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BACKGROUND: Cardiovascular disease remains an important comorbidity in patients with rheumatoid arthritis (RA), but tra-
ditional models do not accurately predict cardiovascular risk in patients with RA. The addition of biomarkers could improve
prediction.

METHODS AND RESULTS: The TARGET (Treatments Against RA and Effect on FDG PET/CT) trial assessed whether different
treatment strategies in RA differentially impact cardiovascular risk as measured by the change in arterial inflammation on arte-
rial target to background ratio on fluorodeoxyglucose positron emission tomography/computed tomography scans conducted
24 weeks apart. A group of 24 candidate biomarkers supported by prior literature was assessed at baseline and 24 weeks
later. Longitudinal analyses examined the association between baseline biomarker values, measured in plasma EDTA, and
the change in arterial inflammation target to background ratio. Model fit was assessed for the candidate biomarkers only,
clinical variables only, and models combining both. One hundred nine patients with median (interquartile range) age 58years
(63-65years), RA duration 1.4years (0.5-6.6years), and 82% women had biomarkers assessed at baseline and follow-up.
Because the main trial analyses demonstrated significant target to background ratio decreases with both treatment strategies
but no difference across treatment groups, we analyzed all patients together. Baseline values of serum amyloid A, C-reactive
protein, soluble tumor necrosis factor receptor 1, adiponectin, YKL-40, and osteoprotegerin were associated with significant
change in target to background ratio. When selected candidate biomarkers were added to the clinical variables, the adjusted
R? improved from 0.20 to 0.33 (likelihood ratio P=0.0005).

CONCLUSIONS: A candidate biomarker approach identified several promising biomarkers that associate with baseline and treatment-
associated changes in arterial inflammation in patients with RA. These will now be tested in an external validation cohort.
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toimmune inflammatory arthritis, affecting =2 mil-

lion people in the United States and >70million
people worldwide.? Although pain and functional dis-
ability are the most recognized symptoms, RA is asso-
ciated with a 5- to 6-year decrease in life expectancy
and a standardized mortality ratio of 1.5 compared with
age- and sex-matched controls.®# As with the general

Rheumatoid arthritis (RA) is the most common au-

population, cardiovascular disease (CVD) is the leading
cause of death in RA, and CVD events are ~50% more
common in RA than the general population.*®
Optimal management strategies for CVD in an RA
population have not been determined. There is some
evidence that statins are useful in reducing CVD events
in RA populations with normal low-density lipoprotein
levels.® As well, head-to-head studies of RA treatments
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RESEARCH PERSPECTIVE

What New Question Does This Study

Raise?

e This is the first study to examine a broad range
of candidate biomarkers as potential predictors
of change in cardiovascular risk among a co-
hort with rheumatoid arthritis.

e From this group of candidate biomarkers, sev-
eral biomarkers measured at enrollment related
to inflammation, bone metabolism, and angio-
genesis were found associated with change in
cardiovascular risk.

What Question Should Be Addressed

Next?

e After identifying several biomarkers in the cur-
rent analyses, we will attempt to replicate them
in a large clinical cohort with longer follow-up
and clinical cardiovascular end points.

Nonstandard Abbreviations and Acronyms

JAKi Janus kinase inhibitor

MDS most diseased segment

TARGET Treatments Against RA and Effect on
FDG PET/CT

TBR total to background ratio

suggest that TNF (tumor necrosis factor) inhibitors
have similar effects as IL (interleukin)-6 blockade on
CVD events,”® but JAKis (Janus kinase inhibitors) ap-
pear associated with increased CVD risk relative to
TNF inhibitors in groups with known CVD risk factors.®
However, CVD risk stratification for patients with RA
lacks clarity. There is good evidence that the tradi-
tional risk factors used in the original Framingham Risk
Score do not work well to predict CVD events in RA.1
The QRISK3 prediction score for CVD includes RA
diagnosis, and the American College of Cardiology/
American Heart Association risk calculator (population
cohort equation, PCE) includes RA as a risk enhancer.
However, few patients with RA were included in either
model, and no specific RA factors were considered.!?
A x1.5 multiplier has been proposed as a calibration
tool for subgroups of patients with RA,'® but no formal
derivation and validation study to judge whether this
is an improvement over general population tools ex-
ists. One modification of the Framingham Risk Score
considers RA factors, such as disease activity, disease
duration, disability, and corticosteroid use." Although

J Am Heart Assoc. 2024;13:032095. DOI: 10.1161/JAHA.123.032095

Cardiovascular Risk in Patients With RA

this RA-specific risk score has undergone external val-
idation,'® some analyses suggest that it is not any bet-
ter than the PCE.'®

None of the above CVD risk stratification tools for
RA have considered a broad range of biomarkers.
Several biomarkers associated with RA disease activity
have been tested in a multibiomarker panel and were
found associated with CVD events; these biomarkers
include vascular cell adhesion molecule 1 (VCAM-1),
endothelial growth factor, vascular endothelial growth
factor (VEGF-A), IL-6, tumor necrosis factor, receptor 1
(TNF-R1), matrix metalloproteinase 1 (MMP-1), YKL-40,
leptin, resistin, serum amyloid A (SAA), and CRP (C-
reactive protein).”” However, substantial evidence
links a broader list of RA biomarkers to CVD (listed
in Table S1). Some biomarkers are in inflammatory
pathways, some angiogenesis, others are markers of
thrombosis or lipid metabolism. There has not been
a prior study in an RA population that has rigorously
tested candidate biomarkers for their relationship with
CVD and then tested for their incremental value over
traditional risk scores, such as the PCE.

The current article describes a preliminary step in
testing candidate biomarkers for CVD by examining
the association between these biomarkers and a mea-
sure of vascular inflammation in a well-characterized
population with RA that was enrolled in the TARGET
(Treatments Against RA and Effect on FDG PET/CT)
trial.'®'® We hypothesized that several of the candidate
biomarkers measured at baseline would be signifi-
cantly associated with the change in cardiovascular
risk, assessed by fluorodeoxyglucose positron emis-
sion tomography/computed tomography (FDG PET/
CT).

METHODS

Study Design and Population

The TARGET trial was approved by the Mass General
Brigham Human Research Committee (institutional re-
view board protocol 2014 P002747). All subjects gave
voluntary informed consent. Data from the trial and
the biomarker study will be available through dboGaP
(https://www.ncbi.nim.nih.gov/gap/).

The TARGET trial was funded to assess whether
different RA treatments impact CVD risk differentially.
In an open-label randomized controlled trial, we com-
pared the effects on vascular inflammation of a tumor
necrosis factor (TNF) inhibitor (TNFi, either etaner-
cept or adalimumab) in combination with methotrex-
ate versus triple therapy (methotrexate, sulfasalazine,
and hydroxychloroquine) in patients with RA who are
inadequate responders to methotrexate monotherapy.
The design of the TARGET trial has been described
in detail.'® Briefly, we screened 232 patients with RA,


https://www.ncbi.nlm.nih.gov/gap/
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who were inadequate responders to methotrexate,
and enrolled 159 patients from 35 sites across the
United States, of whom 115 had measurements of
change (ie, scans at baseline and follow-up that could
be evaluated) in vascular inflammation. The primary
trial outcome was change in mean of the maximum
total to background ratio of the most diseased seg-
ment (meanmax total to background ratio [TBR] of the
most diseased segment [MDS]).

The primary analysis of the TARGET trial showed
significant reductions on TBR MDS in both arms; the
difference in the reductions on TBR MDS was not dif-
ferent between the 2 treatment strategies. The current
set of analyses examines the relationship between
baseline values of candidate biomarkers and change
in TBR MDS.

The study was developed with input from a multidis-
ciplinary team supported by a public—private partner-
ship through the Foundation for the National Institutes
of Health Biomarker Consortium.

Candidate Biomarkers
Numerous commonly measured biomarkers have
been associated with both conditions (see Table S1).
These biomarkers derive from inflammatory pathways,
including cytokines, adipokines, and regulatory mol-
ecules. Many advanced lipid markers associate with
both RA and CVD. Several other proteins, many known
to be associated with cardiac injury, are also found to
be dysregulated in RA. Although some of these bio-
markers may play causal roles in RA and CVD, it is
likely that many of them reflect specific features of the
systemic inflammatory activation in patients with RA.
RA systemic inflammation is known to impact cytokine
regulation, lipid and fat metabolism, the atherosclerotic
process, and the myocardium.?°

We collected biospecimens at multiple visits across
all enrolling sites. These plasma biospecimens were
collected in EDTA tubes and processed locally, then
sent to a central biorepository on dry ice; they were
stored in a —80 °C freezer until trial completion when
all samples were run concurrently. They were run in
several Clinical Laboratory Improvement Amendments
(CLIA)-certified laboratories. The DiscoveryMAP and
Vectra DA (RBM Myriad/Lab Quest, Austin, TX) were
run at RBM laboratories using a multiplex assay pre-
viously described.?! Several additional candidate bio-
markers were run at Boston Children’s Hospital using
single analyte assays (NT-proBNP [N-terminal pro-B-
type natriuretic peptide], high sensitivity cardiac tro-
ponin T, low-density lipoprotein; Roche Diagnostics,
Indianapolis IN).

Several biomarkers were measured in  both
DiscoveryMAP and Vectra (eg, leptin, SAA, MMP-
3, resistin, VCAM-1, VEGF, and YKL-40). As well,
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high-sensitivity CRP was measured in Vectra and at
Boston Children’s Hospital. We used these simulta-
neous measurements of a single analyte to improve
their precision using Deming regression. Bland-Altman
plots were evaluated for agreement and to identify out-
liers. We used coefficients of variation to assess quality
of analytes’ measurements. For all biomarkers, before
analysis, we shrank outliers whose values were >2 SDs
from the mean. This outlier correction guarantees that
all biomarker measurements fit between +3 SDs while
their rank order is preserved. For the purposes of mod-
eling, the biomarkers were then Z scored to standard-
ize the units of measurement.

See Data S1 for more details on handling candidate
biomarker measurements.

FDG PET/CT Outcome

The outcome of interest for these analyses was car-
diovascular risk as assessed by the FDG PET/CT. In
prior studies, changes in FDG PET/CT vascular signal
predicted the rate of subsequent plague expansion as
measured by magnetic resonance imaging® or CT.%3
Studies demonstrate an association between FDG sig-
nal and cardiovascular risk factors or risk scores.?*-2"
As well, increased arterial FDG uptake was associated
with higher risk of subsequent stroke and myocardial
infarction.?®2° The primary measure of arterial inflam-
mation used as the outcome of the TARGET trial was
the TBR MDS).?42% This was assessed by a centralized
group of readers who have substantial experience in
these methods®®3"; for all vessels and time points, the
intraclass correlation coefficient was >0.82, indicating
good reliability of intrareader assessments of cardio-
vascular inflammation.

PCE Model

The PCEs were developed as a method for select-
ing patients who would be good candidates for
lipid-lowering treatments such as statins.®?> The PCE
estimates 10-year risk of coronary heart disease
events or stroke among patients without known pre-
existing cardiovascular disease between the ages of
40 and 79years. The factors used in calculating the
PCE include age, sex, race (White or Black), systolic
blood pressure, use of medications for hypertension,
total cholesterol, high-density lipoprotein, smoking sta-
tus, and presence of diabetes. RA is considered a risk-
enhancing factor, but specific recommendations about
how to use such a factor have not been described by
the American College of Cardiology/American Heart
Association.®?

We calculated the PCE for all subjects at baseline.
A subject’s PCE estimate was used as a covariate in
models with TBR MDS as the outcome. We examined
both the continuous values as well as categories of
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10-year risk (ie, <56% low, 5%-7.5% borderline, 7.5%—
20% intermediate, and >20% high).

Statistical Analysis

We first examined the candidate biomarker values,
calibrating ones that had been measured simultane-
ously using 2 different methods and trimming outli-
ers.3334 Preprocessed values of candidate biomarkers
(see Candidate Biomarker section) at baseline were
compared across the 2 treatment groups (TNFi ver-
sus triple therapy) using the Welch 2-sample t test.

Cardiovascular Risk in Patients With RA

The baseline values of the candidate biomarkers were
compared for the 2 treatment groups (TNFi versus tri-
ple therapy). No significant differences were observed
(Table 1), and thus, the 2 treatment arms were com-
bined for all further analyses.

Next, we assessed the associations between each
individual candidate biomarker Z score value (number
of SDs from the mean) at baseline and change in TBR
from baseline to 24 weeks in a series of adjusted lin-
ear regression models. We considered different levels
of adjustment: all candidate biomarkers simultane-
ously, PCE alone, all biomarkers and PCE, and selected

Table 1. Distribution of Biomarker Values Studied in the TARGET Trial Cohort by Treatment Group
Total cohort TNFi Triple therapy
Cytokine/inflammation, units, median (IQR) n=109 n=55 n=54 P value
IL-6, pg/mL 11 (5-29) 11 (5-22) 11 (6-22) 0.2
sTNFR1, pg/mL 1327 (1097-1712) 1316 (1104-1718) 1392 (1068-1699) 0.7
SAA, ng/mL 15478 (7674-42875) 14994 (6555-51327) 16371 (8560-30635) 0.4
hsCRP, pg/mL 4 (2-9) 4(1-8) 4 (2-9) 0.8
CD-40 ligand, ng/mL 0.10 (0.06-0.23) 0.11 (0.07-0.27) 0.09 (0.05-0.17) 0.2
Adipokines
Adiponectin, ug/mL 71 (4.5-9.8) 71 (4.5-11.2) 7.2 (4.8-9.2) 0.6
Leptin, ng/mL 22 (11-37) 21 (12-36) 26 (11-40) 0.8
Resistin, ng/mL 2.84 (2.40-3.73) 2.81 (2.44-3.67) 2.86 (2.40-3.74) 05
Atherothrombosis
Antithrombin Ill, pg/mL 453 (389-522) 453 (396-532) 444 (381-504) 0.6
PAI-1, ng/mL 75 (45-117) 70 (44-133) 76 (48-11209) 0.4
Lipids parameters
Apolipoprotein C3, ug/mL 301 (244-407) 293 (240-398) 328 (250-412) 0.3
Apolipoprotein A1, mg/mL 2.10 (1.80-2.70) 2.02 (1.85-2.60) 2.25 (1.80-2.80) 0.3
Apolipoprotein A2, ng/mL 329 (257-393) 318 (244-388) 343 (288-397) 0.3
Apolipoprotein B, pg/mL 909 (674-1090) 974 (714-1155) 812 (660-1025) 0.2
Apolipoprotein C1, ug/mL 348 (256-402) 339 (238-433) 354 (274-393) 0.9
Lp(a), pg/mL 105 (48-247) 105 (47-328) 104 (50-236) 0.3
LDL, mg/dL 99 (82-122) 101 (81-126) 98 (86-119) 0.8
Other analytes
hsTnT, ng/L* 60 (55%) 32 (58%) 28 (52%) 05
NT-proBNP, pg/mL 356 (192-737) 350 (149-738) 368 (258-710) 0.9
VCAM-1, ng/mL 608 (508-737) 625 (507-783) 607 (525-682) 0.2
VEGF-A, pg/mL 153 (99-207) 162 (104-208) 134 (89-200) 0.2
MMP-1, ng/mL 7636 (4652-11270) 7872 (5378-12292) 7545 (3955-10558) 0.4
MMP-3, ng/mL 6 (4-14) 7 (4-15) 6 (4-13) 0.3
YKL-40, ng/mL 30 (21-61) 31 (23-63) 30 (21-61) 0.6
Cystatin-C, ng/mL 1140 (982-1290) 1120 (990-1275) 1160 (968-1380) 05
Osteopontin, ng/mL 33 (25-44) 33 (24-44) 34 (25-44) 0.9
Osteoprotegrin, pM 7.80 (6.50-9.70) 7.90 (6.55-9.15) 7.75 (6.43-10.00) 0.3

CT indicates computed tomography; hsCRP, high-sensitivity C-reactive protein; FDG, fluorodeoxyglucose; hsTnT, high sensitivity troponin T; IL, interleukin;
IQR, interquartile range; LDL, low-density lipoprotein; Lp(a), lipoprotein(a); MMP-1, matrix metalloproteinase 1; MMP-3, matrix metalloproteinase 3; NT-proBNP,
N-terminal pro-B-type natriuretic peptide; PAI-1, plasminogen activator inhibitor-1; PET, positron emission tomography; RA, rheumatoid arthritis; SAA, serum
amyloid A; sSTNFR1, soluble tumor necrosis factor receptor 1; TARGET, Treatments Against RA and Effect on FDG PET/CT; TNFi, tumor necrosis factor inhibitor;
VCAM-1, vascular cell adhesion molecule 1; and VEGF-A, vascular endothelial growth factor A.

*hsTnT data represent the n (%) with detectable levels. Other subjects were below detectable range. P values were calculated from the Welch 2-sample t test.
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biomarkers and PCE (PCE was calculated using the
R package®®9). All biomarkers with P<0.10 in models
with all the biomarkers and PCE were advanced to the
selected biomarkers models. We were interested in
the association of the biomarkers with the change in
TBR, as well as the model fit as measured by the R?,
the root mean square error, Akaike information crite-
rion, and Bayesian information criterion. Further model
fit was compared using the likelihood ratio test. Next, a
similar set of models was run that compared baseline
biomarkers with baseline TBR. Because PCE is a well-
recognized cardiovascular risk stratification tool in the
general population, we also ran models with baseline
biomarkers as predictor variables and baseline PCE as
a secondary outcome. Sensitivity analyses were per-
formed with models additionally adjusted for treatment
assignment and glucocorticoid use.

Collinearity was assessed in all models using the
variance inflation factor. All analyses were run using
R (R Foundation for Statistical Computing, Vienna,
Austria, version 4.2.2).

RESULTS

TARGET Trial Population Characteristics

Of the 159 participants randomized into the TARGET
trial, 138 subjects completed both the baseline and final
scans. Of these, 119 participants had baseline scans
that could be analyzed for TBR, and 115 had baseline
and follow-up FDG PET/CT scans that could be ana-
lyzed for TBR. Of these individuals, 109 had baseline
and follow-up biomarkers measured. All subjects were
recruited and randomized between March 2016 and
November 2021. The subjects included in the main
analysis were well balanced across the 2 treatment
groups (see Table S1) with a median age of 58.0years,
and 71% were women. The median duration of RA
was 1.4years, with a median baseline disease activity
that was moderate (disease activity score in 28 joints,
DAS28-CRP 4.8). The median high-sensitivity CRP
was 3.9mg/L, which is elevated above normal. No
subjects had recent use of biologic disease modify-
ing anti-rheumatic drugs, and the median methotrex-
ate dosage was 20mg per week; oral glucocorticoids
were used by 33% of subjects. Known cardiovascular
disease was an exclusion. Diabetes was recorded at
baseline in 1.7% of subjects, hypertension in 45.2%,
hyperlipidemia in 20.0%, and current tobacco use in
12.2%. The median body mass index was 29.3kg/m?.

The baseline characteristics of the study population
were also compared across tertiles of baseline TBR
MDS (see Table S1) and found to be similar. The base-
line biomarkers were also compared across tertiles
of baseline TBR MDS (see Table S1) and found to be
similar.
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Distribution of Biomarkers and Outcomes
The biomarkers were similar at baseline across the
2 treatment groups (Table 1), and the change in TBR
MDS was similar across treatment groups.'®

The distribution of baseline and change in TBR
MDS was examined (Figure 1A). We found that the vast
majority had values >2.0; <2.0 is a typical measure in
an adult without known coronary artery disease.®
Approximately one-quarter had values >3.0. The dis-
tribution of the change in TBR MDS values was also
examined (Figure 1B). Most subjects had reductions in
TBR MDS between baseline and 24-week follow-up; av-
erage reduction across both groups was —0.21 (7.9%).
This reduction is comparable to that seen with increas-
ing intensity of statin therapy from low to high.%°

Relationship Between Baseline
Biomarkers and Change in Arterial
Inflammation

The primary outcome was change in TBR MDS, ana-
lyzed as a linear outcome with baseline biomarker val-
ues (Z scored) as predictors (Table 2). Six biomarkers,
SAA, CRP, CD-40 ligand, adiponectin, YKL-40, and
osteoprotegerin (OPG), were advanced to the mul-
tivariable models. The model with these 6 biomark-
ers and PCE had moderate fit with adjusted R?=0.32
and root mean square error=0.401. This fit was an
improvement (likelihood ratio P=0.0005) over the
model that contained only the clinical PCE variables
(R°=0.20 and root mean square error=0.450). A cor-
relation matrix (see Figure 2) suggests that SAA, CRP,
and CD-40 ligand are moderately correlated, but they
added to the multivariable model. In a sensitivity anal-
ysis that included RA treatments and corticosteroids,
the model performed similarly, resulting in the selec-
tion of the same biomarkers and the same model fit
(see Table S1).

We also examined the relationship between base-
line biomarkers and baseline TBR MDS (Table 3).
Although additional biomarkers (apolipoprotein Af,
apolipoprotein A2, MMP-3, and osteoprotegerin) were
significantly associated with baseline TBR, a model in-
cluding these biomarkers and PCE had a relatively low
adjusted R? (0.17).

Relationship Between Baseline
Biomarkers and Baseline PCE

We also examined the relationship between baseline
biomarkers and baseline PCE (Table 4). We focused
only on the cross-sectional relationship, because we
anticipated that most clinical variables in the PCE
would not change substantially between baseline and
24 weeks. Other biomarkers, such as leptin, troponin T,
NT-proBNP, VCAM-1, VEGF-A, and cystatin-C, were
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Figure 1. Distribution of most diseased segment target to background ratio.

A, Baseline. B, Change in most diseased segment target to background ratio. MDS indicates most diseased segment; and TBR, target

to background ratio.

associated with PCE. The model fit was moderate
based on R? and root mean square error.

DISCUSSION

Many autoimmune conditions are associated with an
increase in cardiovascular risk.%® Among these condi-
tions, this relationship has been best studied in patients
with RA.3° However, cardiovascular risk prediction in
RA populations has been noted to be inaccurate (un-
derestimates risk) in several studies.'®4® Adding clinical
characteristics of RA has been noted to improve risk
prediction,' and a prior study suggested that using a
multibiomarker panel might improve cardiovascular
event prediction.”” We took a different approach, using
data from arandomized controlled trial and 24 candidate
biomarkers measured at baseline and 6 months, and
an imaging cardiovascular outcome with known cor-
relation to cardiovascular events. As previously stated,
we hypothesized that several of the candidate biomark-
ers measured at baseline would be significantly associ-
ated with the change in cardiovascular risk, assessed
by FDG PET/CT. This method yielded promising results

between multiple candidate biomarkers, such as SAA,
high-sensitivity CRP, sSTNFR1 (soluble TNF receptor 1),
adiponectin, YKL-40, and OPG, measured at baseline,
and an association with change in arterial inflammation.
Thus, these selected baseline biomarkers, known to
associate with both RA disease activity and CVD, may
be helpful in predicting change in cardiovascular risk as
measured by arterial inflammation.

It is worth reviewing the literature on the relationship
with RA and with CVD for the promising biomarkers.
SAA and high-sensitivity CRP are acute-phase reac-
tants with strong associations with disease activity in
RA#42 SAA is a group of related small proteins that
are conserved over species and consist of multiple fi-
brils that associate with lipid moieties. Mice prone to
atherosclerosis overexpress SAA, and suppression of
SAA leads to reduced atherogenesis.*® Atherosclerotic
plaques in humans have detectable SAA,** SAA ac-
tivates the NLRP3 inflammasome in macrophages,
promoting atherogenesis,* and the lipoprotein carrier
of high-density lipoprotein contains SAA.*¢4" CRP’s
relationship to CVD has been widely debated,*® but it
is likely that it does not play an etiopathogenic role.
Rather, it has been found to be useful biomarker
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Table 2. Linear Regression Results Assessing Relationship Between Z Score of Candidate Biomarker at Baseline and
Change in Target to Background Ratio in the TARGET Trial Cohort With Increasing Adjustment

Biomarker

All biomarkers only,
B estimate
(95% ClI)

Baseline PCE only,
B estimate
(95% ClI)

All biomarkers+PCE+

baseline TBR, § estimate

(95% ClI)

Selected biomarkers+
PCE+baseline TBR,
B estimate (95% ClI)

Cytokine/inflammation

IL-6

0.04 (-0.09to 0.17)

0.04 (~0.09 t0 0.17)

STNFR1 -0.10 (-0.23 to 0.02)* -0.12 (-0.25 to 0.01)** -0.09 (-0.18 to 0.00)**
SAA -0.17 (-0.35 to 0.00)* -0.17 (-0.34 to 0.01)** -0.19 (-0.36 to —0.03)"*
hsCRP 0.17 (-0.03 to 0.36)* 0.16 (-0.04 to 0.36)* 0.22 (0.06 to 0.39)"*
CD-40 ligand -0.07 (-0.19 to 0.05) -0.05 (-0.19 t0 0.09)

Adipokines
Adiponectin -0.12 (-0.22 to -0.01)"* -0.13 (-0.24 to -0.02)** -0.06 (-0.15,0.02)**
Leptin -0.03 (-0.13 10 0.08) -0.02 (-0.13 t0 0.09)
Resistin 0.07 (-0.03 t0 0.18) 0.09 (-0.02 to 0.20)

Atherothrombosis
Antithrombin Il 0.04 (-0.07 to 0.15) 0.04 (-0.08 t0 0.16)
PAI-1 -0.05 (-0.17 t0 0.07) -0.05 (-0.18 10 0.08)

Lipids parameters

Apolipoprotein Al 0.07 (-0.05t0 0.18) 0.06 (-0.06 to 0.18)
Apolipoprotein A2 0.02 (-0.13 t0 0.18) 0.02 (-0.15 t0 0.18)
Apolipoprotein B 0.02 (-0.09 to 0.13) 0.01 (-0.11 t0 0.14)

Apolipoprotein C1

0.02 (-0.14 t0 0.17)

0.03 (~0.14 to 0.19)

Apolipoprotein C3

-0.02 (-0.14 to 0.10)

~0.03 (~0.16 to 0.09)

Apolipoprotein H

~0.05 (018 10 0.08)

~0.05 (~0.18 to 0.09)

Lp(a)

0.03 (~0.06 10 0.12)

0.08 (-0.07 t0 0.13)

LDL

~0.04 (-0.14 t0 0.07)

-0.04 (-0.16 t0 0.07)

Other analytes

hsTnT ~0.11 (-0.32 t0 0.11) ~0.11 (-0.34 10 0.12)
NT-proBNP 0.04 (~0.06 0 0.13) 0.04 (~0.08 0 0.15)

VCAM-1 0.04 (~0.07 10 0.16) 0.05 (~0.08 10 0.17)

VEGF-A ~0.02 (-0.13 t0 0.08) ~0.01 (-0.13 t0 0.10)

MMP-1 -0.02 (~0.12 t0 0.08) ~0.02 (-0.12t0 0.08)

MMP-3 0.08 (~0.04 10 0.20) 0.08 (~0.04 10 0.20)

YKL-40 0.15 (0.05 to 0.25)t 0.15 (0.04 to 0.26)1 0.11 (0.02 1o 0.20)"
Cystatin-C ~0.04 (-0.14 t0 0.06) ~0.05 (-0.17 t0 0.06)

Osteopontin

~0.03 (~0.13 t0 0.07)

~0.02 (~0.13 t0 0.10)

Osteoprotegrin -0.09 (-0.20 to 0.01)* -0.09 (-0.20 to 0.02)** -0.12 (-0.20 to —0.03)**
Pooled cohort 0.00 (-0.02 to 0.01) 0.00 (-0.02 to 0.02) 0.01 (-0.01 t0 0.02)
equation
Model fit statistics
Adjusted R? 0.35 0.20 0.32 0.32
RMSE 0.349 0.450 0.352 0.401
AIC 141.9 139.7 143.3 127.3
BIC 225.3 150.4 228.5 1563.9

All models include the baseline target to background ratios values from the most diseased segment (TBR MDS). PCE includes as predictor variables age,
sex, race, diabetes status, cigarette use, systolic blood pressure, treatment for hypertension, total and high-density lipoprotein cholesterol values. R? indicates
better model fit when larger and RMSE is better when smaller. The variance inflation factors across all models were <5, which signifies low (or no) collinearity.
AlIC indicates Akaike information criterion; BIC, Bayesian information criterion; CT, computed tomography; FDG, fluorodeoxyglucose; hsCRP, high-sensitivity
C-reactive protein; hsTnT, high sensitivity troponin T; IL, interleukin; LDL, low-density lipoprotein; Lp(a), lipoprotein(a); MDS, most diseased segment; MMP-1,
matrix metalloproteinase 1; MMP-3, matrix metalloproteinase 3; NT-proBNP, N-terminal pro-B-type natriuretic peptide; PAI-1, plasminogen activator inhibitor-1;
PCE, pooled cohort equation; PET, positron emission tomography; RA, rheumatoid arthritis; RMSE, root mean square error; SAA, serum amyloid A; sTNFR1,
soluble tumor necrosis factor receptor 1; TARGET, Treatments Against RA and Effect on FDG PET/CT; TBR, target to background ratio; VCAM-1, vascular cell
adhesion molecule 1; and VEGF-A, vascular endothelial growth factor A.

*P<0.10.

P<0.01.

#Values have P<0.10 and were advanced to the selected biomarkers model (right column).
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Figure 2. Correlation matrix for baseline biomarkers.

apoal indicates apolipoprotein A1; apoall, apolipoprotein A2; apoB, apolipoprotein B; apocl, apolipoprotein
C1; apoclll, apolipoprotein C3; apoh, apolipoprotein H; atlll, antithrombin Ill; cd40l, CD40 ligand; crp,
high-sensitivity C-reactive protein; cystatinc, cystatin-C; il6, interleukin 6; LDL, low-density lipoprotein;
Ipa, lipoprotein a; MMP1, matrix metalloproteinase 1; mmp3, matrix metalloproteinase 3; ntprobnp, NT-
proBNP (N-terminal pro-B-type natriuretic peptide); OPG, osteoprotegerin; pail, plasminogen activator
inhibitor 1; pce, population cohort equation; saa, serum amyloid A; tbr, target to background ratio; tnf ri,
tumor necrosis factor receptor 1; TnT, high-sensitivity troponin T; vcam1, vascular cell adhesion molecule
1; vegf, vascular endothelial growth factor; and ykl40, YKL-40.

predicting future cardiovascular events.*® STNFR1 is a
receptor for TNF, a cytokine known to drive disease
activity in RA. Higher levels are also associated with
increased cardiovascular mortality.®°

Adiponectin is secreted by adipocytes and regu-
lates glucose and lipid metabolism; as well, it has im-
portant anti-inflammatory effects. However, high levels
are often seen in inflammatory conditions as com-
pensation. In RA, adiponectin levels are associated
with more severe radiographic progression.®" In CVD,
higher adiponectin levels predict future CVD mortal-
ity.5? YKL-40 is a glycoprotein produced by multiple
inflammatory cells, its levels go up with age, and some
consider it an acute-phase reactant. Levels are sig-
nificantly elevated in patients with active RA.%® Plasma
levels are increased after a myocardial infarction®; as

J Am Heart Assoc. 2024;13:032095. DOI: 10.1161/JAHA.123.032095

well, elevated levels predict cardiovascular events in
patients with stable coronary artery disease.®® OPG
was first described as a cytokine receptor in the TNF
receptor superfamily. It is a soluble glycoprotein, which
is largely expressed by cells in the osteoblast lineage,
but its expression is upregulated by IL-1, TNF, and
Whnt proteins.%® Baseline OPG levels have been asso-
ciated with higher disease activity in treated patients
with RA.5" Furthermore, OPG levels have been found
across many studies to be associated with coronary
artery calcium scores.%®

Although it is not entirely clear why the 3 sets of
analyses suggest that different biomarkers are im-
portant correlates of CVD, there are some logical con-
jectures. Change in TBR MDS, the primary outcome,
relates to how responsive the atherosclerotic plaques



Solomon et al

Table 3. Linear Regression Results Assessing Relationship Between Z Score of Candidate Biomarkers at Baseline and
Target to Background Ratio at Baseline in the TARGET Trial Cohort With Increasing Adjustment

Cardiovascular Risk in Patients With RA

Biomarker

All biomarkers only,
B estimate (95% Cl)

Baseline PCE only,
B estimate (95% CI)

All biomarkers+PCE,
B estimate (95% CI)

Selected biomarkers+PCE,

B estimate (95% ClI)

Cytokine/inflammation

IL-6

~0.05 (~0.18 t0 0.08)

~0.06 (~0.19 to 0.08)

STNFR1 -0.05 (-0.17 t0 0.08) -0.06 (-0.19t0 0.07)
SAA 0.03 (-0.14 t0 0.21) 0.04 (-0.14 t0 0.22)
hsCRP -0.01 (-0.20 to 0.19) -0.01 (-0.21 to0 0.20)
CD-40 ligand -0.10 (-0.22 to 0.03) -0.09 (-0.24 to 0.05)
Adipokines
Adiponectin —-0.06 (-0.17 to 0.04) —-0.07 (-0.18 to 0.04)
Leptin -0.04 (-0.15 t0 0.06) -0.02 (-0.14 t0 0.09)
Resistin 0.00 (-0.10 to 0.11) 0.01 (-0.10t0 0.12)
Atherothrombosis

Antithrombin [ll

~0.07 (-0.18 t0 0.04)

~0.07 (019 t0 0.05)

PAI-1

0.00 (-0.13 t0 0.12)

0.00 (-0.13 10 0.13)

Lipids parameters

Apolipoprotein A1

~0.11 (~0.23 to 0.00)*

~0.11 (-0.23 to 0.01)"

~0.19 (-0.28 to —0.10)*

Apolipoprotein A2

0.21 (0.05 to 0.36)!

0.22 (0.05 to 0.38)"+

0.15 (0.06 to 0.24)1+

Apolipoprotein B

0.01 (~0.11 t0 0.12)

0.01 (-0.11 t0 0.13)

Apolipoprotein C1

-0.06 (-0.22 t0 0.10)

~0.06 (~0.22 to 0.11)

Apolipoprotein C3

—-0.10 (-0.22 to 0.02)

-0.10 (-0.23 t0 0.03)

Apolipoprotein H

0.05 (~0.08 to0 0.19)

0.05 (~0.09 t0 0.19)

Lp(a)

0.01 (~0.08 to 0.11)

0.01 (~0.09 to 0.11)

LDL

0.04 (~0.07 to 0.15)

0.03 (~0.08 10 0.15)

Other analytes

hsTrT ~0.07 (-0.28 t0 0.15) ~0.06 (-0.29 t0 0.17)
NT-proBNP ~0.04 (-0.14 t0 0.06) ~0.05 (-0.16 t0 0.07)

VCAM-1 0.06 (~0.06 t0 0.18) 0.07 (-0.06 10 0.20)

VEGF-A 0.10 (0.00 to 0.21)* 040 (-0.01 to 0.21)" 0.05 (~0.04 t0 0.14)
MMP-1 0.01 (-0.09 t0 0.10) 0.01 (-0.09 to 0.11)

MMP-3 0.13 (0.01 10 0.25)* 013 (0.01 to 0.25)* 0.09 (-0.01 to 0.18)"*
YKL-40 0.04 (-0.07 t0 0.14) 0.04 (~0.07 to 0.15)

Cystatin-C ~0.03 (-0.13 0 0.07) ~0.05 (-0.16 t0 0.07)

Osteopontin

~0.02 (~0.13 t0 0.08)

~0.03 (~0.14 t0 0.09)

Osteoprotegrin

0.11 (0.00 to 0.21)

0.10 (-0.01 to 0.21)"F

0.07 (-0.02 to 0.16)**

Pooled cohort equation

0.01 (-0.01 t0 0.02)

0.00 (-0.01 to 0.02)

0.01 (-0.01t0 0.02)

Model fit statistics

Adjusted R? 0.18 -0.004 017 017

RMSE 0.359 0.463 0.361 0.409
AIC 145.9 143.8 146.8 148.8
BIC 226.6 1517 229.3 172.8

All models include the baseline target to background ratios values from the most diseased segment (TBR MDS). PCE includes age, sex, race, diabetes status,
cigarette use, systolic blood pressure, treatment for hypertension, and high-density lipoprotein value. R? indicates better model fit when larger, and RMSE is
better when smaller. The variance inflation factors across all models were <5, which signifies low (or no) collinearity. AIC indicates Akaike information criterion;
BIC, Bayesian information criterion; CT, computed tomography; FDG, fluorodeoxyglucose; hsCRP, high-sensitivity C-reactive protein; hsTnT, high sensitivity
troponin T; IL, interleukin; LDL, low-density lipoprotein; Lp(a), lipoprotein(a); MDS, most diseased segment; MMP-1, matrix metalloproteinase 1; MMP-3, matrix
metalloproteinase 3; NT-proBNP, N-terminal pro-B-type natriuretic peptide; PAI-1, plasminogen activator inhibitor-1; PCE, pooled cohort equation; PET, positron
emission tomography; RA, rheumatoid arthritis; RMSE, root mean square error; SAA, serum amyloid A; sTNFR1, soluble tumor necrosis factor receptor 1;
TARGET, Treatments Against RA and Effect on FDG PET/CT; TBR, target to background ratio; VCAM-1, vascular cell adhesion molecule 1; and VEGF-A, vascular

endothelial growth factor A.
*P<0.10.
P<0.01.

#Values have P<0.10 and were advanced to the selected biomarkers model (right column).
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Table 4. Linear Regression Results Assessing
Relationship Between Z Score of Candidate Biomarker at
Baseline and Pooled Cohort Equation Score at Baseline in
the TARGET Trial Cohort With Increasing Adjustment

Selected biomarkers
only, § estimate

All biomarkers
only, g estimate

Biomarker (95% Cl) (95% Cl)
Cytokine/inflammation

IL-6 1.2 (-0.65 t0 3.0)

STNFR1 1.3(-0.53t0 3.1)

SAA 0.03 (-2.5 t0 2.5)

hsCRP 1.7 (-4.4101.1)

CD-40 ligand 1.1 (-0.87 t0 3.0)
Adipokines

Adiponectin -1.2(-2.7t0 0.32)

Leptin —21(-3.610-0.64) | -1.6(-2.8 to -0.36)"

Resistin 0.47 (-11t0 2.0

Atherothrombosis

Antithrombin Il 1.4 (-0.18 t0 3.0)
PAI-1 -0.51 (-2.3t0 1.3)

Lipids parameters

Apolipoprotein A1 -0.66 (-2.3 to 0.94)

Apolipoprotein A2 -1.2(-3.4t01.1)
Apolipoprotein B -0.37 (-21 10 1.3)
Lp(a) 0.64 (-0.69 t0 2.0)
LDL ~0.67 (-2.2 10 0.89)
Other analytes
hsTnT 2.6 (-0.481t05.7)" 3.8(1.4106.2)
NT-proBNP 1.9 (0.38 to 3.4)* 1.6 (0.42 t0 2.9)
VCAM-1 -2.0 (-3.7 to -0.36)* -0.66 (-1.9 to 0.54)
VEGF-A 11 (-0.37 to 2.6)* 0.99 (-0.18t0 2.2)
MMP-1 0.13 (-1.3t0 1.5)
MMP-3 -0.42 (-21 10 1.2)
YKL-40 0.41 (1110 1.9)
Cystatin-C 1.5 (-0.03 to 3.0)* 2.5(1.3103.7)
Osteopontin 0.82 (-0.75 t0 2.4)
Osteoprotegrin 1.3(-0.181t02.8)
Model fit statistics
Adjusted R? 0.30 0.31
RMSE 4.99 5.63
AlC 701.5 683.4
BIC 781.4 704.8

All models include the baseline target to background ratios values from the
most diseased segment (TBR MDS). PCE includes age, sex, race, diabetes
status, cigarette use, systolic blood pressure, treatment for hypertension,
total and high-density lipoprotein value. R? indicates better model fit when
larger, and RMSE is better when smaller. AIC indicates Akaike information
criterion; BIC, Bayesian information criterion; CT, computed tomography;
FDG, fluorodeoxyglucose; hsCRP, high-sensitivity C-reactive protein; hsTnT,
high sensitivity troponin T, IL, interleukin; LDL, low-density lipoprotein; Lp(a),
lipoprotein(a); MDS, most diseased segment; MMP-1, matrix metalloproteinase
1; MMP-3, matrix metalloproteinase 3; NT-proBNP, N-terminal pro-B-type
natriuretic peptide; PAI-1, plasminogen activator inhibitor-1; PCE, pooled cohort
equation; PET, positron emission tomography; RA, rheumatoid arthritis; RMSE,
root mean square error; SAA, serum amyloid A; STNFR1, soluble tumor necrosis
factor receptor 1; TARGET, Treatments Against RA and Effect on FDG PET/CT,
TBR, target to background ratio; VCAM-1, vascular cell adhesion molecule 1;
and VEGF-A, vascular endothelial growth factor A.

*Values have P<0.10 and were advanced to the selected biomarkers
model (right column).
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may be to interventions, such as immunomodulators
that were used in the TARGET trial.>® As well, change
in TBR MDS can denote future risk of CVD. Baseline
TBR MDS reflects arterial inflammation at a time when
RA was active and not well controlled by methotrexate
alone and may not correlate with treatment respon-
siveness or future cardiovascular risk. Additionally, the
PCE denotes clinical risk factors that may not capture
the full extent of risk in a patient with RA and systemic
inflammation. This may be the reason why PCE was
not a significant predictor of arterial inflammation.

This study has important strengths, such as the pro-
spective nature of data collection in the setting of a ran-
domized trial, the candidate biomarker approach, the
consideration of known clinical risk factors for CVD, and
the inclusion of longitudinal changes in arterial inflam-
mation. However, several limitations need discussion.
The sample is relatively small, and all patients had active
RA at baseling; both issues limit generalizability. The out-
come studied was arterial inflammation as measured by
an FDG PET/CT scan. Although this outcome has mod-
erate correlation with actual cardiovascular outcomes,
the current findings wait replication in a larger cohort
with cardiovascular end points. Furthermore, we tested
many associations without correcting analyses for mul-
tiple comparisons. This is justified, because all biomark-
ers have been hypothesized correlates based on prior
literature (see Table S1 for citations). It is possible that a
combination of biomarkers, a composite, might be more
strongly associated with CVD; this was not our hypoth-
esis but will be pursued in future analyses. Finally, if the
biomarkers replicate in external validation cohorts, the
public—private partnership will facilitate dissemination of
this information to the scientific community.

One of the strengths of the current study include
that the data were derived from a prospective random-
ized controlled trial of patients with RA. The benefits
of using such a population include patients who had
moderately active RA disease at baseline, patients
who were carefully phenotyped with respect to cardio-
vascular risk and RA characteristics, treatments during
the trial that were carefully described, that all patients
had biomarkers collected under similar conditions at
consistent timepoints, and that all patients had FDG
PET/CT scans at baseline and 24weeks. A healthy
control group would have been a useful comparison,
but we do not believe that it would have been possible
to collect a healthy control group with such a stringent
protocol requiring 2 FDG PET/CT scans.

In conclusion, we found that baseline levels of
several candidate biomarkers were associated with
arterial inflammation, a well-described correlate of car-
diovascular events. Each of the candidate biomarkers
has substantial prior literature supporting a potential
role in predicting cardiovascular events in patients with
RA. If validated in an external RA cohort with good
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information about longitudinal cardiovascular events,
these biomarkers may prove useful in developing a
more accurate cardiovascular risk prediction score
in RA. General population cardiovascular risk scores
do not work well in RA, and prior attempts to improve
them have either not included biomarkers or not con-
ducted a broad search for candidate biomarkers. We
look forward to attempts to replicate this work.
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