+ SLE B cells compared to cells from healthy donors. Thus, the 
reduced up- regulation of PD- L1 by SLE B cells also affects expres-
sion of coinhibitory and costimulatory molecules, suggesting a more 
general hyporesponsiveness and impaired regulatory functions. In 
this regard, the current results provide insight into the crucial role of T 
cell–dependent activation of SLE B cells via CD40/CD40L interaction. 
While TLR- 9 engagement in SLE B cells appeared to be abnormal 
and possibly related to their post- activation status, activation of CD40 
resulted in consistent up- regulation of inhibitory molecules PD- 1, PD- 
L1, and PD- L2 and stimulatory molecules CD86 and CD40. How-
ever, the functional impact of the observed hyporesponsive status is 
still a matter of debate. For example, other than in chronic infections, 
exhausted CD8+ T cells seem to predict a favorable prognosis in 
autoimmune diseases such as SLE (15).

The study has some limitations. First, we cannot exclude 
the possibility that the differences seen after stimulation are 
related to the differential expansion of B cell subsets between 
SLE patients and healthy donors (see Supplementary Figure 
1, available on the Arthritis & Rheumatology web site at http://
onlin elibr ary.wiley.com/doi/10.1002/art.40897/ abstract). Sec-
ond, all SLE patients included in the study were receiving 
medication, and most had low disease activity (Supplementary 
Table 1, available at http://onlin elibr ary.wiley.com/doi/10.1002/
art.40897/ abstract). The influences of treatment on PD- 1 
expression by SLE B cells are still a matter of debate. We can-
not exclude the possibility that higher disease activity could 
affect the PD- 1 axis at baseline in a more pronounced way.

While the PD- 1 axis in SLE remains to be further character-
ized, it was recently shown that PD- 1/PD- L1 interactions play a 
crucial role in the stringency of germinal center affinity selection 
(16). Moreover, PD- L1–deficient B cells in this mouse model exhib-
ited subsequent outgrowth of low- affinity or irrelevant antibodies 
(16), suggesting initiation and perpetuation of autoimmunity.
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The Epidemiology of Antiphospholipid Syndrome: A 
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Objective. To estimate the annual incidence and prevalence of and frequency of mortality associated with 
 antiphospholipid syndrome (APS).

Methods. An inception cohort of patients with incident APS in 2000–2015 from a geographically well- defined 
population was identified based on comprehensive individual medical records review. All cases met the 2006 Sydney 
criteria for APS (primary definition) or had a diagnosis of APS confirmed by physician consensus (secondary defi-
nition). Levels of lupus anticoagulant, IgM and IgG anticardiolipin antibodies, and anti–β2- glycoprotein I antibodies 
were tested in a centralized laboratory. Incidence rates were age-  and sex- adjusted to the 2010 US white population. 
Prevalence estimates were obtained from the incidence rates, assuming that there was no increased mortality asso-
ciated with APS and that migration in or out of the area was independent of disease status.

Results. Among this cohort in 2000–2015, 33 cases of incident APS, as defined by the Sydney criteria, were 
identified (mean age of patients 54.2 years; 55% female, 97% white). The annual incidence of APS in adults ages 
≥18 years was 2.1 (95% confidence interval [95% CI] 1.4–2.8) per 100,000 population. Incidence rates were similar 
in both sexes. The estimated prevalence of APS was 50 (95% CI 42–58) per 100,000 population, and was similar 
in both sexes. Six patients (18%) had a concurrent diagnosis of systemic lupus erythematosus. The most frequent 
clinical manifestation was deep vein thrombosis. The overall frequency of mortality among patients with APS was not 
significantly different from that in the general population (standardized mortality ratio 1.61, 95% CI 0.74–3.05).

Conclusion. APS occurred in ~2 persons per 100,000 population per year. The estimated prevalence was 50 per 
100,000 population. Overall mortality was not notably different from that observed in the general population.

INTRODUCTION

Antiphospholipid syndrome (APS) is an autoimmune disease 
characterized by vascular (arterial and/or venous) thrombosis and/or 
pregnancy morbidity in the presence of antiphospholipid antibodies 
(aPL) (1). APS occurs alone or in association with other autoimmune 
diseases, particularly systemic lupus erythematosus (SLE).

APS is defined according to the 2006 Sydney international 
consensus criteria for the classification of APS (2). It requires the 
presence of a clinical criterion, either a vascular (venous or arte-
rial) thrombosis or pregnancy morbidity, and a laboratory criterion, 
based on measurements of persistent aPL on 2 or more occasions, 
at least 12 weeks apart. The types of aPL accepted for the labora-
tory criterion include the lupus anticoagulant (LAC), anticardiolipin 

(aCL) IgG and IgM, and anti–β2- glycoprotein I (anti- β2GPI) IgG and 
IgM antibodies.

It has been speculated that APS is a leading cause of thrombo-
sis and pregnancy morbidity particularly in the young. However, the 
incidence and prevalence of APS is unknown. Epidemiologic char-
acteristics of the disease have been described in specific disease 
cohorts, such as patients with SLE or those with stroke, but the bur-
den of the disease in the general population remains unknown (3).

Estimating the frequency of APS in the general population has 
been identified as an urgent need in order to understand the mag-
nitude of the disease burden (4). In a systematic review, the authors 
concluded that there was a lack of robust scientific data to esti-
mate the frequency of APS in the population (5). The most common 
methodologic barriers identified were that included patients were 
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individuals with a single positive finding for aPL with no confirmation 
at least 12 weeks later, as well as inclusion of low- titer aCL or anti- 
β2GPI antibodies when detected by enzyme- linked immunosorbent 
assay at a recommended cutoff level of 40 units. The available stud-
ies have been mostly retrospective in nature and performed at major 
referral medical centers, and none were population- based (5).

The aim of this study was to characterize the annual incidence 
and prevalence of APS and ascertain the frequency of mortality 
associated with APS in a population- based cohort of patients with 
APS in 2000–2015 from Olmsted County, Minnesota.

PATIENTS AND METHODS

Study design. Through the resources of the Rochester 
Epidemiology Project (REP), a record linkage system, the popu-
lation of Olmsted County, Minnesota is well suited for investiga-
tion of the epidemiology of APS because comprehensive medical 
records for all residents seeking medical care are available. The 
REP allows ready access to the medical records from all health 
care providers for the local population, including the Mayo Clinic, 
the Olmsted Medical Center and their affiliated hospitals, local 
nursing homes, and the few private practitioners. Data about 
dates and causes of death are routinely tracked and readily avail-
able. This system ensures virtually complete ascertainment of all 
clinically recognized cases of APS among the residents of Olm-
sted County, Minnesota (6). The demographics, distribution of 
morbidity, and death rates in Olmsted County are similar to those 
in the state of Minnesota and the upper Midwest. The charac-
teristics and strengths of the REP, as well as its generalizability, 
have been described elsewhere (7,8).

The population size of Olmsted County in 2010 was 144,248, 
with 74.7% of individuals being age ≥18 years. Furthermore, the 
ethnic distribution of the population in 2010 was 85.7% white, 
4.2% Hispanic, 4.8% African American, 5.5% Asian/Native Hawai-
ian/Pacific Islander, and 0.2% American Indian/Alaska Native. The 
study was approved by the institutional review boards of the Mayo 
Clinic and Olmsted Medical Center.

Case finding and ascertainment. Potential cases of APS 
were identified based on laboratory reports. The case- finding strat-
egy was designed to be highly sensitive and comprehensive. We 
queried the REP patient database for any individuals who were tested 
for aPL, either anti- β2GPI IgG or IgM antibodies or LAC IgG or IgM 
antibodies (by dilute Russell viper venom time [DRVVT], DRVVT mix, 
DRVVT confirmation, or STACLOT), for whom the test result was 
reported as out of range or abnormal. Those with at least 2 abnor-
mal APS antibody test results at any point in time between January 
1, 2000 and December 31, 2015 were selected for extensive chart 
review. All of the APS- related laboratory studies in Olmsted County, 
regardless of provider, were performed at the Special Coagulation 
Laboratory (Mayo Clinic, Rochester, MN), and were interpreted and 
standardized based on international consensus criteria.

Identification of the cohort of patients with APS meeting the 
2006 Sydney criteria was performed by rigorous application of the 
classification criteria, including the following features: 1) all cases 
had to have a recorded venous or arterial thrombotic event or 
pregnancy morbidity; 2) the time interval between the initial and 
repeated laboratory testing had to be at least 12 weeks apart; and 
3) aCL and anti- β2GPI antibodies were considered positive only if 
they had a value of ≥40 IgG phospholipid (GPL)/IgM phospholipid 
(MPL) units. Although in the Sydney classification criteria for APS 
there is no clear threshold for anti- β2GPI antibody positivity, we 
used the cutoff of ≥40 GPL/MPL units because it is easier to rep-
licate and apply elsewhere. For those cases where the laboratory 
test was performed before the implementation of GPL or MPL 
units as a measure of anti- β2GPI antibodies, an elevated serum 
titer was considered positive, if reported as such by the laboratory.

The Sydney criteria are often used in clinical research as the 
diagnostic classification criteria for APS and commonly used in clin-
ical practice as a framework for diagnosis. However, they do not 
include all of the manifestations of the disease, such as thrombocyto-
penia or heart valvulopathies. Furthermore, patients whose confirma-
tory laboratory testing is done fewer than 12 weeks apart will not fulfill 
the classification criteria. Thus, we used 2 definitions of an APS case, 
with 1 being based on the Sydney criteria and 1 being augmented by 
physician diagnosis. Physician- diagnosed cases of APS were those 
not meeting the Sydney criteria. Patients not classified as having APS 
by the Sydney criteria but who had 1 of the following characteristics 
were considered to be probable cases: 1) presence of clinical fea-
tures of APS not included in the updated Sydney criteria, such as 
thrombocytopenia or Libman- Sacks endocarditis or chorea, among 
others (2); 2) diagnosed as having APS by a physician; or 3) meeting 
clinical criteria but not laboratory criteria based on borderline results 
(i.e., <40 GPL/MPL units) for aPL antibody positivity or timing of the 
laboratory criterion confirmation. These potential cases were inde-
pendently evaluated by 2 rheumatologists (MMP and KGM) and 1 
hematologist (RKP), and patients with physician consensus–defined 
APS were included under the physician definition if at least 2 of 3 of 
the evaluating physicians agreed.

The cases identified by the Sydney criteria definition were used 
for the primary analysis. The expanded cohort, including those who 
met the Sydney criteria and those who met the physician diagnosis 
definition, was used for secondary analysis. The incidence date of 
APS was defined as the earliest date of criteria fulfillment (i.e., date 
of the laboratory confirmation) or the date of the laboratory tests 
closest to 12 weeks apart for the additional patients who did not 
fulfill the criteria. Patients needed to be Olmsted County residents 
on the APS incidence date to be included in the inception cohort.

The review of all medical records and data extraction were 
performed using a standardized data extraction form by 2 inves-
tigators (ADG and MMP) and verified separately by 1 of them 
(ADG). Data regarding age, sex, self- reported race and ethnicity, 
date of diagnosis and date of last follow- up, vital status, clinical 
characteristics, and laboratory findings were recorded.
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Testing for aPL. All reagents were from US sources, unless 
stated otherwise. Briefly, reagents for determination of prothrom-
bin time included Dade Innovin (Siemens) and HemosIL Recombi-
PlasTin2G (Instrumentation Laboratory), and for determination of 
activated partial thromboplastin time, Platelin (BioMerieux) and 
HemosIL SynthASil (Instrumentation Laboratory) were used. The 
source of normal pooled plasma and factor- deficient plasma was 
PrecisioBioLogic. Over the study period, assays were performed 
on an MDA- 180 (Organon Teknika), followed by use of a Sta- R 
(Stago) and, more recently, an ACL TOP 700 (Instrumentation Lab-
oratory). All assays were performed in accordance with the man-
ufacturers’ instructions. LAC testing was performed using DRVVT 
(CRYOcheck, LA CHECK, and LA SURE; PrecisionBioLogic) and 
STACLOT- LA (Diagnostica Stago) on an ACL TOP 700. Testing for 
aCL and anti- β2GPI was performed using a VarelisA kit performed 
on an Alisei platform. Information about all of the kits and reagents 
used for antibody testing before 2005 was not available.

Statistical analysis. Age-  and sex- specific incidence rates 
of APS were calculated both in the Sydney criteria–defined case 
cohort and in the expanded cohorts that also included physician 
consensus–defined cases, using the number of incident cases as 
the numerator and population estimates based on decennial census 
counts as the denominator, with linear interpolation used to estimate 
population size for intercensal years. Overall incidence rates were 
age-  and/or sex- adjusted to the estimated 2010 white population of 
the US. In order to compute 95% confidence intervals (95% CIs) for 
incidence rates, it was assumed that the number of incident cases 

followed a Poisson distribution. Trends in incidence rates were exam-
ined using Poisson regression methods with smoothing splines for 
age and calendar year. Survival rates following the diagnosis of APS 
were estimated using Kaplan- Meier methods, and were compared 
to the expected survival rates in the Minnesota white population.

Prevalence was calculated using a cohort method. Prevalence 
can be easily estimated from incidence when the following 3 con-
ditions are met: 1) the disease is not associated with any excess 
mortality, 2) there are no important calendar time trends, and 3) 
migration in or out of the census population is independent of dis-
ease status. The method involves applying age- , sex- , and calendar 
year–specific incidence rates of disease and mortality rates from life 
tables to a hypothetical population, to yield estimates of prevalence 
(9). The CIs for the prevalence estimates were obtained using boot-
strap methods. The estimated number of persons in the US with 
APS on January 1, 2015 was estimated by applying the age-  and 
sex- specific US population counts from the US Census Bureau to 
the estimated prevalence rates. Analyses were performed using 
SAS software version 9.4 (SAS Institute) and R version 3.4.2  
(R Foundation for Statistical Computing).

RESULTS

Demographic, clinical, and laboratory characteris-
tics of the APS incident cohort and time of diagnosis. 
As illustrated in the flow diagram in Figure  1, 501 cases with 
at least 2 abnormal test results reported by the laboratory were 
screened. A total of 59 potential cases of APS were identified 

Figure 1. Flow chart describing the screening process for the identification of patients with antiphospholipid syndrome (APS) diagnosed in 
Olmsted County, Minnesota from 2000 to 2015. LAC = lupus anticoagulant; aCL = anticardiolipin; anti- β2GPI = anti–β2- glycoprotein I.
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as meeting the eligibility criteria. Five cases were excluded since 
those individuals were not residents of Olmsted County at the 
time of diagnosis. The primary analysis included 33 subjects who 
met the Sydney criteria for APS. An additional 21 subjects were 
reviewed by 3 physician experts, and 7 cases of APS were iden-
tified; the rest (14 cases) were excluded. A total of 40 incident 
cases of APS were identified on the basis of the Sydney criteria 
or, for the secondary analysis, by physician diagnosis consensus.

A summary of the demographic and clinical characteristics 
of the patients at the time of diagnosis in the Sydney criteria–
defined APS cohort and the expanded cohort including physi-
cian diagnosis is shown in Table 1. The mean age in the Sydney 
criteria–defined APS cohort was 54.2 years, and 55% were 
female. In both cohorts, the majority of the patients were white; 
1 patient was African American. Around one- fifth of each cohort 
had a diagnosis of SLE according to the American College of 

Table 1. Demographic and clinical characteristics of the patients with incident APS by cohort*

Sydney criteria cohort 
(n = 33)

Expanded cohort 
(n = 40)

Age, mean ± SD years 54.2 ± 18.5 55.7 ± 19.0
Sex, female 18 (55) 20 (50)
Race, white 32 (97) 39 (98)
Length of follow- up, mean ± SD years 8.3 ± 4.9 8.2 ± 4.7
Smoker (current or former) 13 (39) 16 (40)
SLE diagnosis 6 (18) 7 (18)
Thrombosis 33 (100) 40 (100)
DVT 14 (42) 19 (48)
PE 13 (39) 15 (38)
TIA 4 (12) 4 (10)
Stroke 11 (33) 14 (35)
MI 0 0
Peripheral arterial thrombosis 2 (6) 3 (8)
Biopsy- proven microvascular thrombosis 2 (6) 2 (5)
Pregnancy morbidity 3/18 (17) 3/20 (15)
Noncriteria manifestations 13 (39) 16 (40)

Livedo 3 (9) 3 (8)
Superficial thrombophlebitis 1 (3) 3 (8)
Chronic cutaneous ulcers 2 (6) 2 (5)
Cardiac valve disease 1 (3) 1 (3)
Pulmonary hypertension 4 (12) 5 (13)
aPL nephropathy 0 0
Thrombocytopenia (<100,000) 5 (15) 5 (13)
Other neurologic manifestations† 2 (6) 2 (5)

APS antibody profile
Positive for LAC 24/32 (75) 27/39 (69)
Positive for aCL 23/33 (70) 24/40 (60)

IgG 13/33 (39) 13/40 (33)
IgM 14/33 (42) 15/38 (38)

Positive for anti- β2GPI 5/9 (56) 5/12 (42)
IgG 2/9 (22) 2/12 (17)
IgM 1/9 (11) 2/12 (8)

* Patients were diagnosed as having antiphospholipid syndrome (APS) in Olmsted County, Minnesota 
from 2000 to 2015 and grouped according to those who met the Sydney criteria for classification of 
APS or those in the expanded cohort, in which 7 patients were included based on physician consensus 
diagnosis. Except where indicated otherwise, values are the number/total number assessed (%) of 
patients. SLE = systemic lupus erythematosus; DVT = deep vein thrombosis; PE = pulmonary embolism; 
TIA = transient ischemic attack; MI = myocardial infarction; aPL = antiphospholipid antibody; LAC = 
lupus anticoagulant; aCL = anticardiolipin; anti- β2GPI = anti–β2- glycoprotein I. 
† Includes seizures and cognitive dysfunction. 
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Rheumatology classification criteria (10). The demographic char-

acteristics of subjects in the expanded cohort were similar.
Thrombotic events were significantly more frequent than 

obstetric events or other noncriteria manifestations of the disease. 
In the population- based, Sydney criteria–defined APS cohort, deep 
vein thrombosis (42%), followed closely by pulmonary embolism 
(39%), were the most frequent thrombotic manifestations of APS, 
while the most frequent arterial manifestations were ischemic stroke 
and peripheral arterial thrombosis. No myocardial infarctions were 
recorded at the time of diagnosis. Pregnancy morbidity was identi-
fied in 3 (17%) of 18 female patients in the Sydney criteria–defined 
APS cohort. These 3 women had 3 or more embryonic losses 
before week 10 of pregnancy, while 2 of these patients also expe-
rienced at least 1 fetal death after week 10, and 1 gave birth to a 
premature baby before week 34. Forty percent of the patients had 
at least 1 noncriteria manifestation: thrombocytopenia was the most 
frequently observed (15%), while chronic cutaneous ulcers and car-

diac valve disease were observed in 2 patients (6%) and 1 patient 
(3%), respectively.

LAC and aCL IgG and IgM antibodies were assessed in the 
majority of patients, but only 9 of 33 patients had anti- β2GPI IgG 
and IgM antibodies tested. Overall, three- fourths of the cases 
were positive for LAC and either IgG or IgM aCL, while ≤20% of 
patients who were tested for anti- β2GPI antibodies were positive.

The expanded cohort had similar proportions of clinical 
manifestations except with regard to the antibody profiles. In this 
cohort that included physician consensus–diagnosed cases, the 
proportion of patients considered to be positive for APS antibod-
ies (≥40 GPL/MPL units) was lower, as expected. The charac-
teristics of the 7 patients in the expanded cohort are detailed in 
Supplementary Table 1 (available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.40901/ 
abstract). Three patients did not meet the criteria for APS because 
the laboratory confirmation was performed in <12 weeks, while 4 

Table 2. Annual incidence of antiphospholipid syndrome in Olmsted County, Minnesota 2000–2015 
by sex and age*

Sydney criteria cohort Expanded cohort

No. of  
incident cases

Incidence rate 
(95% CI)

No. of  
incident cases

Incidence rate 
(95% CI)

Sex
Female

By age
18–44 years 6 1.4 6 1.4
45–54 years 3 1.8 3 1.8
55–64 years 2 1.7 2 1.7
65–74 years 1 1.3 1 1.3
>75 years 6 7.7 8 10.2

Total† 18 2.1 (1.1–3.1) 20 2.4 (1.3–3.4)
Male 

By age
18–44 years 7 1.7 8 2.0
45–54 years 1 0.6 1 0.6
55–64 years 6 5.4 8 7.3
65–74 years 0 0.0 1 1.5
>75 years 1 2.0 2 4.0

Total† 15 2.0 (1.0–3.0) 20 2.7 (1.5–3.9)
Overall 

By age
18–44 years 13 1.6 14 1.7
45–54 years 4 1.2 4 1.2
55–64 years 8 3.5 10 4.4
65–74 years 1 0.7 2 1.4
>75 years 7 5.5 10 7.8

Total‡ 33 2.1 (1.4–2.8) 40 2.6 (1.8–3.4)

* Subjects were divided into cohorts according to those who met the Sydney classification criteria 
for antiphospholipid syndrome or the expanded cohort that included cases by physician consensus 
diagnosis. 95% CI = 95% confidence interval. 
† Age- adjusted to the 2010 US white population. 
‡ Age-  and sex- adjusted to the 2010 US white population. 

http://onlinelibrary.wiley.com/doi/10.1002/art.40901/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40901/abstract
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patients did not meet the criteria because they had titers of APS 
antibodies lower than the cutoff value.

Incidence and prevalence of APS in the study popu-
lation. Using the Sydney criteria definition, 33 cases of APS were 
diagnosed during 2000–2015. Annual incidence rates stratified by 
age and sex are detailed in Table 2. The overall annual incidence 
rate of APS in adults ages ≥18 years (age-  and sex- adjusted to the 
2010 US white population) was 2.1 (95% CI 1.4–2.8) per 100,000 
population. In the female population, the age- adjusted incidence 
rate was 2.1 (95% CI 1.1–3.1), and in the male population, it was 
2.0 (95% CI 1.0–3.0). Age- specific incidence rates of APS peaked 
in those who were age 75 years or older (Figure 2); the incidence 
of APS increased significantly with age (P = 0.007). There was no 
evidence of a difference in APS incidence rates by sex, and no 
evidence of a differential age effect on APS incidence rates in men 
versus women. The APS incidence rates were slightly higher in 
the expanded cohort. We did not observe trends in the incidence 

rates over time.

The estimated prevalence of APS (adjusted to the 2010  
US white population) was 50 (95% CI 42–58) per 100,000 pop-
ulation. The prevalence was 51 (95% CI 31–72) per 100,000 
population among women, and 48 (95% CI 29–68) per 100,000 
population among men. Based on these findings and the US Cen-
sus data, an estimated 119,300 persons in the US were affected 
by APS in 2015. The prevalence of APS overall and by sex in the 
expanded cohort was somewhat higher than that in the Sydney 

criteria–defined case cohort (Table 3).

Mortality rates among APS cases compared to the 
general population of the geographic region. During a 
median follow- up of 8.3 years, there were 9 deaths in the Syd-
ney criteria–defined incident APS cohort. Based on the Minne-
sota life tables, 5.6 deaths were expected. The standardized 
mortality ratio (SMR) of APS in patients who met the Sydney 
criteria for APS was 1.61 (95% CI 0.74–3.05). In this population 
after the incidence of APS, the 10- year survival rate was 80% 
(95% CI 66–100%). Results with regard to mortality and survival 

rates were similar in the expanded cohort (Table 4).

DISCUSSION

In recent literature, Erkan and Lockshin stated that 
“Although there are many speculations, epidemiology of APS is 
yet to be elucidated” (11). Previous studies have assessed the 
incidence and prevalence of APS in particular disease cohorts 
(e.g., SLE), and the available APS studies are based on data 
from referral centers and rheumatology practices (12,13). The 
present population- based study of clinically identified APS is the 
first to describe basic and fundamental epidemiologic data on 
incidence, prevalence, and mortality rates, which are needed 
to understand the population burden of APS. Overall, the age-  
and sex- adjusted annual incidence of APS was 2.1 per 100,000 
population, and the prevalence was 50 per 100,000 population. 
The incidence was similar between women and men, and mor-
tality was not different from that in the general population.

Figure 2. Age-  and sex- specific incidence rates of antiphospholipid 
syndrome in subjects considered to be cases by the Sydney criteria 
definition (top) and in subjects in the expanded cohort that included 
case definition by physician consensus (bottom).

Table  3. Estimated age-  and sex- adjusted prevalence rates of 
antiphospholipid syndrome in Olmsted County, Minnesota 2000–
2015*

Sydney criteria 
cohort Expanded cohort

Overall 50 (42–58) 59 (52–67)
Females 51 (31–72) 54 (41–70)
Males 48 (29–68) 64 (44–86)

* Subjects were divided into cohorts according to those who met 
the Sydney classification criteria for antiphospholipid syndrome or 
the expanded cohort that included cases by physician consensus 
diagnosis. Values are the prevalence rate (per 100,000 population) 
(95% confidence interval). 
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In general, the incidence of autoimmune diseases, such as 
Sjögren’s syndrome, rheumatoid arthritis, and in particular SLE, 
tends to be more common in women than in men (14–16). In this 
incident APS cohort, the disease rates were very similar between 
men and women. In a large European APS cohort, the female- 
to- male ratio among patients with primary APS was 5; however, 
after exclusion of patients with SLE, the female- to- male ratio 
decreased to 3.5, and decreased to 1.0 after the obstetric APS 
cases were excluded. This estimate is similar to our findings and 
to those reported in the APS Alliance for Clinical Trials and Inter-
national Networking (APS ACTION) clinical database (11).

The frequency of aPL antibodies reportedly increases with 
age, but it remains unclear whether these antibodies are patho-
genic or an epiphenomenon of a malignancy or other underlying 
process (17). Furthermore, the frequency of thrombotic events 
increases in relation to aging as well. These factors are limitations 
of the current definition of APS. In accordance with current clas-
sification standards, the incidence rates observed in the current 
study population peaked late in life, with a notably higher inci-
dence of APS in subjects after the age of 55 years, and especially 
in those over the age of 75 years.

Although the mortality rate was not significantly different 
between cases with APS and the general Minnesota population, 
these findings do not exclude the possibility of increased mortal-
ity among those with APS. In the Euro- phospholipid cohort, the 
unadjusted SMR was 1.8 (18), which is consistent with our find-
ings. However, the 5-  and 10- year survival rates were lower in our 
inception cohort, likely due to differences in the age of the patients 
in our study compared to the Euro- phospholipid study (18).

The clinical manifestations observed in patients in the cur-
rent cohort were consistent with those reported by others. Deep 

vein thrombosis was the most frequent manifestation, occurring 
in 42% of the cases, while stroke was the most common arterial 
event (33%), and 17% of the women in the study had pregnancy 
morbidity. Although the Sydney criteria only includes thrombotic 
events and pregnancy morbidity, 40% of the cases had at least 
1 noncriteria manifestation of the disease, highlighting the impor-
tance of noncriteria manifestations and the systemic nature of the 
disease. However, other manifestations, such as livedo reticularis 
and renal disease, were not as frequent. Since these data were 
recorded in routine healthcare encounters, the lack of systematic 
assessment may explain some of the discrepancies.

This study has several limitations, inherent to all retrospec-
tive study designs. First, the study was based on medical records 
review of clinically identified cases of APS and not on a serologic 
survey; thus, case ascertainment depended on the completeness 
of evaluation and documentation by the providers. Consequently, 
the burden of understudied and undiagnosed cases remains 
unknown. We rigorously applied the Sydney criteria; the GPL 
and MPL cutoff values had to be ≥40 GPL/MPL units, and the 
aPL testing had to be confirmed 12 weeks later. While almost all 
of the cases were tested for aCL and LAC antibodies, only 9 of 
33 patients were evaluated for anti- β2GPI. This may be attributa-
ble to the wide variety of specialties involved in the care of these 
patients, and the lack of familiarity with current assessment stand-
ards. Although the APS literature is published in the fields of rheu-
matology and hematology, patients in this cohort were assessed 
by a wide variety of clinicians, including neurologists, primary care 
physicians, and cardiologists, among others.

Second, our results can be generalized to subjects whose 
demographic profile is similar to that of the upper Midwest. Fur-
thermore, APS is more common in patients with SLE, and there-
fore it is possible that the burden of APS may be higher in those 
ethnic groups in whom SLE is more common. Our results may not 
be generalizable to more diverse populations with other ethnic or 
racial compositions.

Third, our study population was too small to provide sta-
ble incidence rates. This limitation is inherent to the population 
covered by the records- linkage system of the REP, which, in this 
study, included only residents of Olmsted County.

The major strengths of our study are that the case- finding 
strategy relied on laboratory data that were obtained in the same 
laboratory throughout the span of the study. Furthermore, the 
records linkage system of the REP facilitated our population- 
based study, since it allowed us to identify all cases of clinically 
detected APS in the community and to verify the cases by com-
prehensive medical records review, thereby minimizing referral 
bias and misclassification.

In conclusion, the results from this population- based study 
revealed that definite APS occurred in ~2 persons per 100,000 
population per year. The estimated prevalence was 50 per 
100,000 population. The overall frequency of mortality was not 
different from that in the general population. The incidence and 

Table  4. Mortality and survival rates in patients with incident 
antiphospholipid syndrome among residents of Olmsted County, 
Minnesota 2000–2015*

Sydney criteria 
cohort Expanded cohort

No. of patients 33 40
Observed no. of 

deaths
9 10

Expected no. of 
deaths

5.6 7.6

SMR (95% CI) 1.61 (0.74–3.05) 1.32 (0.63–2.42)
Survival rate, % 

(95% CI)
2 years 97 (91–100) 98 (93–100)
5 years 90 (79–100) 91 (82–100)
10 years 80 (66–100) 83 (70–98)

* Subjects were divided into cohorts according to those who met 
the Sydney classification criteria for antiphospholipid syndrome or 
the expanded cohort that included cases by physician consensus 
diagnosis. SMR = standardized mortality ratio; 95% CI = 95% con-
fidence interval. 
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prevalence of APS in the same population was at least as com-
mon as SLE (15).
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Phenotypes Determined by Cluster Analysis and Their 
Survival in the Prospective European Scleroderma Trials 
and Research Cohort of Patients With Systemic Sclerosis
Vincent Sobanski,1  Jonathan Giovannelli,2 Yannick Allanore,3 Gabriela Riemekasten,4 Paolo Airò,5 
Serena Vettori,6 Franco Cozzi,7 Oliver Distler,8 Marco Matucci-Cerinic,9 Christopher Denton,10 David Launay,1 
Eric Hachulla,1 and the EUSTAR Collaborators

Objective. Systemic sclerosis (SSc) is a heterogeneous connective tissue disease that is typically subdivided 
into limited cutaneous SSc (lcSSc) and diffuse cutaneous SSc (dcSSc) depending on the extent of skin involve-
ment. This subclassification may not capture the entire variability of clinical phenotypes. The European Sclero-
derma Trials and Research (EUSTAR) database includes data on a prospective cohort of SSc patients from 122 
European referral centers. This study was undertaken to perform a cluster analysis of EUSTAR data to distinguish 
and characterize homogeneous phenotypes without any a priori assumptions, and to examine survival among the 
clusters obtained.

Methods. A total of 11,318 patients were registered in the EUSTAR database, and 6,927 were included in the 
study. Twenty- four clinical and serologic variables were used for clustering.

Results. Clustering analyses provided a first delineation of 2 clusters showing moderate stability. In an exploratory 
attempt, we further characterized 6 homogeneous groups that differed with regard to their clinical features, autoan-
tibody profile, and mortality. Some groups resembled usual dcSSc or lcSSc prototypes, but others exhibited unique 
features, such as a majority of lcSSc patients with a high rate of visceral damage and antitopoisomerase antibodies. 
Prognosis varied among groups and the presence of organ damage markedly impacted survival regardless of cuta-
neous involvement.

Conclusion. Our findings suggest that restricting subsets of SSc patients to only those based on cuta-
neous involvement may not capture the complete heterogeneity of the disease. Organ damage and antibody 
profile should be taken into consideration when individuating homogeneous groups of patients with a distinct 
 prognosis.
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INTRODUCTION

Systemic sclerosis (SSc) is a chronic disease that affects 
connective tissue and is characterized by vascular damage, auto-
immunity, and fibrosis. The European League Against Rheuma-
tism (EULAR) and the American College of Rheumatology (ACR) 
have recently developed new classification criteria for SSc (1). To 
date, the subclassification of SSc patients mainly relies on the 
cutaneous involvement subsets proposed by LeRoy et al in 1988 
(2–4). It separates patients into 2 main groups: diffuse cutane-
ous SSc (dcSSc) associated with early skin changes affecting the 
trunk and proximal limbs, and limited cutaneous SSc (lcSSc), in 
which skin fibrosis is limited to the hands, face, feet, and fore-
arms. Organ damage can vary between the 2 subsets, with an 
early and significant incidence of organ damage (lung fibrosis, 
gastrointestinal [GI] involvement, heart disease, and renal crisis) 
in dcSSc and pulmonary hypertension (PH) in lcSSc (4). The 2 
subsets also differ in autoantibody profile, with a high prevalence 
(70–80%) of anticentromere antibodies (ACAs) in lcSSc, and a 
predominant presence of antibodies against topoisomerase I 
(anti–topo I) in dcSSc (30%) compared to lcSSc in the study by 
LeRoy et al (4). In addition, mortality is higher in patients with 
dcSSc than in patients with lcSSc (5,6). Overall, previous studies 
suggest that lcSSc and dcSSc are 2 clearly differentiated pheno-
types with regard to clinical characteristics, serologic profiles, and 
 prognosis (7).

Yet, past and recent studies of large cohorts have challenged 
this distinction by highlighting an often- neglected heterogeneity 
among clinical subsets (8–12), as suggested by, for example, 
lcSSc patients with anti–topo I antibodies and severe interstitial 
lung disease (ILD). One method of dealing with heterogeneity is to 
conduct a cluster analysis in order to organize data from a hetero-
geneous population into a fairly small number of homogeneous 
groups. Cluster analysis has been applied to various conditions, 
such as gout (13), chronic heart failure (14), asthma (15), mixed 
connective tissue diseases (16), and antineutrophil cytoplasmic 
antibody–associated vasculitis (17). Cluster analyses have also 
been carried out in 2 SSc studies, to our knowledge (18,19). One 
of them included patients from the EULAR European Scleroderma 
Trials and Research (EUSTAR) cohort but was centered on cap-
illaroscopy patterns (18). Another recent study took into account 
a limited number of cluster variables and a limited number of 
patients (19). The aim of this study was to distinguish and charac-
terize homogeneous groups of SSc patients using cluster analysis 
within the large EUSTAR cohort, and analyze survival between the 
clusters obtained.

PATIENTS AND METHODS

Patient population. SSc patients were included in the 
prospective, open, multinational SSc EUSTAR cohort beginning in 

June 2004 (20–22). For the present study, the EUSTAR database 
was locked in April 2014. Eligible patients were age ≥18 years, 
fulfilled the ACR criteria for SSc (23), and had a calculable SSc dis-
ease duration, i.e., a date of disease onset (defined as the onset of 
the first non–Raynaud’s phenomenon symptom) and at least one 
date of study visit.

All patients agreed to participate in the EUSTAR cohort by 
signing informed consent forms approved by the local ethics 
committees. The study was conducted in accordance with the 
principles of the Declaration of Helsinki, local laws, and Guide-
lines for Good Clinical Practice (21,22). See Appendix A for a list 
of the EUSTAR Collaborators.

Definition and selection of variables. The EUSTAR 
database contains data on demographic characteristics, dis-
ease features, organ damage, laboratory parameters, capil-
laroscopy, echocardiography, pulmonary function tests (PFTs), 
and medication. In order to harmonize clinical practices and 
ensure reliable evaluation of parameters among centers, 
EU STAR arranges regular training courses and edits SSc man-
agement guidelines (24,25).

Autoantibodies were identified and characterized according 
to the local center’s guidelines (21,22). Clustering variables were 
selected in order to ensure a global phenotype of SSc patients 
by considering clinical relevance and representativeness of dis-
ease features, eliminating redundant variables providing analogous 
information, and dismissing variables with a high rate of missing 
values. We retained 24 variables, including symptoms or organ 
involvement observed at least once among visits (Raynaud’s phe-
nomenon, esophageal, stomach, and intestinal symptoms, digi-
tal ulcers, joint synovitis, joint contractures, tendon friction rubs, 
muscle weakness, muscle atrophy, arterial hypertension, palpita-
tions, and renal crisis), laboratory values (creatine kinase elevation, 
proteinuria, antinuclear antibody, ACA, and anti–topo I antibody 
positivity), results of other tests (restrictive defect on PFTs, lung 
fibrosis on plain radiography, conduction blocks, abnormal dias-
tolic function, suspected PH on cardiac echography), and the peak 
modified Rodnan skin thickness score (MRSS) observed during 
follow- up (Table 1 and Supplementary Figure 1,  available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.40906/ abstract). Each variable included for symp-
toms or organ involvement, laboratory values, and results of other 
tests was considered positive for a specific patient if “yes” was 

recorded at least once for that variable at any of the visits included.

Statistical analysis. Cluster analysis. Cluster analysis 
determines the distances between individuals using the com-
bined values of their measured features to obtain groups of 
individuals who have a greater resemblance to each other 
than to those in the other groups. Cluster analysis was car-
ried out by ascendant hierarchical clustering of the 24 selected  

http://onlinelibrary.wiley.com/doi/10.1002/art.40906/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40906/abstract
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Table  1. Characteristics of the EUSTAR patients analyzed and not analyzed and characteristics of the patients in the present study by 
cutaneous subset*

EUSTAR population Study population

Patients analyzed 
(n = 6,927)

Patients not analyzed 
(n = 1,505) P† dcSSc lcSSc P†

% of patients – – – 42 58 –
Demographic 

characteristics
Sex, female 86 (6,924) 83 (1,505) <0.001 80 91 <0.001
Ethnicity <0.001 <0.001

White 95 (3,973) 87 (1,176) 92 97
Asian 3 (3,973) 11 (1,176) 5 2
Black 2 (3,973) 2 (1,176) 3 1

Age, mean ± SD years (n) 58.7 ± 13.2 (6,927) 56.3 ± 13.9 (1,505) <0.001 55.6 ± 13.0 60.9 ± 13.0 <0.001
Age at first non–Raynaud’s  

phenomenon symptom, 
mean ± SD years (n)

47.3 ± 13.3 (6,927) 47.6 ± 14.1 (1,505) 0.474 45.6 ± 13.2 48.5 ± 13.3 <0.001

Disease duration, mean ± 
SD years (n)‡

11.4 ± 8.1 (6,927) 8.7 ± 8.1 (1,505) <0.001 10.0 ± 7.4 12.4 ± 8.5 <0.001

Time from onset of  
Raynaud’s phenomenon 
to first non–Raynaud’s 
phenomenon symptom, 
mean ± SD years (n)

3.9 ± 8.0 (5,868) 3.4 ± 8.1 (1,351) <0.001 2.0 ± 5.6 5.2 ± 9.2 <0.001

Time from first non– 
Raynaud’s phenomenon 
symptom to EUSTAR 
enrollment, mean ± SD 
years (n)

9.4 ± 7.8 (4,875) 7.8 ± 7.8 (1,271) <0.001 8.0 ± 7.3 10.3 ± 8.1 <0.001

Time from EUSTAR enroll-
ment to last visit, mean 
± SD years (n)

2.6 ± 2.5 (4,875) 0.8 ± 1.7 (1,271) <0.001 2.7 ± 2.6 2.5 ± 2.5 0.031

Body mass index, mean ± 
SD kg/m2 (n)

23.6 ± 4.3 (2,483) 24.4 ± 4.8 (889) <0.001 22.9 ± 4.0 24.1 ± 4.4 <0.001

SSc characteristics
Autoantibody status

Antinuclear antibody 
positive§

96 (6,927) 94 (1,412) <0.001 97 96 0.400

Anticentromere antibody 
positive§

37 (6,927) 36 (1,264) 0.751 14 54 <0.001

Anti–topoisomerase I 
antibody positive§

39 (6,927) 36 (1,270) 0.028 61 23 <0.001

Anti–U1 RNP antibody 
positive

5 (4,054) 7 (807) 0.006 5 5 0.770

Anti- PM/Scl antibody 
positive

3 (3,335) 4 (648) 0.278 5 2 <0.001

Anti–RNA polymerase III 
antibody positive

4 (3,163) 6 (563) 0.025 6 3 <0.001

Cutaneous involvement
dcSSc 42 (6,913) 38 (1,437) 0.011 – – –
Peak MRSS value, mean 

± SD (n)§
12.0 ± 9.2 (6,927) 10.9 ± 9.7 (1,170) <0.001 18.3 ± 9.8 7.5 ± 5.2 <0.001

(Continued)
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EUSTAR population Study population

Patients analyzed 
(n = 6,927)

Patients not analyzed 
(n = 1,505) P† dcSSc lcSSc P†

Gastrointestinal involve-
ment¶

Esophageal symptoms§ 81 (6,927) 69 (1,498) <0.001 84 79 <0.001
Stomach symptoms§ 42 (6,927) 27 (1,491) <0.001 47 38 <0.001
Intestinal symptoms§ 43 (6,927) 33 (1,497) <0.001 44 42 0.027

Joint involvement
Joint contractures§ 48 (6,927) 35 (1,492) <0.001 64 36 <0.001
Joint synovitis§ 26 (6,927) 18 (1,496) <0.001 32 22 <0.001
Tendon friction rubs§ 17 (6,927) 8 (1,477) <0.001 28 9 <0.001

Vascular involvement
Raynaud’s phenome-

non§
98 (6,927) 97 (1,500) <0.001 98 98 0.340

History of or current 
digital ulcers§

49 (6,927) 35 (1,491) <0.001 58 42 <0.001

Muscular involvement
Muscle weakness§ 39 (6,927) 24 (1,488) <0.001 47 33 <0.001
Muscle atrophy§ 22 (6,927) 12 (1,484) <0.001 30 16 <0.001
CK elevation§ 13 (6,927) 13 (1,231) 0.711 18 9 <0.001

Cardiac involvement
Systemic arterial hyper-

tension§
34 (6,927) 27 (1,492) <0.001 33 35 0.150

Palpitations§ 39 (6,927) 26 (1,483) <0.001 41 38 0.014
Conduction blocks§ 22 (6,927) 14 (1,152) <0.001 24 20 <0.001
LVEF <50% 5 (4,239) 5 (879) 0.799 6 4 <0.001
Abnormal diastolic 

function§
33 (6,927) 22 (1,116) <0.001 34 33 0.588

Pericardial effusion 11 (4,442) 8 (920) 0.042 13 9 <0.001
Pulmonary hypertension

Pulmonary hypertension 
on echocardiography§

31 (6,927) 22 (1,173) <0.001 33 29 <0.001

Systolic PAP measured 
by echocardiography, 
mean ± SD mm Hg (n)

34.5 ± 15.3 (3,983) 34.2 ± 15.1 (727) 0.041 34.8 ± 16.4 34.2 ± 14.5 0.013

Interstitial lung disease
Lung fibrosis on plain 

radiography§
49 (6,927) 39 (1,033) <0.001 63 39 <0.001

Lung fibrosis on HRCT 57 (3,424) 53 (816) 0.023 68 48 <0.001
Restrictive defect on 

PFTs§
43 (6,927) 33 (1,083) <0.001 57 32 <0.001

FVC, mean ± SD %  
predicted (n)

89.3 ± 21.7 (4,349) 90.0 ± 21.8 (903) 0.437 81.4 ± 21.1 94.9 ± 20.3 <0.001

DLco, mean ± SD %  
predicted (n)

61.8 ± 20.1 (6,196) 66.1 ± 21.1 (1,026) <0.001 57.4 ± 19.9 64.9 ± 19.7 <0.001

6- minute walking 
distance, mean ± SD 
meters (n)

392 ± 134 (1,179) 411 ± 145 (338) 0.007 394 ± 137 391 ± 131 0.872

Table 1. (Cont’d)

(Continued)
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variables using Ward’s minimum variance method. Results 
were graphically represented in a dendrogram. We estimated 
the number of clusters using the visual distance criterion of the 
horizontal intersection at the highest dissimilarity level on the 
dendrogram (i.e., where the vertical branches were the lon-
gest). In an exploratory approach, we increased the number of 
clusters considered in the suboptimal visual distance criterion 
by cutting the dendrogram horizontally at the second highest 
level of dissimilarity (26).

Evaluation of clusterwise stability and reproducibility is a major 
issue in cluster analysis (27). To assess stability and reproducibility, 
we conducted 100 iterations of the clustering process (with the 
number of clusters in the primary analysis) in randomly selected 
subsets of up to 50% of the original data set, and estimated the 
clusterwise stability by computing the Jaccard coefficient (which is 
a measure of similarity between data sets) between every cluster 
of the primary analysis and the most comparable cluster retrieved 
in each iteration (27). A Jaccard similarity index of ≤0.5 indicates a 
weakly stable and reproducible cluster (28).

The main cluster analysis was carried out in patients without 
missing data for the 24 selected variables. In order to estimate 
the impact of late complications on the cluster analysis, we per-
formed a sensitivity analysis by selecting patients with a disease 
duration of >10 years (adequate time for the occurrence of organ 
damage). In order to study the possible impact of rare antibodies 
on the clustering process, we performed a second sensitivity anal-

ysis by adding in the clustering variables anti–RNA polymerase 
III, anti- PM/Scl, and anti–U1 RNP antibodies. Finally, a third sen-
sitivity analysis was conducted to evaluate the potential survival 
bias, and was restricted to patients with a disease duration at the 
enrollment visit of <5 years. The descriptive words used to refer 
to disease features or severity in the Results section (low/mild/
moderate/severe) were not used during the clustering process 
but were used to describe and interpret the groups of patients in 
accordance with established practice (13,14).

Survival analysis. Survival was assessed using disease 
duration (the time from disease onset to the most recent date 
data were obtained). We found that a high percentage (52%) 
of patients were lost to follow- up (i.e., data last obtained prior 
to January 2012), which was responsible for a significant over-
estimation of survival. Because we could not update data with 
actual vital status, we chose to exclude those patients from the 
survival analysis. A sensitivity analysis that included those pa-
tients was therefore performed. We also performed a sensitivity 
analysis using onset of Raynaud’s phenomenon as the definition 
of disease onset.

Survival rates were examined using several Cox proportional 
hazards models: unadjusted, adjusted for age at disease onset, 
adjusted for age at disease onset and sex, and adjusted for age 
at disease onset, sex, and immunosuppressive treatment. The 
proportional hazards assumption for Cox regression models 
was assessed by the graphical study of Schonfeld’s residues, 

EUSTAR population Study population

Patients analyzed 
(n = 6,927)

Patients not analyzed 
(n = 1,505) P† dcSSc lcSSc P†

Renal involvement
History of renal crisis§ 3 (6,927) 3 (1,497) 0.626 5 2 <0.001
Proteinuria§ 12 (6,927) 10 (1,308) 0.082 15 9 <0.001

Blood tests
CRP elevation 36 (4,736) 31 (1,100) <0.001 44 30 <0.001
Hypocomplementemia 11 (4,469) 10 (860) 0.409 12 11 0.504

Treatment
Past or current steroids 43 (4,647) 38 (1,081) 0.006 55 34 <0.001
Prednisone, mean ± SD 

mg/day (n)
4.4 ± 7.5 (4,644) 5.1 ± 9.7 (1,080) 0.081 6.0 ± 8.7 3.3 ± 6.1 <0.001

Past or current immuno-
suppressive drugs 

42 (4,631) 44 (1,085) 0.162 60 28 <0.001

* Except where indicated otherwise, values are the percent (number with data available). EUSTAR = European Scleroderma Trials and Research; 
dcSSc = diffuse cutaneous systemic sclerosis; lcSSc = limited cutaneous systemic sclerosis; MRSS = modified Rodnan skin thickness score; CK = 
creatine kinase; LVEF = left ventricular ejection fraction; PAP = pulmonary artery pressure; HRCT = high- resolution computed tomography; PFTs = 
pulmonary function tests; FVC = forced vital capacity; DLco = diffusing capacity for carbon monoxide; CRP = C- reactive protein. 
† By Student’s t- test for continuous variables and Fisher’s exact test for categorical variables. 
‡ Time between the first non–Raynaud’s phenomenon symptom and the last visit. 
§ Clustering variables. 
¶ Esophageal symptoms included dysphagia and/or reflux, stomach symptoms included early satiety and/or vomiting, and intestinal symptoms 
included diarrhea, bloating, and/or constipation. 

Table 1. (Cont’d)
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and the log linearity assumption for quantitative  predictors was 
assessed using cubic spline functions. Finally, we calculated the 
C- index for each Cox regression model (i.e., the estimation of 

the probability of concordance, which is equivalent to the area 
under the receiver operating characteristic curve for logistic 
regression models). Statistical analyses were carried out using 

Figure 1. A, Dendrogram of the 6,927 patients with systemic sclerosis (SSc) included in the cluster analysis. The length of the vertical lines 
represents the degree of similarity between patients. Patients were divided into 2 clusters (cluster A and B) and into 6 clusters (clusters 1–6). 
B, Heatmap showing the clinical characteristics in each cluster. dcSSc = diffuse cutaneous SSc; CK = creatine kinase; PH = pulmonary 
hypertension; CRP = C- reactive protein; ACA = anticentromere antibody; anti–topo I = anti–topoisomerase I.
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the “survival” and “fastcluster” packages in R software, version 
2.14 (29). P values less than 0.05 were considered significant.

RESULTS

Patient characteristics. A total of 11,318 patients 
(from 122 centers) were registered in the EUSTAR database 
as of April 2014, and 34,066 visits were recorded. Of these 
patients, 2,886 were excluded and 1,505 were not analyzed 
(due to ≥1 missing value for the variables used for clustering). 
Therefore 6,927 patients (from 120 centers) were incorporated 
in the cluster analysis (Supplementary Figure 2, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.
com/doi/10.1002/art.40906/ abstract). Compared to patients 
who were not included in the analysis, patients who were 
included were slightly older (mean ± SD age 58.7 ± 13.2 versus 
56.3 ± 13.9 years; P < 0.001), had a longer disease duration 
(mean ± SD 11.4 ± 8.1 versus 8.7 ± 8.1 years; P < 0.001), 
had a higher rate of dcSSc (42% versus 38%, P = 0.011), and 
had generally more severe disease as indicated by proportions 
of organ damage (Table 1). The median number of visits per 
patient was 3 (interquartile range 4).

Of the patients included, 42% had dcSSc and 58% had 
lcSSc. Patients with dcSSc were significantly younger than 
those with lcSSc, and had more severe disease. Of the patients 
with dcSSc, 14% had ACAs and 61% had anti–topo I antibod-
ies, and of the patients with lcSSc, 54% had ACAs and 23% had 
anti–topo I antibodies (Table 1). 

Primary cluster analysis. Clustering of individuals on 
the basis of the 24 selected variables yielded an optimal num-
ber of 2 clusters: cluster A and cluster B (Figure 1A). Jaccard 
indexes showed moderate stability: 0.64 for cluster A and 0.66 
for cluster B. The characteristics of the 2 clusters are summa-
rized in Table 2, Supplementary Table 1 (available on the Arthri-
tis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.40906/ abstract), and Figures 1B and 2. Con-
tingency tables (Supplementary Tables 2 and 3, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.
com/doi/10.1002/art.40906/ abstract) show the proportions of 
patients with ACAs and anti–topo I antibodies in the different 

subsets of SSc according to skin involvement (lcSSc or dcSSc).
Cluster A (n = 3,149; 45.5%). Cluster A contained 

 principally patients with lcSSc (81%). Less than a third of the 
patients in this cluster had severe organ damage (digital ul-
cers, intestinal symptoms, or muscle, joint, cardiac, or lung 
involvement). ACAs were present in 54% of the patients, and 
anti–topo I antibodies were present in 21%.

Cluster B (n = 3,778; 54.5%). Patients in cluster B were a lit-
tle younger than those in cluster A, with a younger age at disease 
onset. In cluster B, 61% of the patients had dcSSc. A majority 
of the patients presented with digital ulcers, joint  contractures, 

intestinal involvement, and ILD. The autoantibody profile was the 
opposite of that seen in cluster A; 54% of the patients were pos-
itive for anti–topo I antibodies and 22% were positive for ACAs.

Exploratory cluster analysis. In an exploratory attempt 
to decipher the heterogeneity of the disease, we then increased 
the number of clusters. Graphical observation of the dendrogram 
determined that a suboptimal number of clusters was 6  (Figure 1A). 
As a consequence, we observed a decrease in Jaccard coeffi-
cients (ranging from 0.32 to 0.68). The characteristics of clusters 
1–6 are summarized in Table 2, Figure 1B, and Figure 3.

Cluster 1 (n = 1,186; 17%). A majority of the patients in clus-

ter 1 (89%) had lcSSc, and most were female. They were older 

at disease onset, had a high prevalence of GI involvement, and 

had a low proportion of patients with ILD. Most of the patients in 

cluster 1 (79%) were ACA positive.

Cluster 2 (n = 720; 10%). Cluster 2 was composed mainly 

of lcSSc patients (71%), with increased frequencies of suspect-

ed PH by echocardiography (39%), ILD (85%), and restrictive 

defect (61%). Anti–topo I antibodies were present in 35% of the 

patients, and ACAs were present in 24%.

Cluster 3 (n = 1,243; 18%). Cluster 3 included mainly pa-

tients with lcSSc (79%) characterized by low prevalence of GI 

involvement and ILD. ACAs were twice as frequent as anti–topo 

I antibodies (48% versus 24%, respectively).

Cluster 4 (n = 1,673; 24%). Patients in cluster 4 were mainly 

lcSSc patients (63%) with severe disease as demonstrated by 

high proportions of cardiac and lung, muscular, joint, and GI in-

volvement and digital ulcers. Anti–topo I antibodies were present 

in 46% of the patients and ACAs in 29%.

Cluster 5 (n = 1,249; 18%). Cluster 5 consisted mainly of 

patients with dcSSc (72%), with a notable proportion of male 

patients (19%), and GI, joint, and cardiac disease and moderate 

lung involvement. Half of the patients in cluster 5 were anti–topo 

I antibody positive and 20% were ACA positive.

Cluster 6 (n = 856; 12%). Cluster 6 was characterized by 

the highest proportion of patients with dcSSc (92%) and men 

(21%), the highest mean peak MRSS (27.2), and severe disease 

as shown by high frequencies of GI, joint, muscular, renal, lung, 

and cardiac disease. Anti–topo I antibodies were present in 77% 

of the patients and ACAs in 12% of the patients.

Sensitivity cluster analyses. Three sensitivity clus-
ter analyses were conducted. The first included only patients 
with a disease duration of >10 years (Supplementary Table 4, 
available on the Arthritis & Rheumatology web site at http://
onlin elibr ary.wiley.com/doi/10.1002/art.40906/ abstract), the 
second included anti–U1 RNP, anti–RNA polymerase III, and 
anti- PM/Scl antibodies as clustering variables (Supplementary 
Table 5, available on the Arthritis & Rheumatology web site at 

http://onlinelibrary.wiley.com/doi/10.1002/art.40906/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40906/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40906/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40906/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40906/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40906/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40906/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40906/abstract
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Table 2. Characteristics of the patients in the 2 and 6 clusters found in the cluster analysis (n = 6,927)*

2 clusters 6 clusters

Cluster A Cluster B Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6

Jaccard index 0.64 0.66 0.39 0.32 0.57 0.38 0.68 0.43
No. of patients 3,149 3,778 1,186 720 1,243 1,673 1,249 856
Demographic 

characteristics
Sex, female 90 84 94 88 88 88 81 79
Ethnicity

White 94 96 97 88 94 96 94 96
Asian 5 2 2 10 4 2 3 2
Black 2 2 1 2 2 2 3 2

Age, mean ± SD 
years

59.2 ± 13.3 58.2 ± 13.2 61.3 ± 12.9 60 ± 12.8 56.6 ± 13.5 61.2 ± 12.6 55.8 ± 13.2 55.9 ± 13.2

Age at first non- 
Raynaud’s symp-
tom, mean ± SD 
years

47.9 ± 13.3 46.7 ± 13.3 48.9 ± 13.1 48.3 ± 12.8 46.7 ± 13.6 48.1 ± 13.1 46 ± 13.4 45.1 ± 13.4

Disease duration, 
mean ± SD years†

11.3 ± 8.2 11.5 ± 8.1 12.4 ± 8.1 11.8 ± 8.3 9.9 ± 7.9 13.2 ± 8.4 9.8 ± 7.6 10.8 ± 7.5

Time from onset of 
Raynaud’s phe-
nomenon to first 
non–Raynaud’s 
phenomenon 
symptom, mean ± 
SD years

4.8 ± 8.7 3.1 ± 7.3 5.4 ± 8.7 4.4 ± 9.1 4.4 ± 8.5 3.9 ± 8.2 2.8 ± 6.6 2.2 ± 6.1

Time from first 
non–Raynaud’s 
phenomenon 
symptom to EU-
STAR enrollment, 
mean ± SD years

9.4 ± 7.9 9.3 ± 7.8 10.3 ± 7.9 9.8 ± 8.2 8.2 ± 7.4 10.5 ± 8.1 8.1 ± 7.4 8.6 ± 7.4

Time from EUSTAR 
enrollment to last 
visit, mean ± SD 
years

2.2 ± 2.3 2.8 ± 2.6 2.5 ± 2.3 2.3 ± 2.5 1.8 ± 2.2 3 ± 2.7 2.4 ± 2.5 2.9 ± 2.5

Body mass index, 
mean ± SD kg/m2

24.1 ± 4.3 23.2 ± 4.2 24.3 ± 4.4 24.5 ± 4.6 23.6 ± 4 23.6 ± 4.4 23.3 ± 3.9 22.1 ± 4.2

SSc characteristics
Autoantibody status

Antinuclear anti-
body positive‡

96 97 98 94 95 97 95 98

Anticentromere 
antibody posi-
tive‡

54 22 79 24 48 29 20 12

Anti–topoisomer-
ase I antibody 
positive‡

21 54 8 35 24 46 50 77

Anti–U1 RNP anti-
body positive

5 5 3 8 5 7 3 4

Anti- PM/Scl anti-
body positive

2 4 1 3 1 4 4 6

Anti–RNA poly-
merase III anti-
body positive

3 5 2 3 4 3 6 6

(Continued)
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2 clusters 6 clusters

Cluster A Cluster B Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6

Cutaneous involve-
ment

dcSSc 19 61 11 29 21 37 72 92
Peak MRSS, mean 

± SD‡
6.6 ± 4.3 16.5 ± 9.8 6.6 ± 4.2 7.2 ± 4.6 6.3 ± 4.1 9.2 ± 5.3 19 ± 6.7 27.2 ± 8.7

Gastrointestinal 
involvement§

Esophageal symp-
toms‡

73 88 88 76 58 91 79 95

Stomach symp-
toms‡

26 55 52 16 7 60 36 70

Intestinal symp-
toms‡

33 50 64 21 11 57 34 63

Joint involvement
Joint contractures‡ 24 67 29 17 23 65 55 91
Joint synovitis‡ 14 37 15 13 15 37 25 53
Tendon friction 

rubs‡
4 28 6 3 4 19 19 57

Vascular 
 involvement

Raynaud’s phe-
nomenon‡

98 99 99 98 97 99 98 99

History of or 
current digital 
ulcers‡

32 63 35 24 33 62 50 85

Muscular 
 involvement

Muscle weakness‡ 16 59 27 8 10 69 33 77
Muscle atrophy‡ 6 35 9 3 6 38 17 57
CK elevation‡ 6 18 7 7 5 17 13 26

Cardiac involvement
Systemic arterial 

hypertension‡
31 37 38 28 26 44 26 38

Palpitations‡ 25 51 38 32 9 64 28 57
Conduction 

blocks‡
12 30 16 14 6 39 16 34

LVEF <50% 3 7 3 3 2 6 5 10
Abnormal diastolic 

function‡
24 42 27 33 15 54 24 43

Pericardial effusion 7 14 7 11 4 15 9 18
Pulmonary 

 hypertension
Pulmonary hyper-

tension on echo-
cardiography‡

21 39 24 39 8 44 24 50

Systolic PAP 
measured by 
echocardiogra-
phy, mean ± SD 
mm Hg

32.5 ± 13.7 36 ± 16.2 33 ± 14.3 36.7 ± 14.1 29.4 ± 12 37.2 ± 14.6 32.4 ± 12 38.1 ± 22.1

Table 2. (Cont’d)

(Continued)



SOBANSKI ET AL 1562       |

http://onlin elibr ary.wiley.com/doi/10.1002/art.40906/ abstract), 
and the third included only patients with a disease duration of 
<5 years at the enrollment visit (Supplementary Table 6, avail-
able on the Arthritis & Rheumatology web site at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.40906/ abstract). Results of 
the sensitivity analyses were similar to those of the main cluster 
analysis.

Survival analyses. Kaplan- Meier curves are shown in 
Figures 2 and 3 and Supplementary Figures 3 and 4 (available 

on the Arthritis & Rheumatology web site at http://onlin elibr ary.
wiley.com/doi/10.1002/art.40906/ abstract). Survival rates are 
presented in Supplementary Table 7 (available on the Arthri-
tis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.40906/ abstract), and the results of Cox regres-

sion analyses are shown in Table 3.
The risk of death was increased for patients with dcSSc 

compared to patients with lcSSc, with a hazard ratio (HR) of 
2.03 (95% confidence interval [95% CI] 1.61–2.56) in the most- 
adjusted model. An increased risk of death was also present in 

2 clusters 6 clusters

Cluster A Cluster B Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6

Interstitial  
lung disease

Lung fibrosis on 
plain radiogra-
phy‡

29 65 8 85 17 72 46 80

Lung fibrosis on 
HRCT

38 70 22 78 29 73 56 82

Restrictive defect 
on PFTs‡

24 58 13 61 14 60 42 77

FVC, mean ± SD % 
predicted

97.8 ± 19.3 82.7 ± 21.1 101.2 ± 17.4 86.7 ± 21.9 99.9 ± 17.7 84.4 ± 20.8 87.5 ± 19.8 72.8 ± 20.3

DLco, mean ± SD % 
predicted

68 ± 18.9 56.6 ± 19.7 69.8 ± 17.2 57.7 ± 19.3 72.3 ± 18 55.2 ± 18.8 62.5 ± 20.3 50.6 ± 18.1

6- minute walking 
distance, mean ± 
SD meters

411 ± 129 381 ± 136 400 ± 135 405 ± 130 427 ± 121 366 ± 133 418 ± 130 362 ± 138

Renal involvement
History of renal 

crisis‡
2 4 2 1 2 4 3 8

Proteinuria‡ 7 16 6 8 7 15 11 26
Blood tests

CRP elevation 24 45 25 29 20 43 36 62
Hypocomplemen-

temia
10 13 13 7 8 14 10 12

Treatment
Past or current 

steroids
27 55 22 45 24 57 44 65

Prednisone, mean 
± SD mg/day

2.8 ± 6.4 5.7 ± 7.9 2 ± 4.9 5.5 ± 9.3 2.3 ± 5.6 5.6 ± 7.6 4.6 ± 7.6 7.3 ± 8.8

Past or current 
immunosup-
pressive drugs

27 54 17 44 27 48 54 66

Mortality
Number of deaths 

per 1,000 
patient- years

10.3 22.6 7.5 17.3 9.7 19.1 20.8 31.9

* Except where indicated otherwise, values are the percent of patients. See Table 1 for definitions. 
† Time between the first non–Raynaud’s phenomenon symptom and the last visit. 
‡ Clustering variables. 
§ Esophageal symptoms included dysphagia and/or reflux, stomach symptoms included early satiety and/or vomiting, and intestinal symptoms 
included diarrhea, bloating, and/or constipation. 

Table 2. (Cont’d)

http://onlinelibrary.wiley.com/doi/10.1002/art.40906/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40906/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40906/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40906/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40906/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40906/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40906/abstract
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cluster B compared to cluster A (HR 2.47 [95% CI 1.86–3.27]). 
When analyzing 6 clusters, we noticed a continuous increasing 
mortality from cluster 1 to cluster 6 in the most- adjusted model. 
The risk of death had a magnitude superior to those noted in the 
2 previous analyses (i.e., HR 6.14 [95% CI 3.81–9.89] for cluster 
6 compared to cluster 1). C- indexes were similar for the most- 
adjusted models: lcSSc versus dcSSc, cluster A versus cluster B, 
and for the 6 clusters (mean ± SEM 0.78 ± 0.02, 0.78 ± 0.02, and 
0.79 ± 0.02, respectively).

The sensitivity analysis taking into account patients who were 
lost to follow- up yielded comparable HRs when we examined sur-

vival in clusters A and B and clusters 1–6 (data not shown). We 
also performed a sensitivity analysis using the onset of Raynaud’s 
phenomenon as the date of disease onset (Supplementary Table 8, 
available on the Arthritis & Rheumatology web site at http://onlin elibr 
ary.wiley.com/doi/10.1002/art.40906/ abstract), which yielded similar 
results, albeit the number of patients with available data was lower.

DISCUSSION

This study aimed to distinguish homogeneous groups in 
a substantial population of ~7,000 SSc patients using a clus-

Figure 2. A, Main characteristics of the 2 clusters (cluster A and cluster B) of patients with systemic sclerosis (SSc). B, Left, Proportions of 
each cluster with the main clinical characteristics of diffuse cutaneous SSc (dcSSc), restrictive defect, and suspected pulmonary hypertension 
(PH) on echocardiography (echo). Right, Peak modified Rodnan skin thickness score (MRSS), mortality (per 1,000 patient- years [py]), and 
percentages of patients with anticentromere antibodies (ACAs) and anti–topoisomerase I (anti–topo I) antibodies in each cluster. C, Kaplan- 
Meier survival curves for the 2 clusters. D, Forest plot showing mortality hazard ratios and 95% confidence intervals for the 2 clusters. Broken 
line shows the hazard ratio for the reference group. Green symbols represent cluster A; orange symbols represent cluster B. DU = digital ulcer; 
ILD = interstitial lung disease.

http://onlinelibrary.wiley.com/doi/10.1002/art.40906/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40906/abstract
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ter analysis. The study had 2 main findings. First, the optimal 
clustering divided patients into 2 distinct groups according to 
their clinical and serologic features and disease severity and 

prognosis; these 2 categories partially overlapped with the clas-
sifications dcSSc and lcSSc. Second, an exploratory analysis 
yielded 6 homogeneous subsets of individuals that broadly dif-

Figure 3. A, Main characteristics of the 6 clusters (clusters 1–6) of patients with systemic sclerosis (SSc). B, Left, Proportions of each cluster 
with the main clinical characteristics of diffuse cutaneous SSc (dcSSc), restrictive defect, and suspected pulmonary hypertension (PH) on 
echocardiography (echo). Right, Peak modified Rodnan skin thickness score (MRSS), mortality (per 1,000 patient- years [py]), and percentages 
of patients with anticentromere antibodies (ACAs) and anti–topoisomerase I (anti–topo I) antibodies in each cluster. C, Kaplan- Meier survival 
curves for the 6 clusters. D, Forest plot showing mortality hazard ratios and 95% confidence intervals for the 6 clusters. Broken line shows the 
hazard ratio for the reference group. Colors represent the different clusters as indicated in C. GI = gastrointestinal; ILD = interstitial lung disease; 
DLco = diffusing capacity for carbon monoxide; DU = digital ulcer.
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fered with regard to clinical features, autoantibody profiles, and 
survival.

The fact that 2 clusters were found could be considered a 
validation of the expected dichotomy between dcSSc and lcSSc. 
However, 19% of the patients in cluster A had dcSSc and 21% 
had anti–topo I antibodies. In cluster B, 39% of the patients had 
lcSSc and 22% had ACAs. No clear parallels between the severity 
of organ damage and the cutaneous extent of SSc were observed. 
This finding is consistent with the results of recent studies. For 
example, Nihtyanova et al demonstrated that the presence of sig-
nificant organ involvement was a strong predictor of prognosis, in 
both lcSSc and dcSSc, in a study of nearly 400 consecutive patients 
followed up for up to 15 years. Notably, survival curves were close 
for the 2 cutaneous subsets when organ damage was present (30). 
Taken together, these results suggest that, while there is consensus 
on the relevance and practicality of subdividing SSc into lcSSc and 
dcSSc (31), this binary classification may be too restrictive as a sep-
aration within a continuous spectrum of varying severity primarily 
driven by organ damage and subsequent prognosis (12).

In an exploratory attempt to study the heterogeneity of SSc 
more in depth, we found 6 additional clusters. Some of the 6 
clusters obtained were expected, since they were consistent with 
the historical descriptions of lcSSc and dcSSc. Indeed, cluster 1 
included patients with the classic presentation of lcSSc, i.e., older 
female patients with a low rate of severe organ damage, a high 
frequency of ACA positivity, and a generally favorable prognosis. 
Cluster 6 resembled the classic description of dcSSc, with a high 
rate of male patients, the highest frequency of anti–topo I anti-
body–positive patients, and a high rate of severe organ damage 
and poor prognosis. Intriguingly, we observed clusters of patients 
that seemed to be grouped together based on characteristics 
other than the degree of skin involvement. Cluster 2 was com-
posed principally of patients with lcSSc but with a rather high 
frequency of anti–topo I antibody–positivity and high rates of ILD 
and suspected PH. Of note, the prognosis for patients in clus-
ter 2 was significantly worse than that for patients in cluster 1. 
Similarly, cluster 4 consisted of predominantly patients with lcSSc, 
often with visceral complication. Cluster 5 comprised, for the most 

Table 3. Cox regression analyses*

Univariable analysis 
(n = 3,352)

Multivariable analysis

Adjusted for age at  
disease onset

(n = 3,352)

Adjusted for age at  
disease onset and sex 

(n = 3,352)

Adjusted for age at disease 
onset, sex, and immuno-
suppressive treatment 

(n = 2,887)

HR (95% CI) P HR (95% CI) P HR (95% CI) P HR (95% CI) P

Cutaneous 
involvement

lcSSc Reference Reference Reference Reference
dcSSc 1.90 (1.64–2.19) <0.001 2.39 (2.07–2.77) <0.001 2.14 (1.85–2.48) <0.001 2.03 (1.61–2.56) <0.001
C- index† 0.60 ± 0.01 0.73 ± 0.01 0.75 ± 0.01 0.78 ± 0.02

2 clusters
Cluster A Reference Reference Reference Reference
Cluster B 2.23 (1.88–2.65) <0.001 2.40 (2.02–2.85) <0.001 2.26 (1.91–2.69) <0.001 2.47 (1.86–3.27) <0.001
C- index† 0.59 ± 0.01 0.72 ± 0.01 0.74 ± 0.01 0.78 ± 0.02

6 clusters
Cluster 1 Reference Reference Reference Reference
Cluster 2 2.32 (1.62–3.31) <0.001 2.10 (1.46–3.00) <0.001 1.97 (1.38–2.82) <0.001 1.64 (0.88–3.03) 0.119
Cluster 3 1.30 (0.89–1.91) 0.172 1.63 (1.11–2.38) 0.012 1.62 (1.11–2.37)   0.013 1.97 (1.10–3.54) 0.023
Cluster 4 2.47 (1.86–3.27) <0.001 2.49 (1.88–3.30) <0.001 2.40 (1.81–3.19) <0.001 2.77 (1.74–4.39) <0.001
Cluster 5 3.03 (2.23–4.11) <0.001 3.77 (2.77–5.12) <0.001 3.37 (2.47–4.58) <0.001 3.22 (1.93–5.36) <0.001
Cluster 6 4.40 (3.30–5.87) <0.001 5.85 (4.38–7.81) <0.001 5.20 (3.89–6.95) <0.001 6.14 (3.81–9.89) <0.001
C- index† 0.63 ± 0.01 0.75 ± 0.01 0.76 ± 0.01 0.79 ± 0.02

* Disease onset was defined as the first non–Raynaud’s phenomenon symptom (see Supplementary Table 8, available on the Arthritis & Rheuma-
tology web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.40906/ abstract, for sensitivity analysis using the onset of Raynaud’s phenome-
non as the definition of disease onset). HR = hazard ratio; 95% CI = 95% confidence interval; lcSSc = limited cutaneous systemic sclerosis; dcSSc 
= diffuse cutaneous systemic sclerosis. 
† The C- index was calculated for each Cox regression model, and corresponds to the estimation of the probability of concordance, equivalent 
to the area under the receiver operating characteristic curve for logistic regression models. A value of 1 indicates perfect agreement and 0.5 
indicates an agreement that is no better than chance. Values for the C- index are the mean ± SEM. 

http://onlinelibrary.wiley.com/doi/10.1002/art.40906/abstract
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part, patients with dcSSc, but we noted lower frequencies of ILD 
and suspected PH in this group than in clusters 2, 4, or 6. These 
findings indicate that subclassifications established solely on the 
extent of skin involvement might not be entirely representative of 
the severity of organ damage and prognosis.

Furthermore, this work highlighted some groups of patients 
in which the classic relationships between lcSSc and ACAs 
and between dcSSc and anti–topo I antibodies were not obvi-
ous. For example, in cluster 2, 71% of the patients were classi-
fied as having lcSSc, although 85% had lung fibrosis. Moreover, 
we found a relatively small proportion of ACA- positive patients 
(24%) and a notable rate of anti–topo I antibody positivity (35%), 
which was unexpected in a group in which the majority of the 
patients had lcSSc. The prognosis for the patients in this group 
was worse than that for the patients in cluster 1, which included 
mainly patients with lcSSc and few with organ damage, which 
supports the findings of Nihtyanova et al (30). Likewise, a Cana-
dian Scleroderma Research Group study examined the clinical 
features and mortality of anti–topo I antibody–positive lcSSc and 
ACA- positive dcSSc patients. The autoantibody profile seemed 
to be more strongly associated with demographic characteristics 
and visceral damage than with the skin subgroup. Mortality was 
related to both skin and serologic profile (9). Kranenburg et al also 
demonstrated that lcSSc patients who were positive for anti–topo 
I antibodies contrasted with lcSSc patients who were negative for 
anti–topo I antibodies and dcSSc patients who were positive for 
anti–topo I antibodies in terms of survival and organ involvement 
(32). Taken together, those studies suggest that subclassification 
combining antibody profile and skin involvement might predict 
clinical outcomes more accurately than skin or serologic features 
alone (9,32).

The heterogeneity of SSc has been discussed over a long period, 
and many studies were published both before and after the work of 
LeRoy et al describing the limited and diffuse subsets (2–4,33,34). 
The significance of serologic profile has also been  highlighted by 
Patterson et al, who characterized 5 groups of patients with homo-
geneous clinical and organ involvement (11,12). Significant efforts 
to classify patients into subsets on the basis of common clinical 
phenotypes, rather than through a predetermined decision process, 
have proposed to classify individuals using changes in MRSS over 
time (34,35), changes in the forced vital capacity percent predicted 
value (36,37), or gene expression patterns in the skin (38,39). Each 
of these attempts has resulted in a small number of subsets that 
define the range of phenotypes captured by the stratification char-
acteristics (12). There is growing interest in a new subclassification 
of SSc that combines patterns of underlying pathogenesis, organ 
damage, and prognosis in order to personalize disease manage-
ment and ameliorate outcomes (12,31).

This study has strengths and limitations. The principal 
strengths are the number of patients included in this large, 
prospective, multicenter cohort, and the lack of any a priori 
assumptions. The main weakness is that several clinically rel-

evant variables were lacking or were disregarded due to the 
proportion of missing data being too high (e.g., autoanti bodies 
other than ACAs/anti–topo I antibodies, extent of ILD on 
high- resolution computed tomography [HRCT] scan, detailed 
skin involvement, and overlap syndromes). In addition, 1,505 
of 8,432 patients were excluded from the cluster analysis 
because of missing data for any of the selected clustering var-
iables. Since those excluded patients had slightly less severe 
disease than the included ones, it could affect the extrapola-
tion of our results. Imputation of missing data by model- based 
clustering was not performed because we could not assume 
that these data were missing at random (40,41). Moreover, 
several definitions of variables lacked precision (e.g., ILD was 
defined as lung fibrosis on radiography whereas HRCT scan is 
now widely used, and PH was defined as suspicion on echo-
cardiography without invasive confirmation).

We also acknowledge that a thorough analysis of treatment 
regimens was not possible due to missing data. Nevertheless, for 
a majority of the patients we were able to determine whether or not 
they had been taking an immunosuppressive drug. To account for 
the potential effect of these drugs on survival, survival analyses were 
adjusted for immunosuppressive treatment. A potentially important 
bias is the influence of disease duration on the clustering process, 
since the frequency of organ damage tends to increase as the dis-
order progresses. Also, disease duration at the enrollment visit was 
relatively long, raising the possibility that study results were influ-
enced by survival bias. Yet, the sensitivity analyses that included 
only patients with a long disease duration and those that included 
only patients with a short disease duration yielded similar results.

Another limitation is that a significant number of patients 
were excluded from the survival analysis because of loss to fol-
low- up. Nevertheless, this exclusion did not alter the survival 
differences between clusters in a sensitivity analysis. The pri-
mary aim of our study was not to assess the prognosis factors 
for survival in SSc, but to decipher the heterogeneity of SSc 
by a cluster analysis and describe the survival rate in the clus-
ters obtained, allowing us to validate this approach post hoc. 
In studies assessing the prognosis factors of survival, baseline 
data are most often used. In our study, we had to include 
follow- up data in order to identify the occurrence of organ 
involvement. Therefore, we considered an organ complication 
to be present if the corresponding variable was described as 
“positive” at least once among all the visits included for a spe-
cific patient. We did not describe the progression of organ 
involvement in the whole population or in the different clus-
ters because the limited number of follow- up visits precluded 
us from performing a precise temporal description. In the 
end, the weak reproducibility of the exploratory analysis with 
6 clusters precludes translating these results to a new sub-
classification (e.g., to allocate an individual to a designated 
group on the basis of their features). Moreover, previous stud-
ies have shown differences between distinct geographical 
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cohorts (42). Of note, 95% of the patients included in this 
study were white. It is likely that inclusion of a higher propor-
tion of Asian or black patients could have modified the results.

In conclusion, this study shows that SSc is a very hetero-
geneous condition. While there is consensus regarding the rele-
vance and practicality of the subclassification of SSc into lcSSc 
and dcSSc, this binary system might omit a wider spectrum of 
clinical phenotypes characterized not only by skin involvement but 
also by organ damage, serologic profile, and subsequent prog-
nosis. There is an increasing demand for a future SSc classifica-
tion that combines these different patterns, in order to personalize 
approaches to diagnosis and clinical management.
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Protective Effect Against Cancer of Antibodies to the 
Large Subunits of Both RNA Polymerases I and III in 
Scleroderma
Ami A. Shah, Marikki Laiho, Antony Rosen, and Livia Casciola-Rosen

Objective. While compelling data suggest a cancer- induced autoimmunity model in scleroderma patients with 
anti–RNA polymerase III large subunit (anti- RPC155) antibodies, ~85% of these patients do not manifest cancer. This 
study was undertaken to determine whether additional autoantigens are targeted in anti- RPC155–positive scleroder-
ma patients without detectable cancer.

Methods. The study included 168 scleroderma patients with anti- RPC155 antibodies (80 with a history of cancer 
and 88 with no cancer diagnosis after >5 years of follow- up). Thirty- five sera (17 from patients with cancer and 18 
from patients without cancer) were randomly selected for autoantibody discovery using immunoprecipitation (IP). An 
~194- kd band was enriched in the subgroup without cancer; this was identified as RNA polymerase I large subunit 
(RPA194).

Results. RPA194 generated by in vitro transcription/translation was used for IPs performed on the entire cohort to 
test whether anti- RPA194 was enriched among anti- RPC155–positive patients without cancer. Anti- RPA194 antibod-
ies were significantly more common in the group without cancer (16 [18.2%] of 88) than in the group with cancer (3 
[3.8%] of 80) (P = 0.003). Patients with both anti- RPA194 and anti- RPC155 were significantly less likely to have severe 
gastrointestinal disease than patients with anti- RPC155 only (26.3% versus 51.0%; P = 0.043).

Conclusion. Anti- RPA194 antibodies are enriched in anti- RPC155–positive scleroderma patients without cancer. 
Since somatic mutations in the gene encoding RPC155 in cancer in scleroderma patients appears to play a role in 
immune response initiation against RPC155 in those patients, these data raise the possibility that the development of 
immune responses to both RPC155 and RPA194 may influence clinical cancer emergence. Further study is required 
to define whether different autoantibody combinations have utility as tools for cancer risk stratification in scleroderma.

INTRODUCTION

Emerging data suggest that subsets of patients with sys-
temic sclerosis (scleroderma) may have cancer- induced autoim-
munity (1). This relationship between cancer and scleroderma 
emergence has been most notable among scleroderma patients 
with antibodies against the large subunit of RNA polymerase III 
(RPC155). Scleroderma patients with these autoantibodies have 
a significantly higher risk of developing cancer within a short 
interval of scleroderma onset compared to scleroderma patients 
without anti- RPC155 antibodies (2–7). Furthermore, recent data 
demonstrate that this translates to a 2.8- fold increased risk of 

cancer within 3 years of scleroderma onset when compared 
to the expected cancer incidence in the general population (8). 
Mechanistic studies have demonstrated that genetic alterations 
(somatic mutations and/or loss of heterozygosity) are present 
in the gene (POLR3A locus) that encodes for RPC155 in some 
of these patients’ cancers, with development of both mutation- 
specific and cross- reactive immune responses (9).

While these data strongly suggest a model of cancer- induced 
autoimmunity, it is notable that ~85% of scleroderma patients with 
anti- RPC155 antibodies do not manifest cancer clinically over an 
extensive follow- up period (8). These data raise the tantalizing pos-
sibility that cancer may be an underlying trigger for  scleroderma 
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in most patients with anti- RPC155 antibodies, with the antitumor 
immune response being variably successful in eliminating the can-
cer or maintaining it in equilibrium such that it does not emerge 
(10). In this context, an important relevant property of the immune 
response is its ability to diversify to additional epitopes within the 
primary target (intramolecular spreading) and also to additional 
proteins that bind to the primary target at some stage in its func-
tional cycle (intermolecular spreading) (11). It is noteworthy that 
many targets of the autoimmune response in scleroderma (e.g., 
RNA polymerases, the minor spliceosome, and the centromere) 
are multicomponent complexes. Furthermore, multiple compo-
nents of these complexes are recognized by autoantibodies, sug-
gesting antigenic spreading (12).

We hypothesized that the immune response in anti- RPC155–
positive scleroderma patients in whom cancer does not emerge 
might target additional autoantigens. To address this hypothesis, 
we initially studied a small group of patients with anti- RPC155 
antibodies with cancer and patients with anti- RPC155 antibod-
ies without cancer, and compared the autoantibody specificities 
in these 2 groups by immunoprecipitation (IP). Interestingly, in 
anti- RPC155 antibody–positive patients without cancer, a 194- 
kd protein was enriched. Noting the molecular weight, the prior 
description of RNA polymerase I as an autoantigen in scleroderma 
(13), and the observation that an inhibitor inducing destruction of 
the catalytic subunit of RNA polymerase I (RPA194) is itself an 
effective anticancer agent (14), we pursued whether, and then 
rapidly confirmed that, the 194- kd protein was RPA194. When the 
frequency of RPA194 antibodies was assayed in a large cohort 
of anti-RPC155–positive scleroderma patients with and those 
without cancer, we confirmed that anti- RPA194 antibodies were 
enriched among anti- RPC155–positive patients without cancer.

These data strongly suggest that in scleroderma patients, 
targeting of the catalytic components of both RNA polymerase 
I and III complexes (that is, RPA194 and RPC155, respectively) 
is associated with a decreased emergence of cancer, raising 
the possibility that the combined immune responses may affect 
cancer survival and fitness. These observations have important 
implications for understanding the mechanisms underlying the 
association of cancer and scleroderma, as well as control of can-
cer by the immune system. Knowing the RPA194 antibody sta-
tus in anti- RPC155–positive patients may also enable improved 
 precision in cancer prediction in this subgroup.

PATIENTS AND METHODS

Study population. Patients who had scleroderma, as 
defined by the American College of Rheumatology (ACR)/Euro-
pean League Against Rheumatism 2013 classification criteria 
or ACR 1980 criteria or the presence of at least 3 of 5 CREST 
syndrome criteria (calcinosis, Raynaud’s phenomenon, esoph-
ageal dysmotility, sclerodactyly, telangiectasia), and a banked 
serum sample were included in the study (15,16). RPC155 

antibody status was determined by clinically obtained assays, 
and 168 scleroderma patients with anti- RPC155 antibodies 
were identified for this study, including 80 with a history of can-
cer and 88 who had no history of cancer after at least 5 years 
of follow- up. Anti- RPC155 antibody status was subsequently 
confirmed in all 168 patients by enzyme- linked immunosorbent 
assay (ELISA; Inova Diagnostics), using 20 units as the cut-
off value for assigning antibody positivity, as recommended by 
the manufacturer. From this overall study population, 35 sera 
were randomly selected for initial autoantibody discovery, 17 
from anti- RPC155–positive scleroderma patients with cancer 
and 18 from anti- RPC155–positive scleroderma patients with-
out cancer. The RPC155 antibody status in this subset was 
validated by a second assay method: IP using 35S- methionine–
labeled RPC155 generated by in vitro transcription/translation 
(IVTT), as described below. For the cancer patients, the serum 
sample obtained closest to the date of cancer diagnosis was 
studied. For patients without cancer, the most recent available 
serum sample was studied.

Exposure and outcome assessment. Demographic 
data, scleroderma onset dates, clinical characteristics, and 
cardiopulmonary testing data were abstracted from the cohort 
database. Age at scleroderma onset was defined as age at 
the first scleroderma symptom, either Raynaud’s phenomenon 
or non– Raynaud’s phenomenon manifestation. Scleroderma 
subtype was classified as limited cutaneous if skin thickening 
was distal to the elbows and/or knees, and as diffuse cutane-
ous if skin thickening involved the upper arms, thighs, chest, 
or abdomen (17). Measurements of forced vital capacity (FVC) 
and diffusing capacity for carbon monoxide were adjusted for 
age and sex (18,19). A restrictive ventilatory defect sugges-
tive of interstitial lung disease (ILD) was defined as an FVC of 
<70% predicted ever. Echocardiographic evidence suggestive 
of pulmonary hypertension was defined as a right ventricular 
systolic pressure (RVSP) of ≥45 mm Hg ever (20). Myopathy 
was defined as a history of abnormal muscle enzymes or by 
electromyography, muscle magnetic resonance imaging, and/
or muscle biopsy findings. Severe Raynaud’s phenomenon 
was defined as a maximum Medsger peripheral vascular sever-
ity score of ≥2 (digital pitting scars, ulcers, or gangrene), and 
severe gastrointestinal (GI) disease was defined as a modified 
maximum Medsger GI severity score of ≥2 (high- dose antireflux 
medications or antibiotics required for small intestinal bacterial 
overgrowth, malabsorption syndrome, episodes of pseudo- 
obstruction, or hyperalimentation required) (21). Cancer diag-
nosis site, histology, and date were reviewed for all patients and 
confirmed by cancer pathology reports, oncology records, and 
other physicians’ notes. The interval between cancer diagno-
sis and onset of scleroderma was calculated as the difference 
between the cancer diagnosis date and the date of the first scle-
roderma symptom.
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IP using 35S- methionine–labeled proteins gener-
ated by IVTT. Complementary DNAs (cDNAs) encoding 
full- length human RPC155 (purchased from OriGene) and 
RPA194 (human RPA194 cloned into pCMV6- HA- His vector 

from  OriGene) were used to generate 35S- methionine–labeled 
proteins by IVTT, according to the manufacturer’s protocol 
(Promega). IP using these products was performed (22), and 
the immunoprecipitates were electrophoresed on 10% sodium 

Table 1. Clinical characteristics of the anti- RPC155–positive scleroderma patients with and those without cancer*

Variable
Patients with cancer 

(n = 80)
Patients with no known cancer 

(n = 88) P

Age at scleroderma onset, years† 51.7 ± 14.0 45.3 ± 13.6 0.0035
Age at first non– Raynaud’s phenomenon 

symptom, years
55.1 ± 11.3 47.4 ± 12.2 <0.0001

Disease duration at first visit, years 6.4 ± 10.6 6.2 ± 7.8 0.9331
Interval between cancer diagnosis and 

scleroderma onset, years
4.6 ± 14.9 NA NA

Interval between cancer diagnosis and 
first non– Raynaud’s phenomenon 
symptom, years

1.1 ± 11.3 NA NA

Male sex, no. (%) 19 (23.8) 12 (13.6) 0.091
Race, no. (%) 0.519

White 77 (97.5) 82 (93.2)
Black 2 (2.5) 4 (4.6)
Asian 0 (0) 2 (2.3)

Subtype, no. (%) 0.374
Limited cutaneous 21 (26.3) 18 (20.5)
Diffuse cutaneous 59 (73.8) 70 (79.6)

Ever smoked, no. (%) 44 (55.0) 39 (44.3) 0.167
MRSS at first visit to center 18.7 ± 12.9 19.1 ± 13.8 0.8359
Maximum ever MRSS 22.5 ± 13.5 22.4 ± 14.9 0.9563
Renal crisis, no. (%) 10 (12.5) 11 (12.5) 1.000
Myopathy, no. (%) 13 (16.3) 14 (15.9) 0.952
ILD, no. (%)‡ 28 (37.3) 43 (50.6) 0.092
Baseline pulmonary function

FVC, % predicted 85.2 ± 15.2 83.0 ± 17.1 0.4052
DLco, % predicted 82.3 ± 21.2 83.7 ± 25.2 0.7213

Pulmonary hypertension, no. (%)§ 18 (23.4) 31 (37.4) 0.055
Baseline RVSP, mm Hg 32.3 ± 10.0 33.0 ± 9.4 0.7330
Baseline ejection fraction, % 63.0 ± 6.8 59.9 ± 7.4 0.0112
Severe Raynaud’s phenomenon, no. (%)¶ 39 (48.8) 54 (61.4) 0.100
Severe GI disease, no. (%)¶ 38 (47.5) 43 (48.9) 0.860
Calcinosis, no. (%) 27 (33.8) 51 (58.0) 0.002
Telangiectasia, no. (%) 78 (97.5) 86 (97.7) 1.000
Tendon friction rubs, no. (%) 36 (45.0) 41 (46.6) 0.836

* In the group of patients with cancer, data were available for 79 patients for age at first non– Raynaud’s phenomenon 
symptom, race, modified Rodnan skin thickness score (MRSS) at first visit, and maximum MRSS, 75 patients for interstitial 
lung disease (ILD), 73 patients for forced vital capacity (FVC) and baseline ejection fraction, 65 patients for diffusing ca-
pacity for carbon monoxide (DLco), 77 patients for pulmonary hypertension, and 45 patients for baseline right ventricular 
systolic pressure (RVSP). In the group with no known cancer, data were available for 87 patients for age at first non– 
Raynaud’s phenomenon symptom, 86 patients for MRSS at first visit, 85 patients for ILD, 79 patients for FVC, 70 patients 
for DLco, 83 patients for pulmonary hypertension, 51 patients for baseline RVSP, and 73 patients for baseline ejection 
fraction. Except where indicated otherwise, values are the mean ± SD. NA = not applicable; GI = gastrointestinal. 
† Scleroderma onset was defined as the first symptom, either Raynaud’s phenomenon or non– Raynaud’s phenomenon. 
‡ Defined as an FVC of <70% predicted ever. 
§ Defined as an RVSP of ≥45 mm Hg ever. 
¶ Defined as an organ- specific severity score of ≥2 at any time during the disease course. 
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dodecyl sulfate (SDS)–polyacrylamide gels and visualized by 
fluorography. As we reported previously, IVTT IP and ELISA 
gave identical readouts for RPC155 antibody status (12). For 
the RPA194 IP, experiments were normalized by including a 
reference IP performed with the same strongly positive anti- 
RPA194 serum in each set (and electrophoresed on each gel). 
Densitometry was performed on all autoradiograms, and val-
ues were normalized to the reference IP. Antibody positivity 
was defined as a normalized densitometry value of >1. Results 
of IP performed with IVTT RPA194 using sera from 36 healthy 
controls were all negative.

IP from radiolabeled HeLa and 624 melanocyte cells. 
HeLa cells (purchased from ATCC) and 624 melanocyte cells were 
cultured using standard protocols before plating and radiolabeling 
for 2 hours with 35S- methionine/cysteine. Cells were lysed in radi-
oimmunoprecipitation assay buffer (50 mM Tris [pH 7.4], 150 mM 
NaCl, 5 mM EDTA, 0.5% Nonidet P40, 0.5% sodium deoxycho-
late, and 0.1% SDS), and precleared with immobilized protein A–
agarose (Thermo Scientific). IPs were performed by adding 1 μl of 
patient serum to the lysate (for 1 hour at 4°C), followed by protein 
A–agarose (for 25 minutes at 4°C). After washing, the immuno-
precipitates were electrophoresed on 10% SDS–polyacrylamide 
gels and visualized by fluorography. Of note, IPs performed using 
radiolabeled cell lysates detected all antibody specificities in the 
serum, whereas IPs performed with IVTT protein detected only 
antibodies against the input protein.

Statistical analysis. Demographic, clinical, and autoanti-
body characteristics were compared between 1) anti- RPC155–
positive patients with cancer and anti- RPC155–positive patients 
without cancer and 2) anti- RPA194–positive patients and anti- 
RPA194–negative patients using Student’s t- test for continu-
ous variables and the chi- square test or Fisher’s exact test for 
dichotomous or categorical variables where appropriate. The 
Mann- Whitney U test was used to assess differences in ordinal 
variables. Statistical analyses were performed using Stata ver-
sion 13.1 (StataCorp). P values less than 0.05 (2- sided) were 
considered significant.

RESULTS

Clinical characteristics of the anti- RPC155–pos-
itive scleroderma cohorts. This study was performed 
using sera from a cohort of 168 well- characterized sclero-
derma patients with anti- RPC155 antibodies evaluated at 
the Johns Hopkins Scleroderma Center. Eighty sera were 
from patients with a history of cancer, and 88 were from ran-
domly selected anti- RPC155 antibody–positive patients with 
no known malignancy after ≥5 years of follow- up. The clini-
cal characteristics of these patients were examined by can-
cer status (Table 1). Scleroderma patients with anti- RPC155 

and cancer had a short interval between cancer diagnosis and 
scleroderma onset (mean ± SD 1.1 ± 11.3 years from the first 
non– Raynaud’s phenomenon symptom and 4.6 ± 14.9 years 
from the first symptom, either Raynaud’s phenomenon or non– 
Raynaud’s phenomenon manifestation). Scleroderma patients 
with cancer were older at scleroderma onset (mean ± SD age 
51.7 ± 14.0 years versus 45.3 ± 13.6 years; P = 0.0035) and 
less likely to have calcinosis than scleroderma patients without 
cancer (33.8% versus 58.0%; P = 0.002). Both groups had 
a comparable disease duration at presentation to our center 
and were similar with regard to sex, race, scleroderma sub-
type, and smoking history. Clinical characteristics, including 
skin severity, baseline pulmonary function, baseline RVSP, and 
frequency of renal crisis, myopathy, telangiectasia, and tendon 
friction rubs, were not significantly different between groups. 
The mean baseline left ventricular ejection fraction was statisti-
cally, but not clinically, significantly higher in the cancer group. 
Cancer sites observed are available upon request from the 

corresponding author.

Discovery and identification of anti- RPA194 anti-
bodies in scleroderma patients with RPC155 antibod-
ies, using cancer status as a filter. To address whether 
the immune response differed in anti- RPC155–positive sclero-
derma patients with and those without cancer, we initially used 
an IP approach on a subset of 35 sera randomly selected 
from the cohorts described above. That is, sera from 17 anti- 
RPC155–positive scleroderma patients with cancer and 18 
anti- RPC155–positive scleroderma patients without cancer 
were used for discovery. These 35 sera were used to immu-
noprecipitate proteins from radiolabeled HeLa cell lysates, 
and the profiles were compared. Representative results using 
serum from a patient without cancer (FW- 1170) and a patient 
with cancer (FW- 1088) are shown in Figure 1A. A subset of 
the discovery sera was also tested by IP using radiolabeled 
624 melanocyte lysates (Figures 1A and B), and similar data 
were obtained.

In 7 (38.9%) of the 18 patients without cancer, a ~194- kd 
band was detected; this was only seen in 1 (6.3%) of 16 of the 
patients with cancer (see representative examples in Figure 1A). 
Additional bands (at 110, 40, 34, and 28 kd, which were possi-
bly other protein components of the polymerase complexes) were 
variably immunoprecipitated by some of the sera. This finding 
is consistent with elegant work published by Kuwana et al (23), 
who used an IP approach with radiolabeled cell extracts to show 
that anti- RNA polymerase antibodies in scleroderma patient sera 
 recognize multiple subunits of the RNA polymerases. Of note, the 
additional immunoprecipitated bands we detected were observed 
with similar frequencies in both the group with and the group with-
out cancer. Because we were seeking specificities that could dis-
tinguish these groups, we focused on the 194- kd specificity that 
was enriched in patients without cancer.
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Since 1) RNA polymerases I and III share some common 
subunits which can enable intermolecular spreading, 2) RNA 
poly merase I is a known scleroderma autoantigen (13,24), and 
3) the large subunit of RNA polymerase I (RPA194) is 194 kd, 
we tested whether the 194- kd band might be RPA194. We 
generated radiolabeled RPA194 by IVTT from cDNA encoding 
full- length RPA194, and performed IP with the putative anti- 
RPA194–positive serum (FW- 1170) and an RPA194–negative 
serum (FW- 1088) (Figure 1C). RPA194 pulldown was observed 
with the FW- 1170 patient serum only, confirming that RPA194 

antibodies were present in the FW- 1170 serum and absent in 
the FW- 1088 serum.

Enrichment of anti- RPA194 antibodies in anti- 
RPC155–positive scleroderma patients without can-
cer. Using IPs performed using RPA194 generated by IVTT, 
the full study cohort of 168 anti- RPC155–positive sera were 
tested for anti- RPA194 antibodies. Anti- RPA194 antibodies 
were significantly more common in the group without can-
cer (16 [18.2%] of 88 patients) than in the group with cancer 

Figure 1. Discovery and identification of anti- RPA194 antibodies in anti- RPC155–positive scleroderma patients. A, Immunoprecipitation (IP) 
using radiolabeled lysates made from HeLa cells (left) or 624 melanocytes (624 Mel) (right). Sera from all patients included in the study were 
assayed for anti- RPC155 antibody status as described in Patients and Methods. Representative results using sera from an anti- RPC155–
positive patient without cancer (FW- 1170) and an anti- RPC155–positive patient with cancer (FW- 1088) are shown. Serum from a healthy donor 
was used as a control. Migration of molecular weight marker standards is shown on the right. B, Enlarged view of the upper section of the 624 
melanocyte lanes (>100 kd) shown in A. The asterisk indicates the 194-kd band detected in the IP with serum FW-1170 (and enriched in the 
group without cancer). C, Representative results of in vitro transcription/translation (IVTT) IP, which was used to confirm the IP results for the 35 
sera in the discovery cohort. IP was performed with the same sera used in A. Input material (no IP) was 35S- methionine–labeled RPA194 (top) 
or RPC155 (bottom) generated by IVTT, as described in Patients and Methods.
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(3 [3.8%] of 80 patients; P = 0.003). Even when secondary 
analyses were performed defining anti- RPC155 positivity by a 
more stringent cutoff of ≥40 units, the finding that anti- RPA194 
antibodies were more common in the group without cancer 
remained unchanged (18.4% in the group without cancer ver-

sus 4.05% in the group with cancer; P = 0.008). Of the 3 scle-
roderma patients with cancer who had both anti- RPC155 and 
anti- RPA194, 1 patient had a basal cell skin cancer 25 years 
prior to scleroderma onset, 1 had prostate cancer detected 
1.25 years prior to scleroderma onset, and 1 had a uterine 

Table  2. Clinical characteristics of the anti- RPA194–positive and anti- RPA194–negative scleroderma 
patients*

Variable

Anti- RPA194–positive 
patients 
(n = 19)

Anti- RPA194–negative 
patients 
(n = 149)

Age at scleroderma onset, years† 44.5 ± 15.6 48.8 ± 13.9
Age at first non–Raynaud’s phenomenon 

symptom, years
50.3 ± 11.3 51.1 ± 12.5

Disease duration at first visit, years 6.8 ± 10.1 6.2 ± 9.1
Male sex, no. (%) 1 (5.3) 30 (20.1)
Race, no. (%)

White 19 (100) 140 (94.6)
Black 0 (0) 6 (4.1)
Asian 0 (0) 2 (1.4)

Subtype, no. (%)
Limited cutaneous 2 (10.5) 37 (24.8)
Diffuse cutaneous 17 (89.5) 112 (75.2)

Ever smoked, no. (%) 10 (52.6) 73 (49.0)
MRSS at first visit to center 23.2 ± 14.2 18.3 ± 13.2
Maximum ever MRSS 27.5 ± 15.0 21.8 ± 14.0
Renal crisis, no. (%) 0 (0) 21 (14.1)
Myopathy, no. (%) 3 (15.8) 24 (16.1)
ILD, no. (%)‡ 7 (38.9) 64 (45.1) 
Baseline pulmonary function

FVC, % predicted 85.2 ± 16.1 83.9 ± 16.2 
DLco, % predicted 86.3 ± 22.6 82.6 ± 23.4 

Pulmonary hypertension, no. (%)§ 6 (33.3) 43 (30.3) 
Baseline RVSP, mm Hg 33.6 ± 9.0 32.5 ± 9.8 
Baseline ejection fraction, % 60.3 ± 9.1 61.6 ± 7.0
Severe Raynaud’s phenomenon, no. (%)¶ 12 (63.2) 81 (54.4)
Severe GI disease, no. (%)¶ 5 (26.3) 76 (51.0)#
Calcinosis, no. (%) 11 (57.9) 67 (45.0)
Telangiectasia, no. (%) 18 (94.7) 146 (98.0)
Tendon friction rubs, no. (%) 10 (52.6) 67 (45.0)

* All patients were anti- RPC155 positive. In the anti- RPA194–positive group, data were available for 
18 patients for age at first non– Raynaud’s phenomenon symptom, ILD, and pulmonary hypertension, 
16 patients for FVC, 14 patients for DLco, 10 patients for RVSP, and 17 patients for baseline ejection 
fraction. In the anti- RPA194–negative group, data were available for 148 patients for age at first non–
Raynaud’s phenomenon symptom, race, and maximum ever MRSS, 146 patients for MRSS at first visit, 
142 patients for ILD and pulmonary hypertension, 136 patients for FVC, 121 patients for DLco, 86 pa-
tients for baseline RVSP, and 129 patients for baseline ejection fraction. Except where indicated other-
wise, values are the mean ± SD. See Table 1 for definitions. 
† Scleroderma onset was defined as the first symptom, either Raynaud’s phenomenon or non– Raynaud’s 
phenomenon. 
‡ Defined as an FVC of <70% predicted ever. 
§ Defined as an RVSP of ≥45 mm Hg ever 
¶ Defined as an organ- specific severity score of ≥2 at any time during the disease course. 
# P = 0.043 versus anti- RPA194–positive patients. 
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cancer diagnosed 5 years after scleroderma onset. Of the 18 
sera from anti- RPC155–positive scleroderma patients without 
cancer that were used for discovery (as described above), 7 
were confirmed to have anti- RPA194 antibodies using the IVTT 
IP assay, consistent with the initial screening frequency. Thirty- 
four sera from healthy controls were also tested by IVTT IP 
assay; none immunoprecipitated IVTT RPA194.

We next assessed whether the clinical phenotype  differed 
between anti- RPC155–positive patients with and those with-
out anti- RPA194 antibodies (Table  2). There were no differ-
ences in age at scleroderma onset, race, smoking status, 
or the frequency of ILD, pulmonary hypertension, myopathy, 
severe Raynaud’s phenomenon, calcinosis, telangiectasia, or 
tendon friction rubs. While the differences were not significant, 
anti- RPA194–positive patients were more likely to be women 
(94.7% versus 79.9%; P = 0.205), have diffuse cutaneous 
sclero derma (89.5% versus 75.2%; P = 0.249), and have a 
higher baseline modified Rodnan skin thickness score (MRSS) 
(mean ± SD 23.2 ± 14.2 versus 18.1 ± 13.2; P = 0.1358) 
and a higher maximum MRSS (27.5 ± 15.0 versus 21.8 ± 
14.0; P = 0.0990) than anti- RPA194–negative patients. Anti- 
RPA194–positive patients were also less likely to have a his-
tory of renal crisis (0% versus 14.1%; P = 0.134) and were 
significantly less likely to have severe GI disease (26.3% ver-
sus 51.0%; P = 0.043). Interestingly, this group was signifi-
cantly more likely to have a nucleolar pattern on antinuclear 
antibody (ANA) staining (44.4% versus 12.5%; P = 0.001) 
than anti- RPA194–negative patients, although ANA titers did 
not differ between groups. This suggests that detection of a 
nucleolar staining pattern is more likely to capture the anti- 
RPA194 antibody–positive group. However, the clinical utility 
of these findings will be greatly enhanced by the development 
of a commercial assay that specifically detects anti- RPA194 

antibodies.

DISCUSSION

The existence of antibodies against the RNA polymerases 
has been recognized for many years in scleroderma patients 
(23). The recent observation that autoantibodies to RPC155 
in scleroderma define a group of patients with a higher risk 
of cancer (standardized incidence ratio 2.84 [95% confidence 
interval 1.89–4.10]; odds ratio ranging from 3.85 to 5.83) 
occurring within a short interval of scleroderma onset has been 
confirmed in multiple different cohorts (2–8). Mechanistic stud-
ies in scleroderma patients with cancer have demonstrated 
that somatic mutations at the POLR3A locus are present in 
the cancers of some anti- RPC155–positive patients, in whom 
mutation- specific and cross- reactive T cell immune responses 
develop (9). These findings strongly suggest that somatic 
mutations in RPC155 in scleroderma patients’ cancers initi-
ate the anti- RPC155 immune response, which spreads to the 

wild- type protein, exerting both anticancer and autoimmune 
effects.

The finding that only 15–20% of patients with anti- RPC155 
ever manifest a cancer suggests several possibilities. In a first 
 scenario, different mechanisms may underlie the development 
of anti- RPC155 immune responses and scleroderma pheno-
type in patients with and those without cancer. Alternately, it 
is possible that similar mechanisms (cancer with changes in 
RPC155 structure due to mutation) drive this immune response 
and scleroderma phenotype in all anti- RPC155–positive 
patients, but that the group with cancer and the group without 
cancer represent differences in the efficacy of the anticancer 
effect of the immune response, perhaps marked by additional 
immune responses in patients without cancer, or differential 
sensitivity of the cancer to the induced immune response. In 
this study, we sought evidence of the possibility that additional 
immune specificities are found in anti- RPC155–positive sclero-
derma patients without a detectable cancer.

The initial screen from radiolabeled cells demonstrated 
striking enrichment of a 194- kd protein immunoprecipitated by 
antibodies from anti- RPC155–positive patients without cancer. 
The migration of this protein, coupled with prior descriptions 
of antibodies to RNA polymerase I in scleroderma (13), and 
recent evidence that inhibition of RNA polymerase I activity has 
potent anticancer effects, rapidly led us to confirm that RPA194 
was the undefined band recognized by the index sera without 
cancer. Subsequent analysis demonstrated that RPA194 anti-
bodies were found in 18.2% of anti- RPC155–positive patients 
without cancer, while they were infrequent (3.8%) in anti- 
RPC155–positive patients with cancer. It is of interest that one 
of the patients with cancer and antibodies to RPA194 had a 
basal cell cancer that occurred 25 years prior to scleroderma, 
suggesting that they might be unrelated. Regardless, anti- 
RPA194 autoantibodies are enriched in anti- RPC155–positive 
patients without cancer. That immune responses to RPA194 
are associated with the subgroup of anti- RPC155–positive 
scleroderma patients without cancer is particularly interesting, 
as recent studies have shown that a small molecule (BMH21) 
that inhibits RNA polymerase I activity has broad, potent, and 
selective antitumor activities across multiple cancer cell lines in 
vitro, and represses tumor growth in vivo in mouse models (14). 
It is of interest that 6 polymerase subunits are shared among 
RNA polymerases I and III, providing an important opportunity 
for intermolecular spreading. Understanding the targeting of 
these shared subunits in patients with and those without can-
cer might shed additional mechanistic insights into the origin of 
the broader immune responses in scleroderma patients without  
cancer.

Taken together, the observations that many cancers have 
increased RNA polymerase I activity, that inhibition of this activ-
ity has anticancer effects, and that immune responses to the 
catalytic subunit of RNA polymerase I (RPA194) are associated 
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with a lower frequency of cancer in the anti- RPC155–positive 
scleroderma group raise the possibility that the RPA194 immune 
response plays a mechanistic role in the immune- mediated 
control of cancer in scleroderma. Like most autoantigens in 
the systemic rheumatic diseases, RPA194 is intracellular, rais-
ing important questions about how such an effect might be 
mediated. Several scenarios are possible. First, since RNA 
polymerase I expression and activity is increased in many can-
cers, it is possible that an anticancer effect is exerted by cell- 
mediated immunity, which is selectively directed against cancer 
cells expressing high levels of RPA194. Second, it is possible 
that autoantibodies recognizing intracellular antigens may have 
direct anticancer effects (25). For example, a series of recent 
studies showed that anti- DNA antibodies induced the death of 
cancer cells in vitro and in vivo, particularly in cancer cell lines 
with defects in various DNA repair pathways (25). It is similarly 
possible that autoantibodies recognizing RPA194 might inhibit 
RPA194 inside cells, thereby exerting anticancer effects. Third, 
a different set of initiating events (other than cancer) might be 
responsible for initiating the combined immune responses 
against both RPC155 and RPA194. Confirming these findings 
in other scleroderma cohorts, and pursuing these mechanistic 
questions, remain important priorities.

If the association of anti- RPA194 antibodies with decreased 
cancer incidence in a subgroup of RPC155- positive scleroderma 
patients is confirmed in other studies, then detecting anti- RPA194 
at diagnosis might have clinical utility in identifying the subset 
of anti- RPC155–positive patients who do not require extensive 
malignancy evaluation. The observation that only ~20% of anti- 
RPC155–positive patients without cancer have anti- RPA194 
antibodies suggests that additional mechanisms may be asso-
ciated with a lower cancer prevalence in the remaining patients. 
One possibility is that additional immune specificities (other than 
RPA194) occur in the context of RPC155 immune responses. 
Finding such specificities would further support the hypothesis 
that orthogonal immune responses targeting additional cellular 
machines are associated with decreased cancer frequencies in 
the high- risk anti- RPC155–positive group.

The subgroup of scleroderma patients with both RPC155 
and RPA194 antibodies was not large enough to determine 
with certainty whether they manifested a more severe form 
of scleroderma than those with anti- RPC155 alone, but 
the available data does not suggest this. Indeed, none of 
the anti- RPA194–positive patients manifested scleroderma 
renal crisis (present in 14% of the group with anti- RPC155 
only), and severe GI disease was present significantly less 
frequently in the subgroup with both anti- RPC155 and anti- 
RPA194 than in the subgroup with anti- RPC155 only (26% 
versus 51%). In future studies with larger numbers of RPA194 
antibody–positive patients, it will be important to define the 
phenotype and mortality in the anti- RPC155 groups with or 
without RPA194 antibodies.
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Effect of Dietary and Supplemental Omega- 3 
Polyunsaturated Fatty Acids on Risk of Recurrent  
Gout Flares
MaryAnn Zhang,1  Yuqing Zhang,2  Robert Terkeltaub,3  Clara Chen,2 and Tuhina Neogi2

Objective. To determine the relationship between omega- 3 polyunsaturated fatty acid (n- 3 PUFA) consumption 
(dietary or supplemental) and risk of gout flares.

Methods. We used data from the Boston University Online Gout Study, an internet- based case- crossover study 
conducted from February 2003 to January 2012. At the times of gout flares (hazard period) and during gout flare–free 
periods (control periods), participants completed questionnaires regarding exposures, including supplements and 
diet, during the preceding 48 hours. We examined the relationship of self- reported n- 3 PUFA–rich supplements and 
fish intake with the risk of recurrent gout flares using conditional logistic regression, adjusting for total purine intake, 
diuretic use, and other urate- lowering or flare prophylactic medications (allopurinol, nonsteroidal antiinflammatory 
drugs, or colchicine).

Results. Of the 724 participants, 85% met the 1977 American College of Rheumatology preliminary criteria for the 
classification of the acute arthritis of primary gout. Twenty- two percent of the participants reported some form of n- 3 
PUFA consumption (supplements, 4.6%; dietary fatty fish, 19%) in the 48 hours preceding a gout flare or flare- free 
period. The adjusted odds ratios were 1.01 (95% confidence interval [95% CI] 0.63–1.60; P = 0.98) for all 3 supple-
ments combined and 0.74 (95% CI 0.54–0.99; P = 0.04) for consumption of ≥2 n- 3 PUFA–rich fish servings.

Conclusion. Dietary n- 3 PUFA–rich fish consumption, when adjusted for total purine intake, was associated with 
lower risk of recurrent gout flares, whereas n- 3 PUFA supplementation alone, as taken in a self- directed manner, was 
not. Consumption of specific sources and adequate doses of n- 3 PUFA for gout flare prevention warrants further 
study in an adequately powered clinical trial.

INTRODUCTION

Gout, an inflammatory crystal- induced arthritis caused by 
monosodium urate deposition within joints, affects approximately 
8.3 million adults in the US (1,2). Although the pathophysiology of 
this disease is well understood and urate- lowering therapies are 
widely available, recurrence of gout flares remains high (2,3). Iden-
tifying additional options for gout flare management could alleviate 
the burden of this common inflammatory disorder.

Omega- 3 polyunsaturated fatty acids (n- 3 PUFAs) have 
recently garnered interest for their potential antiinflammatory 
effects. Fatty fish such as tuna, mackerel, and salmon are a rich 

natural source of the biologically active n- 3 PUFAs eicosapentae-
noic acid (EPA) and docosahexaenoic acid (DHA) (4). Although 
another formulation of n- 3 PUFA called α- linolenic acid can also 
be found in plant- based sources such as flax, canola, soybeans, 
and walnuts, α- linolenic acid is biologically inactive and must be 
consumed in large quantities to achieve the same level of EPA and 
DHA available in fatty fish (4,5). With respect to gout, certain n- 3 
PUFAs have been shown to have multiple antiinflammatory effects 
through rapid and selective inhibition of the NLRP3 inflammasome 
via G  protein–coupled receptors (GPRs), specifically GPR120 and 
GPR140, through β- arrestin (6–9). Additional downstream effects 
include suppression of Toll- like receptor activation, neutrophil 
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chemotaxis, NF- κB activity, and prostaglandin synthesis (8–11). 
These in vitro findings have been supported by the results of in vivo 
experiments in which rats that were fed a diet of oil- rich fish and plant  
seeds developed less inflammation when injected with mono-
sodium urate crystals than rats fed a standard diet (12).  Importantly, 
these antiinflammatory effects occur independently of enzymatic 
product generation, a process that relies on the slow integration of 
n- 3 PUFAs into the leukocyte plasma membrane (9). By bypass-
ing this slower pathway, it is possible that n- 3 PUFAs have acute 
benefits even when consumed over short intervals.

Clinically, n- 3 PUFA supplementation has demonstrated anti-
inflammatory effects in several arthritic conditions. Multiple ran-
domized controlled trials, systematic reviews, and meta- analyses 
have noted reduced disease activity with n- 3 PUFA consumption 
in patients with rheumatoid arthritis and psoriatic arthritis (13–20). 
Fewer studies have explored the impact of n- 3 PUFA consump-
tion on gout, however. Abhishek et al showed that low serum n- 3 
PUFA levels were associated with increased frequency of gout 
flares, although they were not able to adjust for other dietary con-
founders (21). Interestingly, n- 3 PUFA–rich diets have also been 
linked to reduced inflammation in the gut microbiome, with clinical 
implications for metabolic syndrome, cancer, and nonalcoholic 
fatty liver disease (22–25). Whether this is the same mechanism 
by which n- 3 PUFA can affect gout remains to be elucidated.

In contrast to n- 3 PUFAs, n- 6 PUFAs such as arachidonic acid 
and linoleic acid, which are commonly found in vegetable oils and 
animal sources, possess greater proinflammatory properties medi-
ated by generation of prostaglandins, leukotrienes, cyclooxygen-
ase, and thromboxanes (5). There is evidence that the ratio of n- 3 
to n- 6 PUFA consumption plays a critical role in the development 
of inflammation (8,26). Diets rich in n- 6 PUFA but low in n- 3 PUFA 
have been associated with increased inflammation in rheumatoid 
arthritis, cardiovascular disease, cancer, and even osteoarthritis 
(27–29). No studies to date have examined the effect of n- 6 PUFA 
on gout flare development. Understanding the benefits and poten-
tial harms of n- 3 and n- 6 PUFA consumption with regard to gout 
may have broad health implications, given that approximately half 
of American adults report using 1 or more dietary supplements, 
with approximately 12% using supplements for joint health (30).

In this study, we sought to determine the relationship 
between n- 3 PUFA consumption (dietary or supplemental) and 
risk of gout flares in a case- crossover investigation. We hypothe-
sized that subjects taking n- 3 PUFA supplements or consuming 
n- 3 PUFA–rich diets would have lower risk of gout flare recurrence 
compared with subjects who did not consume n- 3 PUFA. We also 
sought to examine the impact of the ratio of n- 3 to n- 6 levels on 
gout flare risk.

PATIENTS AND METHODS

Study design. The Boston University Online Gout Study was 
an internet- based, case- crossover study conducted from 2003 to 

2012 and originally aimed at identifying risk factors for recurrent 
gout flares (31). Each subject served as his or her own control, 
eliminating between- person differences (e.g., genetics, sex, edu-
cation, and race) to minimize time- invariant confounding (32). Such 
an approach allowed for comparison of the relative frequency of 
risk factors prior to gout flares (hazard periods) and during gout 
flare–free periods (control periods) within the same subject. Several 
nutritional factors, including consumption of purine- rich foods, use 
of alcohol, and consumption of cherries, in relation to gout flares 
have been examined in this study (33–35). The Institutional Review 
Board of Boston University Medical Campus approved this study.

Study sample. Potential subjects were recruited through a 
Google advertisement linked to the search term “gout,” which then 
directed them to the study web site (https ://dcc2.bumc.bu.edu/
GOUT) on an independent secure server within the Boston Uni-
versity Medical Center domain. At baseline, subjects provided 
information on sociodemographic characteristics, medical history, 
past medications, and gout- related history (i.e., diagnosis of initial 
gout attack, age at onset, medication used for the treatment of 
attacks, and number of gout attacks in the last 12 months).

Eligibility criteria included the following: 1) age ≥18 years, 2) res-
ident of US, 3) physician diagnosis of gout, 4) experienced a gout 
flare within the preceding 12 months, 5) agree to the release of medi-
cal records pertaining to gout diagnosis, and 6) electronically provide 
informed consent. Gout diagnoses were confirmed through chart 
review of participant medical records and/or a checklist, completed 
by the subject’s physician, of the features in the 1977 American Col-
lege of Rheumatology (ACR) preliminary criteria for the classification 
of the acute arthritis of primary gout (36). All medical records and 
checklists were separately reviewed by 2 rheumatologists to ensure 
accurate diagnosis of gout according to the ACR criteria.

Gout flare assessment. At the time of a gout flare, sub-
jects were asked to complete online questionnaires regarding the 
attack, including date of onset, anatomic location of the flare, clin-
ical signs and symptoms (e.g., erythema, swelling, or pain within 
24 hours), and treatment (e.g., colchicine, nonsteroidal antiinflam-
matory drugs [NSAIDs], systemic glucocorticoids, and intraarticu-
lar glucocorticoid injections). This method has been advocated 
by the ACR/European League Against Rheumatism and utilized 
in gout trials for defining gout flares based on patient- reported 
features (37,38). To ensure more stringent inclusion criteria, defi-
nite flares were further limited to the following: 1) presenting with 
erythema, podagra, and maximal pain within 24 hours of onset, 
2) requiring treatment with at least 1 antiinflammatory medication 
(listed above), and 3) a combination of any of those features (e.g., 
cases with 2, 3, or all 4 features). Of the subjects’ reported gout 
flares, 95% met these criteria.

Diet and supplement intake assessment. Participants 
completed questionnaires every 3 months over a 12- month period 

https://dcc2.bumc.bu.edu/GOUT
https://dcc2.bumc.bu.edu/GOUT


ZHANG ET AL 1582       |

during intercritical periods and additionally at times of gout flares, 
at which a series of potential exposures over the prior 24 and 
48 hours were assessed (Figure 1). Exposures assessed included 
dietary factors, medications, trauma/physical activity, and geo-
graphic location. Via free text, subjects could enter information 
on additional medications or supplements not specifically queried. 
N- 3 PUFA–rich supplements were identified from among the free- 
text entries as “fish oil,” “cod liver oil,” and “omega- 3 fatty acids.” 
Doses were not consistently reported. N- 3 PUFA consumption 
related to fatty fish, including anchovies, mackerel, salmon, sar-
dines, trout, and herring, was identified and quantified as the total 
number of servings in the preceding 24 and 48 hours, based on 
standard serving sizes for cooked fish (5 ounces).

Statistical analysis. We categorized n- 3 PUFA–rich sup-
plements as “any” versus “none,” taken in the 48 hours preceding 
a gout flare or flare- free period, for each type individually (fish oil, 
cod liver oil, and n- 3 PUFA supplements) as well as for any of the 
3 types combined. For n- 3 PUFA consumption related to fatty fish 
in the preceding 48 hours, we categorized the number of servings 
as 0, 1, or ≥2 servings. Because these fatty fish have relatively 
high n- 3 to n- 6 PUFA ratios, we also examined foods with dif-
fering ratios to further explore the potentially beneficial effects of 
n- 3 PUFA versus the potentially detrimental effects of n- 6 PUFA. 
We used spinach as an example of a food with a relatively equiv-
alent n- 3 to n- 6 PUFA ratio, and eggs as an example of a food 
with a relatively low n- 3 to n- 6 PUFA ratio. We examined the rela-
tionship of n- 3 PUFA consumption, as defined by these various 
types of supplements and food sources, with the risk of recurrent 
gout flares using conditional logistic regression, which takes into 
account the matching of each subject’s own hazard and control 
periods (39). In multivariable regression models, we adjusted for 
diuretic use, alcohol intake, total purine intake, and gout- related 
medication use (allopurinol, colchicine, NSAIDs, and other urate- 

lowering therapies). In a sensitivity analysis, we adjusted for purine 
intake related to foods other than fatty fish, instead of total purine 
intake, to examine the full effects of fatty fish intake on the risk of 
gout flare.

RESULTS

Between February 2003 and January 2012, 724 participants 
completed online questionnaires during control and hazard peri-
ods. Participants were recruited from 48 states and Washington, 
DC. The mean age of the participants was 54.5 years, and the 
study population was predominantly white (88.7%), male (78.5%), 
and obese, with a mean body mass index of 32.1 kg/m2 (Table 1). 
Approximately 85% of the participants met the 1977 ACR pre-
liminary criteria for the classification of the acute arthritis of pri-
mary gout, and 48% were taking urate- lowering medications or 
prophylactics against flares (NSAIDs, 38.0%; colchicine, 25.4%; 
and allopurinol, 43.8%). During the 1- year follow- up period, a total 

Figure  1. Case- crossover study design and timing of hazard 
periods (solid bar) and control periods (hatched bars) with respect to 
gout flares for an individual participant. Participants were evaluated 
during control and hazard periods for 1 year. Hazard periods were 
defined as the 48 hours preceding a gout attack. Control periods, 
which were defined as the 48 hours preceding gout flare–free 
periods, were assessed every 3 months during the 1- year follow- up 
for each participant. Exposure to supplemental and dietary omega- 3 
polyunsaturated fatty acid was compared between control and 
hazard periods.

Table 1. Baseline characteristics of the study sample (n = 724)*

Age, mean ± SD years 54.5 ± 12.5
Male sex 568 (78.5)
BMI, mean ± SD kg/m2 32.1 ± 6.9
Race

White 642 (88.7)
African American 20 (2.7)
Other 53 (7.3)
Refused to answer 9 (1.2)

Education
Did not complete high school 14 (1.9)
Completed high school 66 (9.1)
Some college/technical school 223 (30.8)
Completed college/technical school 175 (24.2)
Some professional/graduate school 78 (10.8)
Completed professional/graduate 

school
168 (23.2)

Annual household income, $ 
<25,000 58 (8.0)
25,000–49,999 141 (19.5)
50,000–74,999 133 (18.4)
75,000–99,999 106 (14.6)
≥100,000 186 (25.7)
Refused to answer 100 (13.8)

Disease duration, mean ± SD years 8.0 ± 9.3
Use of alcohol 316 (43.7)
Treatments

NSAIDs 275 (38.0)
Colchicine 184 (25.4)
Allopurinol 317 (43.8)

* Except where indicated otherwise, values are the number (%) of 
patients. BMI = body mass index; NSAIDs = nonsteroidal antiin-
flammatory drugs. 
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of 1,434 gout attacks occurred, 89% of which were managed 
with NSAIDS, colchicine, and/or intraarticular/systemic glucocor-

ticoids.
Of the 724 participants, 22% reported consuming n- 3 

PUFAs within the 48 hours preceding a gout flare or flare- 
free period; of these, 4.6% reported consuming n- 3 PUFAs 
in a supplemental form (self- reported as fish oil, cod liver oil, 
or n- 3 PUFA) and 19% reported consuming dietary fatty fish 
(self- reported as anchovies, mackerel, salmon, sardines, 
trout, or herring). Among the participants who consumed a 
supplemental form of n- 3 PUFA, none of the 3 supplements 
individually significantly reduced recurrent gout flare risk. 
After adjustment for dietary factors (use of alcohol and total 
purine intake), diuretic use, and use of other urate- lowering 
medications or prophylactics against flares (allopurinol, 
NSAIDs, and colchicine), the adjusted odds ratio (ORadj) for 
any consumption of the 3 supplement types combined in 
the preceding 48 hours was 1.01 (95% confidence interval 
[95% CI] 0.63–1.60; P = 0.98) compared with no consump-

tion (Table 2).
In contrast, participants who consumed n- 3 PUFA–rich 

fish experienced a significant reduction in recurrent gout 
flare risk. Consuming any amount of fatty fish in the 48 hours 
preceding a gout flare period was associated with a 23% 
lower risk of gout flare compared with no fatty fish consump-
tion (ORadj 0.77 [95% CI 0.61–0.96]; P = 0.02), after adjust-
ment for potential confounders. Moreover, a dose- response 
relationship was noted. For 1 serving of n- 3 PUFA–rich fish 

consumed, the ORadj was 0.79 (95% CI 0.61–1.03; P = 0.08), 
and for ≥2 servings consumed, the ORadj was 0.74 (95% CI 
0.54–0.99; P = 0.04) compared with no consumption in the 
preceding 48 hours (Table 3). After adjustment for purine con-
tent other than that derived from fatty fish consumption, the 
occurrence of any intake of n- 3 PUFA–rich fish in the preced-
ing 48 hours was no longer associated with risk of gout flares 

(ORadj 1.09 [95% CI 0.88–1.36]).
Because we hypothesized that n- 6 PUFAs may counter-

act beneficial effects of n- 3 PUFAs in relation to gout flares, we 
further evaluated the effects of various foods on risk of gout 
flare based on their n- 3 to n- 6 PUFA ratios. In contrast to the 
findings for fatty fish, which possess higher n- 3 to n- 6 ratios, 
foods with more neutral n- 3 to n- 6 ratios, such as spinach, 
did not confer any risk reduction (ORadj 1.19 [95% CI 0.85–
1.66], for ≥2 servings consumed) (Table  4). Foods with low 
n- 3 to n- 6 ratios, such as eggs, significantly increased the risk 
of gout flare (ORadj 1.34 [95% CI 1.10–1.63], for ≥2 servings 

consumed).

DISCUSSION

In this large cohort of US adults with preexisting gout, n- 3 
PUFA–rich fish consumption was significantly associated with 
lower risk of recurrent gout attacks. Participants who con-
sumed n- 3- PUFA–rich fish in the 48 hours preceding a gout 
flare period had a 23% lower risk of recurrent gout flare com-
pared with those who did not. Risk reduction also occurred in 

Table 2. Relationship of n- 3 PUFA–rich supplement consumption with risk of  recurrent 
gout flares*

Supplement

Control 
periods, 

no.

Case  
periods,  

no.
Adjusted OR  

(95% CI)†

Fish oil
Not consumed 1,870 1,381 1.0 (referent)
Consumed 77 53 1.04 (0.58–1.87)

N- 3 PUFA
Not consumed 1,914 1,417 1.0 (referent)
Consumed 33 17 1.33 (0.43–4.10)

Cod liver oil
Not consumed 1,940 1,432 1.0 (referent)
Consumed 7 2 0.48 (0.03–7.65)

All 3 supplements
Not consumed 1,830 1,362 1.0 (referent)
Consumed 117 72 1.01 (0.63–1.60)

* N- 3 PUFA = omega- 3 polyunsaturated fatty acid; OR = odds ratio; 95% CI = 95% 
 confidence interval. 
† Adjusted for diet (use of alcohol and total purine intake), diuretic use, and use of  other 
 urate- lowering or prophylactic medications against flares (allopurinol, nonsteroidal 
 antiinflammatory drugs, colchicine). 
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a dose- dependent manner, whereby increases in the number 
of servings were associated with lower risk of gout flares.

In contrast, n- 3 PUFA supplements such as fish oil and cod 
liver oil, as used in the community with varying regimens and doses, 
did not appear to have a protective effect against flare occurrence. 
One possible explanation for this discrepancy between dietary 
and supplemental n- 3 PUFA is insufficient dosing. Prior population 
studies have shown that median total daily intake of fish oil in the 
community is approximately 0.3 gm of EPA and DHA (40). In past 
rheumatoid arthritis studies, antiinflammatory effects of n- 3 PUFA 
consumption were observed at daily doses of 3.4 gm and higher, 
which is approximately 10 times greater than the typical over- 
the- counter formulation (14). Depending on the type of fish and 
method of preparation, EPA and DHA levels in fatty fish sources 
can range from 0.7 gm to 5.6 gm per serving size (41). As such, 
patients taking supplemental n- 3 PUFA are more likely to be con-
suming a level of EPA and DHA far below that which is required 
for a significant antiinflammatory effect. The results of our study 

suggest that n- 3 PUFA supplements, when administered at ade-
quate doses, may provide a prophylactic effect. In addition to this 
potential therapeutic benefit, high- dose n- 3 PUFA has a relatively 
benign side- effect profile. Although increased bleeding times have 
been observed in Greenland Inuits due to their n- 3 PUFA–rich diet, 
no studies have shown significant bleeding risk with high- dose 
fish oil supplementation (42,43). Gastrointestinal side effects such 
as nausea, eructation, and loose stools are much more common 
with increased dosing of supplements, but whether this is the 
case with dietary fatty fish is not clear.

The risk reduction observed in this study remained after 
adjustment for total purine content consumed, including that 
contributed by fatty fish consumption. It is well established that 
purine- rich diets, which include most seafood, lead to increased 
risk of gout flares (44). Our study demonstrated that isolation of 
dietary n- 3 PUFA independent of purine content led to protec-
tive antiinflammatory effects. However, when we evaluated the 
association of n- 3 PUFA–rich fish consumption with adjustment 
for purine consumption not related to the fish intake, there was 
no longer an association noted. Thus, this study provides a proof- 
of- concept finding regarding the potential for n- 3 PUFA to pro-
vide a beneficial effect in reducing gout flare risk in the absence 
of concomitant purines. While isolation of n- 3 PUFA is difficult to 
achieve with dietary fatty fish since it has concomitant purines, 
supplements would bypass this obstacle and offer a pharmaco-
logic benefit without the gout- inducing features of purines.

We also observed an association between relative levels of 
n- 3 and n- 6 PUFA and gout flare risk. Foods with a higher n- 3 
to n- 6 ratio, such as fatty fish, were associated with lower risk of 
gout flares, foods with a more neutral n- 3 to n- 6 ratio, such as 
spinach, had no effect on gout flare risk, and foods with a lower 
n- 3 to n- 6 ratio, such as eggs, increased the risk of gout flare. 
Although our study did not assess whether the beneficial effects 
of dietary and supplemental n- 3 PUFA were truly related to 
mechanisms affecting inflammation, our results align with those 
of prior studies suggesting that n- 3 to n- 6 levels can influence 
the degree of inflammation (27,29).

Table 3. Relationship of n- 3 PUFA–rich fish consumption with risk of recurrent gout 
flares*

Exposure
Control  

periods, no.
Case  

periods, no.
Adjusted OR  

(95% CI)†

N- 3 PUFA–rich fish:
0 servings 1,564 1,123 1.0 (referent)
1 serving 214 165 0.79 (0.61–1.03)
≥2 servings 166 146 0.74 (0.54–0.99)‡

* N- 3 PUFA = omega- 3 polyunsaturated fatty acid; OR = odds ratio; 95% CI = 95% 
confidence interval. 
† Adjusted for diet (use of alcohol and purine intake), diuretic use, and use of other 
urate- lowering medications or prophylactics against flares (allopurinol, nonsteroidal 
antiinflammatory drugs, colchicine). 
‡ P = 0.04. 

Table 4. Risk of recurrent gout flare based on different n- 3 to n- 6 
PUFA ratios*

Exposure Adjusted OR (95% CI)†

N- 3 > n- 6 (fatty fish) –
1 serving 0.79 (0.61–1.03)
≥2 servings 0.74 (0.54–0.99)

N- 3 = n- 6 (spinach) –
1 serving 0.83 (0.62–1.10)
≥2 servings 1.19 (0.85–1.66)

N- 3 < n- 6 (eggs) –
1 serving 0.85 (0.66–1.08)
≥2 servings 1.34 (1.10–1.63)

* Referent group was zero servings. N- 3 PUFA = omega- 3 polyunsat-
urated fatty acid; OR = odds ratio; 95% CI = 95% confidence interval.
† Adjusted for diet (use of alcohol and purine intake), diuretic use, 
and use of other urate-lowering medications or prophylactics 
against flares (allopurinol, nonsteroidal antiinflammatory drugs, 
colchicine). 
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This study comprised a large adult cohort with extensive data 
on a wide range of triggers and confounding variables. The case- 
crossover design allowed for the analysis of multiple exposures 
and their acute effects while avoiding control selection bias through 
self- matching of subjects. Internet recruitment enabled access 
to a large participant population, and real- time self- reporting via 
online questionnaires reduced recall bias. Also, our results were 
fairly robust to unmeasured confounding, as the observed ORadj 
of 0.77 for any fatty fish consumption in the 48 hours preceding 
a gout flare period compared with no such consumption could 
only be explained away by an unmeasured confounder that was 
associated with both the exposure and the outcome by a risk ratio 
of 1.92- fold each, above and beyond the measured confounders, 
while weaker confounding could not do so (45).

There were some limitations to our study. Crystal- proven 
diagnosis of gout was not common, reflecting the general com-
munity pattern of gout diagnosis; in the Health Professionals 
Follow- Up Study, only 7% of participants had a crystal- proven 
diagnosis of gout (46). Nonetheless, all patients in the current 
study met the 1977 ACR preliminary criteria for the classification 
of the acute arthritis of primary gout or had their gout diagnosis 
confirmed by chart review, and we implemented additional criter ia 
to define “definite flare.” Additionally, the study design required 
self- reporting of exposures, including dietary intake, although any 
misclassification was likely to be nondifferential, particularly since 
study participants were not apprised of study hypotheses. Also, 
the various types of fish evaluated do not have equal amounts of 
n- 3 PUFA, and therefore this misclassification would likely have 
biased our results toward the null. Furthermore, our study was not 
able to assess supplementation dose or serum n- 3 PUFA levels; 
therefore, we cannot rule out an effect of potentially adequately 
dosed supplements. Only a few subjects reported use of supple-
mental n- 3 PUFA (4.6% of participants), which limited precision. 
Our study also did not assess serum urate levels, so it is unclear 
if n- 3 PUFA effects were mediated through effects on urate level 
or through other mechanisms. Finally, it is possible that the ben-
eficial effects of fatty fish intake may be, in part, related to not 
ingesting other potentially risk- inducing foods (e.g., red meat); we 
attempted to account for this with purine intake adjustment.

Our study highlights the potentially beneficial effect of n- 3 
PUFA for limiting the symptom burden from acute flares in gout. 
Although supplemental n- 3 PUFA as taken in a self- directed man-
ner was not found to be protective, and fatty fish is not the ideal 
source of n- 3 PUFA due to its concomitant purines, these results 
provide support for future clinical trials examining n- 3 PUFA sup-
plementation at appropriate antiinflammatory doses for gout flare 
prevention.
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Could the levels of inflammatory biomarkers predict 
osteoarthritis? Comment on the article by Roemer et al

To the Editor:
We read with great interest the article by Dr. Roemer et al, 

in which they determined the role of inflammatory biomarkers at 
2 years post–anterior cruciate ligament (ACL) injury in predicting 
the risk of radiographic knee osteoarthritis (ROA) and magnetic 
resonance imaging (MRI)–defined knee osteoarthritis (OA) at 5 
years postinjury (1). The results confirmed that neither MRI find-
ings nor the levels of inflammation biomarkers in the synovial 
fluid (SF) or serum at 2 years postinjury were predictive of the 
incidence of ROA or MRI- defined OA (MROA) at 5 years post-
injury.

To our limited knowledge, ACL rupture is a common 
destructive injury associated with long- term sequelae, includ-
ing meniscal tears, cartilage damage, and increased risk of 
knee OA. ACL reconstruction is recommended to prevent 
knee instability, reduce the possibility of meniscal tears and fur-
ther surgery, and restore early physical activity; however, ACL 
reconstruction does not reduce the incidence of early- onset 
OA (2). It was confirmed that OA is a low- grade inflamma-
tory disease of the synovial joints. High levels of inflammatory 
cytokines are induced following acute ACL injury, and these 
are associated with proteolysis of aggrecan and type II colla-
gen. Cytokine levels often continue to increase up to 5 years 
after ACL injury (3). In a systematic review of patients with ACL 
injury who had undergone ACL reconstruction, overall levels 
of inflammatory cytokines were increased in the SF postop-
eratively as compared with preoperative values, and patients 
were found to have altered levels of other biomarkers that 
could be indicative of OA (4).

We have several concerns regarding the recent article by 
Roemer and colleagues (1). First, in most other studies, inflam-
matory cytokine levels at different time points were examined, 
and their relationship to the subsequent incidence of OA was 
analyzed. We question why the authors chose 2 years as the 
time point for cytokine measurements instead of other time 
points in assessing their capacity for predicting the incidence 
of OA at 5 years after ACL injury. The authors did not provide 
an explanation, and we were unclear as to why they did not 
choose to continuously monitor the levels of inflammatory 
cytokines (before and after the onset of the most severe syno-

vitis) as an OA predictor. Second, surgical ACL reconstruction 
results in a second trauma to acutely injured joints, leading to 
long- term elevation in the levels of inflammatory cytokines that 
had already been found to be high in the SF of patients (5). 
Moreover, according to their article, the overall incidence of OA 
(including patellofemoral joint OA, temporomandibular joint OA, 
and whole joint OA) after ACL injury was not low. Because the 
patients with ACL injury who underwent ACL reconstruction 
received different treatments, the authors should have indicated 
whether there was a difference in the level of inflammatory fac-
tors and the incidence of OA after the different treatments. Third, 
the authors did not determine whether patients with ACL injury 
had a tibia fracture, especially a tibial plateau fracture, which can 
easily result in traumatic OA.

We respect the great contributions made by Roemer et al, 
and we anticipate the follow- up results of this study.
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Reply

To the Editor:
We thank Dr. Deng and colleagues for their interest in our 

article, and we are happy to answer the important questions 
raised. As explained in the Patients and Methods section, we 
chose to analyze the 2- year data (and not earlier time points) 
in regard to inflammatory activity based on MRI and SF bio-
markers. Our goal was to observe patients that experienced 
prolonged or chronic inflammation, which may be regarded as 
a potential risk factor for OA development. Virtually all patients 
in an acute injury cohort (like the Knee ACL Nonsurgical versus 
Surgical Treatment [KANON] patients) will exhibit acute post-
traumatic inflammation in their injured knee to a various extent 
as manifested by marked changes on imaging (i.e., effusion, 
traumatic synovitis, and hemarthrosis) or in biochemical param-
eters. In addition, knee surgery itself may impose a second 
“trauma” to the joint, resulting in secondary inflammation as 
previously reported (1). The specific time point of 2 years was 
chosen because we only had data available for a much smaller 
subset at the 1- year time point. Furthermore, inflammation at 
the 2- year time point can certainly be defined and understood 
as prolonged inflammation.

We fully agree that any surgical procedures performed in the 
knee over the study period could be of importance for the future 
risk of OA. However, to the best of our knowledge, there are very 
few reports supporting the notion that reconstruction of the ACL 
reduces structural damage or lowers the risk of long- term inflam-
mation. Available reports on structural change over 5 years after 
ACL injury suggest no difference between treatment groups or, in 
some cases, increased structural change in ACL reconstructed 
knees as opposed to rehabilitation alone. Furthermore, we are not 
aware of any reports suggesting that knee surgery is of greater 
importance than other possible factors such as level of physical 
activity and weight change. Also, in the KANON patients, several 
types of surgeries (i.e., ACL reconstruction with and without menis-
cus surgery, arthroscopic meniscus partial resection, and fixation 
as well as synovectomies and diagnostic arthroscopies) were per-
formed at different time points. Given the complexity described 
above, the limited sample size, and since the importance of type 
and/or timing of surgery is unknown, we decided not to include 
treatment as an OA predictor in our analyses. However, we will 
aim to disentangle the complex issue of potential covariates but 
this is preferably done using specifically designed approaches.

In addition, we acknowledge that the severity of baseline 
structural damage, including fractures, may play an important role 

in the development of subsequent OA. While we showed the fre-
quencies of fracture in the KANON study in a previous publication 
(2), we did not consider tibial fractures in our current analyses as 
this was not the research question in focus.
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Association of autoantibody quantification with systemic 
lupus erythematosus disease activity: comment on the 
article by Kim et al

To the Editor:
We read with great interest the recent article by Dr. Kim and 

colleagues regarding the association of blood concentrations 
of complement split product iC3b and serum C3 with systemic 
lupus erythematosus (SLE) disease activity (1). SLE is a prototypic 
autoimmune disease characterized by excess autoantibody pro-
duction. Although there is an increasing number of publications 
on SLE biomarkers, there is no widely accepted biomarker for 
the evaluation of disease flare as of yet (2). Similar to that of com-
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To the Editor:
We thank Dr. Deng and colleagues for their interest in our 

article, and we are happy to answer the important questions 
raised. As explained in the Patients and Methods section, we 
chose to analyze the 2- year data (and not earlier time points) 
in regard to inflammatory activity based on MRI and SF bio-
markers. Our goal was to observe patients that experienced 
prolonged or chronic inflammation, which may be regarded as 
a potential risk factor for OA development. Virtually all patients 
in an acute injury cohort (like the Knee ACL Nonsurgical versus 
Surgical Treatment [KANON] patients) will exhibit acute post-
traumatic inflammation in their injured knee to a various extent 
as manifested by marked changes on imaging (i.e., effusion, 
traumatic synovitis, and hemarthrosis) or in biochemical param-
eters. In addition, knee surgery itself may impose a second 
“trauma” to the joint, resulting in secondary inflammation as 
previously reported (1). The specific time point of 2 years was 
chosen because we only had data available for a much smaller 
subset at the 1- year time point. Furthermore, inflammation at 
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as prolonged inflammation.
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In addition, we acknowledge that the severity of baseline 
structural damage, including fractures, may play an important role 

in the development of subsequent OA. While we showed the fre-
quencies of fracture in the KANON study in a previous publication 
(2), we did not consider tibial fractures in our current analyses as 
this was not the research question in focus.
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To the Editor:
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of complement split product iC3b and serum C3 with systemic 
lupus erythematosus (SLE) disease activity (1). SLE is a prototypic 
autoimmune disease characterized by excess autoantibody pro-
duction. Although there is an increasing number of publications 
on SLE biomarkers, there is no widely accepted biomarker for 
the evaluation of disease flare as of yet (2). Similar to that of com-
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plement split products, the role of autoantibodies in evaluating 
disease activity remains a subject of controversy.

Autoantibody measurements based on multiplex bead 
technology have been proven to be accurate and convenient in 
patients with various connective tissue diseases (3). To clarify the 
role of autoantibodies in SLE disease progression, we quantified 
15 routinely used IgG- class antibodies (anti–double- stranded 
DNA [anti- dsDNA], anti–SSA 52 kd [anti–Ro 52], anti–SSA 60 kd  
[anti–Ro 60], anti- SSB [La], anti- Sm, anti- RNP, anti– Scl- 70, anti–
Jo- 1, anti–CENP- B, anti- PM/Scl, antinucleosome, anti–ribosomal  
P [anti- P], anti–proliferating cell nuclear antigen [anti- PCNA], 
antihistone, and anti–mitochondrial M2) simultaneously, using a 
multiplex technology–based test (AtheNA Multi- Lyte ANA Test 
System, REF A20001; Zeus Scientific). Ethics approval was 
obtained from the Ethics Committee of the Affiliated Drum Tower 
Hospital of Nanjing University Medical School (no. 2016- 027- 
01), and each subject provided written informed consent.

In total, 163 hospitalized SLE patients were enrolled,  
all of whom fulfilled the 1997 updated American College of 
Rheumatology criteria for SLE (4). Disease activity, calculated 

according to the Systemic Lupus Erythematosus Disease 
Activity Index (SLEDAI) score (5), was independently evaluated 
by one of the authors (YaZ), and Pearson correlation was used 
to identify the association between the SLEDAI score and anti-
body levels. Ninety- two percent of the patients were female, 
the mean ± SEM age was 36.6 ± 1.0 years (range 10–69 
years), and the mean ± SEM disease duration was 6.6 ± 0.5 
years. The average SLEDAI score was 5.7 ± 0.4 (range 0–20). 
In this cohort, 53.4% of the patients had renal involvement, and 
hypocomplementemia (based on C3 or C4 levels) occurred in 
80.4%. Among the 15 autoantibodies measured, the levels of 
antinucleosome (r = 0.32, P < 0.0001), anti- dsDNA (r = 0.35, 
P < 0.0001), anti- Sm (r = 0.28, P < 0.001), anti- P (r = 0.24, P 
< 0.01), and antihistone (r = 0.30, P < 0.0001) (Figure 1A) were 
significantly correlated with SLEDAI scores.

To explore whether autoantibody levels varied along with 
the fluctuation of disease activity at different time points, we 
reexamined 21 of the patients after a mean ± SD of 3.0 ± 1.7 
months. The average decline in the SLEDAI score was 2.7 ± 
0.9 at the follow- up visit, and for 4 of the 5 above- mentioned 

Figure 1. Associations of autoantibody levels with systemic lupus erythematosus (SLE) disease activity. A, The levels of antinucleosome, anti–
double- stranded DNA (anti- dsDNA), anti- Sm, anti–ribosomal P, and antihistone were significantly correlated with the SLE Disease Activity Index 
(SLEDAI) score by Pearson correlation analysis. B, For 4 of the 5 autoantibodies in A, changes in levels over time were significantly correlated 
with changes in the SLEDAI score. Dotted lines above and below the correlation lines represent the 95% confidence intervals.
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antibodies (antinucleosome [r = 0.58, P < 0.01], anti- P [r = 0.48,  
P < 0.05], anti- Sm [r = 0.48, P < 0.05], and antihistone [r = 0.53, 
P < 0.05]), alterations in levels were closely related to changes in 
the SLEDAI score (Figure 1B). Our data imply, for the first time, 
that the level of antihistone is relevant to changes in the SLE-
DAI score. Theoretically, antihistone may act together with other 
autoantibodies to influence complement- dependent phago-
cytosis by polymorphonuclear leukocytes (6), contributing to 
disease progression. Meanwhile, the expression of anti- dsDNA 
involves a mixture of antibodies that are all directed to DNA, 
among which the low- avidity antibodies are not specific for SLE 
or associated with disease activity (7). Similar to enzyme- linked 
immunosorbent assay, the laser bead immunoassays used in 
this study could not distinguish antibodies with different avidities; 
thus, it was a reasonable finding that anti- dsDNA levels did not 
significantly fluctuate with the changes in disease activity.

In conclusion, we demonstrated that the levels of antinucle-
osome, anti- P, anti- Sm, and antihistone were closely related to 
SLE disease activity at a specific time point, as well as to changes 
in disease activity at different time points. The detection of a vari-
ety of autoantibodies, and especially measurement of their levels, 
may help monitor disease activity in patients with lupus.
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Reply

To the Editor:
We thank Dr. Tang and colleagues for their interest in our 

 article, and for sharing their data demonstrating the association of 
several autoantibodies with disease activity in a Chinese cohort of 
SLE patients. Autoantibodies in SLE patients arise years prior to 
clinical detectability (1), drive the formation of immune complexes 
that activate complement to induce target organ damage, and 
may serve as biomarkers of disease activity (2).

Tang et al used a multiplex bead platform to examine the 
relationship between the titers of 15 autoantibodies and SLE 
disease activity. In cross- sectional analyses, a correlation of 
antinucleosome, anti- dsDNA, anti- Sm, anti- P, and antihistone 
titers with SLEDAI scores (treated as a continuous variable) 
was observed in hospitalized patients. The correlation coeffi-
cients were modest (~0.3). This may be due to a substantial 
number of subjects in their cohort who had absent or low titers 
of autoantibodies, but were included in the correlation analysis. 
A longitudinal, post- hospitalization analysis was performed in a 
subset of these SLE patients (n = 21). It revealed a stronger 
association between these same autoantibodies and a change 
in SLEDAI scores (except with anti- dsDNA, which may be due 
to the detection of low- affinity antibodies as correctly noted by 
the authors) (3).

There are 2 limitations with the use of autoantibody titers as 
a surrogate for SLE disease activity. As mentioned above, not 
all patients may have autoreactivity with any given autoantigen. 
The other limitation is the variance observed between the assays 
used for autoantibody assessment. This is best described for  
anti- dsDNA (3), but this is also true for antinuclear antibody 
testing, where discordances using similar immunofluorescence 
assays have been demonstrated (4). A “gold standard platform” 
for autoantibody detection has not yet been resolved, which  
currently limits the biomarker potential of autoantibodies.

A single biomarker is likely insufficient to assess SLE disease 
activity. While our study demonstrated the independent associ-
ation of iC3b:C3 ratios with SLE disease activity, not all subjects 
exhibited this association. For example, we have observed that 
only 14 of 27 subjects in our cohort had an increase in iC3b:C3 
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involves a mixture of antibodies that are all directed to DNA, 
among which the low- avidity antibodies are not specific for SLE 
or associated with disease activity (7). Similar to enzyme- linked 
immunosorbent assay, the laser bead immunoassays used in 
this study could not distinguish antibodies with different avidities; 
thus, it was a reasonable finding that anti- dsDNA levels did not 
significantly fluctuate with the changes in disease activity.

In conclusion, we demonstrated that the levels of antinucle-
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SLE disease activity at a specific time point, as well as to changes 
in disease activity at different time points. The detection of a vari-
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of autoantibodies, but were included in the correlation analysis. 
A longitudinal, post- hospitalization analysis was performed in a 
subset of these SLE patients (n = 21). It revealed a stronger 
association between these same autoantibodies and a change 
in SLEDAI scores (except with anti- dsDNA, which may be due 
to the detection of low- affinity antibodies as correctly noted by 
the authors) (3).

There are 2 limitations with the use of autoantibody titers as 
a surrogate for SLE disease activity. As mentioned above, not 
all patients may have autoreactivity with any given autoantigen. 
The other limitation is the variance observed between the assays 
used for autoantibody assessment. This is best described for  
anti- dsDNA (3), but this is also true for antinuclear antibody 
testing, where discordances using similar immunofluorescence 
assays have been demonstrated (4). A “gold standard platform” 
for autoantibody detection has not yet been resolved, which  
currently limits the biomarker potential of autoantibodies.

A single biomarker is likely insufficient to assess SLE disease 
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exhibited this association. For example, we have observed that 
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ratios that correlated with a new major flare using the Fortin 
definition (5) (Figure 1). The assessment of additional comple-
ment species, such as hydrolyzed C3 (6) or other complement 
activation products (7,8), may be needed to fully categorize the 
complement activation signatures in patients with SLE. Further-
more, analysis of  intraindividual changes of complement levels 
over time will likely have more clinical value than comparisons to 

the lower limit of normal cutoff defined in healthy controls. This is 
due to known alterations in complement metabolism in SLE. For 
example, C3 tickover is ongoing at low levels, even in patients 
with inactive disease (9). This significantly limits the appropriate 
interpretation of complement levels, if compared to healthy con-
trol reference values.

We envision that complement activation products could be 
combined with autoantibody profiles, clinical manifestations, and 
additional investigational biomarkers to distinguish clusters of SLE 
patients, each with a defined set of biomarkers that can be best 
associated with disease activity.
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Figure  1. Association of iC3b:C3 ratios with new major flares 
in a proportion of subjects with systemic lupus erythematosus 
(SLE). A, Ratios during inactive disease and during major flare in 
each of 27 subjects assessed during both periods. In the overall 
group, iC3b:C3 ratios were only marginally lower during inactive 
disease (median 4.012 [interquartile range 2.803–5.307]) (red bars) 
compared to ratios during major flare (median 4.099 [interquartile 
range 3.068–6.544]) (P = 0.147). B, Ratios during inactive disease 
and during major flare in a subset of the overall group. In this subset 
consisting of 14 subjects, iC3b:C3 ratios did increase during major 
flare (major flare 5.938 [interquartile range 4.017–8.430]) compared 
to inactive disease (median 3.532 [interquartile range 2.359–4.565]) 
(P = 0.001).
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Clinical Images: Development of joint erosions in the preclinical phase of  
rheumatoid arthritis depicted by cinematic rendering

The patient, a 27- year- old man, was referred to our practice due to sporadic arthralgia. Morning stiffness and swelling were absent. No 
other medical conditions were reported. The patient was a current smoker. He was positive for anti–citrullinated peptide antibodies (750 
units/ml); rheumatoid factor and C- reactive protein levels were within normal ranges. On clinical examination, no joint tenderness or swell-
ing was detected, and ultrasound and magnetic resonance imaging did not show signs of synovitis. Cinematic rendering of high- resolution 
peripheral quantitative computed tomography (HR-pQCT) scans of the second and third metacarpophalangeal (MCP) joints revealed no 
abnormalities (A and C). Based on the autoantibody positivity without clinical or imaging signs of arthritis, he was considered to be in 
rheumatic arthritis (RA)–at- risk status (1). This status persisted over a period of 24 months with regular clinical follow- ups every 6 months. 
However, at the 24- month follow-up he reported that the arthralgia had recently worsened, and there were 4 swollen and 11 tender joints, 
including the MCP2 joints bilaterally. Ultrasound of an MCP2 joint revealed active synovitis. A second HR-pQCT scan with cinematic ren-
dering showed clear signs of multiple erosions at the bare area of the joints (circled areas in B and D). Structural bone damage is often 
considered to be a late consequence of inflammation in RA (2). However, it is possible that it develops earlier, but has not been recognized 
due to insufficient imaging capability. The novel combination of HR-pQCT with cinematic rendering incorporates a more advanced light-
ing model for volume rendering, creating photorealistic, highly detailed 3- dimensional images of joint surfaces. HR-pQCT with cinematic 
rendering can reveal RA- related bone erosions at the onset of worsening symptoms, as in our patient, in whom the lesions formed in the 
preclinical phase of the disease. This finding provides possible evidence of a pathogenic role of autoimmunity in RA- related bone erosions.
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Clinical Images: Development of joint erosions in the preclinical phase of  
rheumatoid arthritis depicted by cinematic rendering

The patient, a 27- year- old man, was referred to our practice due to sporadic arthralgia. Morning stiffness and swelling were absent. No 
other medical conditions were reported. The patient was a current smoker. He was positive for anti–citrullinated peptide antibodies (750 
units/ml); rheumatoid factor and C- reactive protein levels were within normal ranges. On clinical examination, no joint tenderness or swell-
ing was detected, and ultrasound and magnetic resonance imaging did not show signs of synovitis. Cinematic rendering of high- resolution 
peripheral quantitative computed tomography (HR-pQCT) scans of the second and third metacarpophalangeal (MCP) joints revealed no 
abnormalities (A and C). Based on the autoantibody positivity without clinical or imaging signs of arthritis, he was considered to be in 
rheumatic arthritis (RA)–at- risk status (1). This status persisted over a period of 24 months with regular clinical follow- ups every 6 months. 
However, at the 24- month follow-up he reported that the arthralgia had recently worsened, and there were 4 swollen and 11 tender joints, 
including the MCP2 joints bilaterally. Ultrasound of an MCP2 joint revealed active synovitis. A second HR-pQCT scan with cinematic ren-
dering showed clear signs of multiple erosions at the bare area of the joints (circled areas in B and D). Structural bone damage is often 
considered to be a late consequence of inflammation in RA (2). However, it is possible that it develops earlier, but has not been recognized 
due to insufficient imaging capability. The novel combination of HR-pQCT with cinematic rendering incorporates a more advanced light-
ing model for volume rendering, creating photorealistic, highly detailed 3- dimensional images of joint surfaces. HR-pQCT with cinematic 
rendering can reveal RA- related bone erosions at the onset of worsening symptoms, as in our patient, in whom the lesions formed in the 
preclinical phase of the disease. This finding provides possible evidence of a pathogenic role of autoimmunity in RA- related bone erosions.
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