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Validation of a Novel Multibiomarker Test to
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Objective. Quantitative assessment of disease activity in rheumatoid arthritis (RA) is important for patient management,
and additional objective information may aid rheumatologists in clinical decision making. We validated a recently
developed multibiomarker disease activity (MBDA) test relative to clinical disease activity in diverse RA cohorts.
Methods. Serum samples were obtained from the Index for Rheumatoid Arthritis Measurement, Brigham and Women’s
Hospital Rheumatoid Arthritis Sequential Study, and Leiden Early Arthritis Clinic cohorts. Levels of 12 biomarkers were
measured and combined according to a prespecified algorithm to generate the composite MBDA score. The relationship
of the MBDA score to clinical disease activity was characterized separately in seropositive and seronegative patients
using Pearson’s correlations and the area under the receiver operating characteristic curve (AUROC) to discriminate
between patients with low and moderate/high disease activity. Associations between changes in MBDA score and clinical
responses 6-12 weeks after initiation of anti-tumor necrosis factor or methotrexate treatment were evaluated by the
AUROC.

Results. The MBDA score was significantly associated with the Disease Activity Score in 28 joints using the C-reactive
protein level (DAS28-CRP) in both seropositive (AUROC 0.77, P < 0.001) and seronegative (AUROC 0.70, P < 0.001)
patients. In subgroups based on age, sex, body mass index, and treatment, the MBDA score was associated with the
DAS28-CRP (P < 0.05) in all seropositive and most seronegative subgroups. Changes in the MBDA score at 6-12 weeks
could discriminate both American College of Rheumatology criteria for 50% improvement responses (P = 0.03) and
DAS28-CRP improvement (P = 0.002). Changes in the MBDA score at 2 weeks were also associated with subsequent
DAS28-CRP response (P = 0.02).

Conclusion. Our findings establish the criterion and discriminant validity of a novel multibiomarker test as an objective
measure of RA disease activity to aid in the management of RA in patients with this condition.

INTRODUCTION

Measurement of disease activity has become an important
component of rheumatoid arthritis (RA) management.

Quantitative measurement of RA disease activity is recom-
mended by the American College of Rheumatology (ACR)
(1), the European League Against Rheumatism (EULAR)
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Significance & Innovations

e Quantitative disease activity assessment can im-
prove rheumatoid arthritis (RA) patient outcomes,
and a multibiomarker disease activity (MBDA)
score could provide an objective, consistent, and
biologically rich measure of RA disease activity.

e We validated a prespecified MBDA score as a mea-
sure of RA disease activity, and showed that it was
significantly associated with the Disease Activity
Score in 28 joints using the C-reactive protein level
and other clinical disease activity measures in
both seronegative and seropositive patients.

e We also found that the MBDA score tracked
changes in disease activity over time and that
changes in the MBDA score quickly discriminated
clinical responders from nonresponders.

e The MBDA score represents a novel disease activ-
ity index that may complement clinical assess-
ment when the physician desires additional infor-
mation to guide the management of RA in patients
with this condition.

(2), and the Treat to Target task force (3). It has been
included in the Physician Quality Reporting System (4)
and is central to the evaluation of new RA treatments.
Tight control strategies that incorporate regular measures
of disease activity have been shown to improve patient
outcomes, with greater reduction in disease activity, in-
creased rates of remission, and improved radiographic out-
comes (5=7).

Several disease activity indices based on different clin-
ical, laboratory, and physical measures have been intro-
duced. Most of these, including the Disease Activity Score
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(DAS) (8), the modified DAS in 28 joints (DAS28) (9), the
Simplified Disease Activity Index (SDAI) (10), the Clinical
Disease Activity Index (CDAI) (11), and the Routine As-
sessment of Patient Index Data 3 (RAPID3) (12,13), rely on
either quantitative joint counts, patient-reported outcomes
(PROs), or both. Joint counts and PROs are critically im-
portant in patient assessment, but they exhibit significant
intraobserver and interobserver variability and can be in-
fluenced by cumulative damage and conditions other than
RA (e.g., fibromyalgia and osteoarthritis) (14—16). Addi-
tional objective information about underlying disease pro-
cesses may augment clinical assessment.

Laboratory tests represent one approach to such addi-
tional information, and markers such as the erythrocyte
sedimentation rate (ESR) and C-reactive protein (CRP)
level have been incorporated into disease activity assess-
ment in patients with RA (17,18). However, both the ESR
and CRP are nonspecific markers of inflammation and also
can be increased by aging, anemia, and the presence of
immunoglobulins, including rheumatoid factor (RF) (19—
21). Furthermore, normal levels of these markers are seen
in some RA patients with active disease (22), possibly in
part due to patient genetics (19-21). Therefore, these
markers may not be helpful in all RA patients.

We hypothesized that a multibiomarker test measuring
diverse biologic pathways involved in RA could provide
clinicians with a robust and objective measure of RA dis-
ease activity. Such a test could be used in conjunction
with clinical examination and PROs in routine clinical
practice and might prove particularly useful in circum-
stances where clinical assessment can be challenging or
confounded, such as for patients with comorbidities. In
previous work, we developed an algorithm that combines
the levels of 12 serum biomarkers (interleukin-6 [IL-6],
tumor necrosis factor receptor type I [TNFRI], vascular
cell adhesion molecule 1 [VCAM-1], epidermal growth
factor [EGF], vascular endothelial growth factor A [VEGF-
Al, YKL-40, matrix metalloproteinase 1 [MMP-1], MMP-3,
CRP, serum amyloid A [SAA], leptin, and resistin) to gen-
erate a multibiomarker disease activity (MBDA) score be-
tween 1 and 100 (Vectra DA, Crescendo Bioscience) (23).

In the present study, we sought to establish the criterion
and discriminant validity of the MBDA score as a measure
of disease activity in patients with RA. The 5 aspects of
validity previously proposed for the qualification of out-
come measures in clinical trials in RA (24,25) include:
1) criterion validity, the ability of a test to measure disease
activity; 2) discriminant validity, sensitivity to changes in
disease activity; 3) face validity, credibility and relevance;
4) content validity, comprehensiveness in measuring com-
ponents of health status; and 5) construct validity, rela-
tionship to outcomes such as damage and disability. We
established criterion validity of the MBDA test by demon-
strating a significant association with the DAS28-CRP in
an independent sample of patients with RA who had not
been evaluated previously during the development of the
test. The DAS28-CRP was chosen as the reference measure
because it has been validated against the DAS28-ESR (26),
is correlated with other clinically relevant RA outcomes in
clinical trials (9) and, unlike the ESR, the CRP measure-
ment can be standardized in archived samples from mul-
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tiple centers. Furthermore, to establish the discriminant
validity of the MBDA score, we evaluated whether changes
in the MBDA score were associated with changes in the
DAS28-CRP and with clinical responses in patients initi-
ating methotrexate (MTX) or anti—tumor necrosis factor a
(anti-TNFa) therapy. Finally, we also evaluated the con-
tribution of non-CRP biomarkers to the MBDA score pre-
dictions. This study is intended as the first step in a com-
prehensive program to assess and characterize the validity
and utility of the MBDA test in clinical practice.

MATERIALS AND METHODS

Patients and samples. All patients and samples were
independent of those studied during prior research and
algorithm development efforts. Patients were selected
from 3 cohorts: 1) the Index for Rheumatoid Arthritis
Measurement (InFoRM) (27), a North American multi-
center, longitudinal, observational study of patients with
RA; 2) the Brigham and Women’s Hospital Rheumatoid
Arthritis Sequential Study (BRASS) registry (28); and
3) the Leiden Early Arthritis Clinic cohort (29). Patients
positive for either RF and/or anti—cyclic citrullinated pep-
tide antibodies (anti-CCP) were defined as seropositive.
Patients negative for both RF and anti-CCP were defined as
seronegative. Patient selection is described below; no
other restrictions were applied.

Seropositive validation and performance. To evaluate
the association of the MBDA score with the DAS28-CRP in
seropositive patients, 230 patients were selected from the
Leiden cohort (n = 77) (29), the BRASS registry (n = 87)
(28), and the InFoRM study (n = 66) (27), with the objec-
tive of creating a uniform distribution of DAS28-CRP val-
ues. This procedure was enriched for patients with very
low and very high DAS28-CRP scores, which increased
the power to detect an association, increased the observed
correlation and area under the receiver operating char-
acteristic curve (AUROC), and enabled us to verify the
MBDA score performance over a wide spectrum of disease
activity.

Seronegative validation. To validate the MBDA score in
seronegative patients across the range of disease activity,
141 patients were selected from InFoRM (n = 23) and
BRASS (n = 118) with the same objective of creating a
uniform distribution of the DAS28-CRP, as described
above.

Seronegative performance. To characterize MBDA score
performance in a more representative, real-world group
of seronegative patients, 141 patients were selected from
InFoRM (n = 75) and BRASS (n = 66) to be representative
of each study’s disease activity distribution (86 overlap-
ping patients were included in both the validation and
performance cohorts).

Treatment response. The association between changes
in the MBDA score and clinical response to treatment was
evaluated in patients in the Nested-1 study, a prospective
observational study of MTX and anti-TNF treatment de-
signed to identify treatment response biomarkers and con-
ducted within the BRASS cohort (30). Eligibility criteria
for Nested-1 were rheumatologists’ diagnosis of active RA

(=6 tender joints and =6 swollen joints), age =18 years,
stable therapy (no change in prednisone use [=10 mg or
less] in the last 4 weeks, either not receiving MTX or
receiving MTX for at least 3 months with a stable dose for
4 weeks), no previous anti-TNF therapy use, and initiating
treatment with either MTX or anti-TNF (with or without
MTX). Sixty-eight patients were enrolled and followed for
6 to 12 weeks. Patients not achieving an ACR criteria for
20% improvement (ACR20) response at week 6 were as-
sessed again at week 12. The DAS28-CRP was assessed at
baseline and weeks 6 and 12 (if a 12-week visit was re-
quired). Serum samples were collected at baseline and
weeks 2, 6, and 12 (if a 12-week visit was required). We
studied all 45 patients who had complete clinical and
sample data for baseline and a final evaluation visit (6 or
12 weeks). Patients were defined as DAS28-CRP respond-
ers if their improvement in the DAS28-CRP score was >1.2
and their absolute DAS28-CRP score was =3.2 at the final
visit, analogous to the DAS28-ESR—based definition of a
EULAR good response.

Sample handling and assays. As part of the InFoRM
study, samples were collected in BD Vacutainer SST
Serum-Separation tubes, processed at the study site, and
then shipped overnight and kept cold (2-8°C) using
NanoCool shippers (NanoPore) to Crescendo Bioscience.
For the BRASS and Leiden studies, samples were collected
and stored according to the respective study protocols and
then shipped frozen to Crescendo Bioscience. Upon ar-
rival, all samples were stored at —80°C until analyzed.

The 12 biomarkers used to calculate the MBDA score
were measured on the Meso Scale Discovery Multi-Array
platform. Assay kits were manufactured by Crescendo Bio-
science with some components manufactured under con-
tract by Meso Scale Discovery. Assays used reagents that
block RF (31). Assays were optimized to meet strict per-
formance criteria and underwent rigorous analytical vali-
dation for precision, sensitivity, specificity, and lot-to-lot
variability (32). Samples for validation and performance
studies were run in Crescendo Bioscience’s Clinical Lab-
oratory Improvement Amendments—certified clinical lab-
oratory. Samples from the Nested-1 study were analyzed
in the Crescendo Bioscience development laboratory.

MBDA algorithm and score calculation. Background
on the development of the MBDA algorithm. In a previous
article (23), we carried out a series of studies to develop
the MBDA algorithm (Vectra DA). Starting with 396 can-
didate biomarkers, we analyzed the existing literature and
samples from several cohorts to evaluate measurability,
association with disease activity, and the incremental inde-
pendent information contributed to multivariate models
associating the biomarkers with clinical disease activity.
These efforts led to the development of an algorithm that
combines the levels of 12 biomarkers, i.e., EGF, VEGF-A,
leptin, IL-6, SAA, CRP, VCAM-1, MMP-1, MMP-3, TNFRI,
human cartilage glycoprotein 39 (YKL-40), and resistin,
into a composite MBDA score. Results obtained during
algorithm verification indicated that the MBDA score was
significantly associated with the DAS28-CRP (33).
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DAS28-CRP = 0.56TJC + 0.28/SJC + 0.14PG + 0.36log(CRP + 1) + 0.96

MBDA Score = (0.56JPTJC + 0.28/PSJC + 0.14PPG + 0.36log[CRP + 1] + 0.96) x 10.53 + 1

Biomarkers Used to
Predict Each DAS28-CRP
Component

Patient
Global

Figure 1. Biomarkers used to estimate each component of the Disease Activity Score in 28
joints using the C-reactive protein level (DAS28-CRP) in the multibiomarker disease activity
(MBDA) algorithm. The algorithm uses different subsets of biomarkers and/or different
weightings to predict each component of the DAS28-CRP, including the tender joint count
(TJC), swollen joint count (SJC), patient global assessment (PG), and CRP level. The resulting
mathematical relationship between the DAS28-CRP and MBDA score is: MBDA = (DAS28-
CRP) X 10.53 + 1. PTJC = predicted TJC; PSJC = predicted SJC; PPG = predicted PG;
TJC28 = 28-joint TJC; SJC28 = 28-joint SJC; VEGF-A = vascular endothelial growth factor A;
VCAM-1 = vascular cell adhesion molecule 1; IL-6 = interleukin-6; SAA1 = serum amyloid
A1; EGF = epidermal growth factor; TNFRI = tumor necrosis factor receptor type I; MMP-

1 = matrix metalloproteinase 1.

MBDA score calculation. Biomarker-based predictions
of 28-joint tender joint count (TJC28), 28-joint swollen
joint count (SJC28), and patient global assessment were
made separately from subsets of the 11 non-CRP biomark-
ers and combined with CRP in an equation analogous to
the DAS28-CRP formula (Figure 1). The formulas used to
predict TJC28, SJC28, and patient global assessment can be
found in Supplementary Table 1 (available in the online
version of this article at http://onlinelibrary.wiley.com/
journal/10.1002/(ISSN)2151-4658). Resulting MBDA scores
are within the range 1-100 and are rounded to the nearest
integer. The MBDA thresholds for disease activity cate-
gories were determined by translating the DAS28-CRP
thresholds (34) to the corresponding MBDA scores based
on the linear relationship between the DAS28-CRP and the
MBDA (Figure 1).

Statistical methods. The R software package was used
for data analysis. Except where noted, a P value less than
0.05 was considered statistically significant.

Validation. The performance of the MBDA score com-
pared to clinical disease activity measures was assessed in
seropositive and seronegative groups and in the Nested-1
study separately. The primary validation outcome was the
AUROC, a measure of discrimination, to classify patients
according to the DAS28-CRP—based definitions of low
versus moderate/high disease activity using a cut point of
2.67. This threshold is considered equivalent to a DAS28-
ESR threshold of 3.2 (34).

Performance. Pearson’s correlations between the MBDA
score and the DAS28-CRP were evaluated in secondary
analysis. Other analyses were exploratory. The AUROC
was also used to test the association between the MBDA
score and the DAS28-CRP in subgroups defined by sex,
age (<65 versus =65 years), body mass index (BMI; >25

versus =25 kg/m?), or RA therapy (anti-TNF medications,
MTX without biologic agents, and glucocorticoids) in
seropositive and seronegative patients separately. An
AUROC of 0.5 indicates a result no better than chance; a
Pearson’s correlation coefficient of 0 indicates no associa-
tion. The agreement between disease activity categoriza-
tions (low, moderate, and high) was assessed by Cohen’s
kappa with squared distance weights (35).

Contribution of the non-CRP biomarkers. In exploratory
analysis, the incremental contribution of the 11 biomark-
ers other than CRP in the MBDA algorithm was assessed
via multivariate regression. The contributions of CRP and
the MBDA score (without CRP) to the association with 2
outcomes were assessed: DAS28-CRP and DAS28-CRP
with CRP removed. The CRP concentration was log-
transformed for approximate normality and consistency
with the DAS28-CRP and MBDA score calculations.

Change in MBDA versus therapy response. In the pri-
mary analysis, we evaluated whether changes in the
MBDA score from baseline to the final visit (week 6 or 12)
could differentiate DAS28-CRP responders from non-
responders at the final visit, using the AUROC. Secondary
analyses included repeating the primary analysis for an
ACR50 response at the final visit, evaluating the AUROC
for MBDA change from baseline to week 2 differentiating
the DAS28-CRP response and ACR50 response (36) at the
final visit, and calculating the AUROC for the MBDA score
differentiating low versus moderate/high DAS28-CRP.

Nested-1 exploratory analyses. Analyses not specified
above were exploratory. Paired t-tests were used to evalu-
ate the change in MBDA score from baseline. P values for
comparing the performance of Vectra DA with CRP were
computed using bootstrap resampling (37). In order to
calculate the correlation between change in the MBDA
score and a continuous measure of ACR response, the
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Table 1. Patient characteristics in cohorts used for multibiomarker disease activity validation,
performance assessment, and treatment response evaluation*

Seropositive validation Seronegative Seronegative Treatment
and performance validation performance responset

No. of patients 230 141 141 45
Women, % 77 82 79 84
Age, years 58 (48—66) 57 (45-65) 58 (49-65) 54 (39-64)
RF positive, % 93 0 0 73
Anti-CCP positive, % 88 0 0 N/A
TJC28 5 (0-18) 2 (0-10) 2 (0-8) 13 (10-17)
SJC28 4 (0-12) 6 (1-14) 2 (0-8) 12 (9-17)
CRP level, mg/liter 7 (3-17) 3 (0.9-9) 3 (1-9) 12 (3-30)
PG, mean (IQR) 42 (19-65) 39 (15-60) 40 (15-60) 56 (40—70)
DAS28-CRP 4.1 (2.3-5.8) 3.7 (2.4-4.9) 3.5 (2.4-4.7) 5.5 (4.9-6.4)

joints.
1 Baseline characteristics from the Nested-1 study.

* Values are the median (interquartile range [IQR]) unless otherwise indicated. RF = rheumatoid factor; anti-CCP =
anti—cyclic citrullinated peptide antibodies; N/A = not available; TJC28 = 28-joint tender joint count; SJC28 = 28-joint
swollen joint count; CRP = C-reactive protein; PG = patient global assessment; DAS28 = Disease Activity Score in 28

ACR-N was used (36,38). This study was not adequately
powered to examine the association with response in the
MTX and anti-TNF treatment arms separately, so these
arms were pooled.

RESULTS

Patient characteristics. The MBDA score was evaluated
in 4 cohorts (Table 1). Across the cohorts, the median age
ranged from 54-58 years, the median TJC28 ranged from
2-13, the median SJC28 ranged from 2—12, and the median
DAS28-CRP ranged from 3.5-5.5. The Nested-1 cohort,
used to evaluate therapy response, required active disease
at study entry and had higher baseline disease activity
than the other cohorts.

MBDA score validation and performance. Association
of the MBDA score with clinical disease activity in RA
patients. In the primary validation analysis, the MBDA
score was significantly associated with the DAS28-CRP in

both seropositive and seronegative patients (P < 0.001).
Performance using the AUROC for classifying patients into
low versus moderate to high disease activity was 0.77 and
0.70, and correlation with the DAS28-CRP was 0.56 and
0.43, in seropositive and seronegative patients, respec-
tively. Results for combined seronegative and seropositive
performance cohorts were similar (AUROC 0.76, Pearson’s
correlation = 0.57). The MBDA score categorized disease
activity similarly to the DAS28-CRP (see Supplementary
Table 2, available in the online version of this article at
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2151-
4658) and was also significantly correlated with the CDAI,
SDAI and RAPID3 (Table 2). Similarly, across all visits in
the Nested-1 study, the MBDA score was associated with
the DAS28-CRP, with an AUROC of 0.71 (P = 0.01) for low
versus moderate/high disease activity and an AUROC of
0.86 (P < 0.001) using the median DAS28-CRP as the
threshold. For subgroups of seropositive and seronegative
patients based on age, sex, BMI, and RA therapy, the

Table 2. Cross-sectional correlations with additional clinical disease activity measures
for the MBDA score and CRP*
Clinical Pearson’s
Biomarker measure measure correlation P N
Seropositive validation
MBDA score SDAI 0.55 < 0.001 148
MBDA score CDAI 0.48 < 0.001 148
CRP CDAI 0.44 < 0.001 148
MBDA score RAPID3 0.47 < 0.001 92
CRP RAPID3 0.37 < 0.001 92
Seronegative performance
MBDA score SDAI 0.29 < 0.001 139
MBDA score CDAI 0.21 0.02 139
CRP CDAI 0.20 0.02 139
MBDA score RAPID3 0.26 0.003 127
CRP RAPID3 0.26 0.003 127
* C-reactive protein (CRP) was log-transformed prior to analysis because Pearson’s correlation assumes
normally distributed data. MBDA = multibiomarker disease activity; SDAI = Simplified Disease Activity
Index; CDAI = Clinical Disease Activity Index; RAPID3 = Routine Assessment of Patient Index Data 3.
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Table 3. Clinical characteristics of patients based on multibiomarker disease activity
score classification of disease activity in validation studies*
CRP level,
TJC28, SJC28, PG, median DAS28-CRP,
N mean mean  mean mg/liter mean
Seropositive validation
Low: =29 51 3.9 3.0 29 1.4 2.65
Moderate: >29 to 44 66 8.3 5.9 42 4.9 3.92
High: >44 113 12.0 9.1 48 17.0 5.01
Seronegative validation
Low: =29 54 3.6 5.7 27 0.7 2.81
Moderate: >29 to 44 46 5.4 7.2 41 3.9 3.73
High: >44 41 9.8 11.0 52 15.0 4.98
* TJC28 = 28-joint tender joint count; SJC28 = 28-joint swollen joint count; PG = patient global
assessment; CRP = C-reactive protein; DAS28 = Disease Activity Score in 28 joints.

MBDA score was significantly associated with the DAS28-
CRP (P < 0.05) in all but the 2 smallest subgroups of
patients (seronegative men: n = 26; P = 0.84 and serone-
gative RA patients treated with anti-TNF medications: n =
28; P = 0.06).

The MBDA thresholds for low/moderate and moderate/
high disease activity were determined to be 29 and 44,
respectively, calculated from the DAS28-CRP thresholds
of 2.7 and 4.1, respectively (equivalent to DAS28 thresh-
olds of 3.2 and 5.1, respectively) (34). Subjects categorized
as having low, moderate, and high disease activity by the
MBDA score had progressively higher levels of all of the
individual components of the DAS28-CRP (Table 3).

Contribution of biomarkers other than CRP to the asso-
ciation between MBDA score and DAS28-CRP in sero-
positive patients. Because the MBDA score includes CRP,
itself a component of the DAS28-CRP, we used multivari-
ate regression analysis to assess whether the 11 other bio-
markers in the MBDA score made a significant additional
contribution to the association with the DAS28-CRP.
Therefore, we assessed whether the MBDA score (without
CRP) and CRP independently contributed to the prediction
of the overall DAS28-CRP. We also specifically assessed
their contribution to predicting the components of the
DAS28-CRP other than CRP itself, by repeating the analy-
sis for prediction of the DAS28-CRP with CRP removed. In
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Figure 2. Mean changes from baseline in the multibiomarker disease activity (MBDA) score. A, Change in the
MBDA score in all patients. B, Change in the MBDA score in Disease Activity Score in 28 joints using the
C-reactive protein level (DAS28-CRP) responders vs. nonresponders after treatment initiation in the Nested-1
study. Error bars show the 95% confidence interval (95% CI) of mean changes in the MBDA score. P values in
A are for the t-test of change from baseline. At the final visit (6 or 12 weeks), mean changes from baseline in
the MBDA score were —8.4 (95% CI —4.6, —12.2) for all patients (n = 45), —13.9 (95% CI —19.7, —8.1) for
DAS28-CRP responders (n = 24), and —2.1 (95% CI —5.7, 1.4) for nonresponders (n = 21). Similar results were
observed for patients with complete sample data, i.e., those with MBDA scores available at 0, 2, 6, and 12 weeks
(n = 27). A DAS28-CRP response was defined as a decrease in the DAS28-CRP of =1.2 units and an ending

DAS28-CRP score of <3.2 at the last study visit.
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Table 4. Association of changes in MBDA score and CRP with treatment-induced changes in clinical
disease activity in the Nested-1 study*

Clinical outcome at final visitt

AMBDA score ACRP*

Baseline to final visitt
ADAS28-CRP
ACR-N
Discrimination of clinically-defined response, AUROC
Baseline to final visitt
DAS28-CRP response
ACR50 response
Baseline to week 2
DAS28-CRP response
ACR50 response

Correlation to change in clinical disease activity, Spearman’s p

0.51 (P < 0.001)
0.45 (P = 0.002)

0.43 (P = 0.004)
0.33 (P = 0.027)

0.77 (P = 0.002)
0.69 (P = 0.03)

0.68 (P = 0.03)
0.59 (P = 0.30)

0.72 (P = 0.02)
0.65 (P = 0.11)

0.69 (P = 0.03)
0.51 (P = 0.91)

for 50% improvement.

* MBDA = multibiomarker disease activity; CRP = C-reactive protein; DAS28 = Disease Activity Score in 28 joints; ACR-N =
American College of Rheumatology N; AUROC = area under the receiver operating characteristic curve; ACR50 = ACR criteria

t The final visit for each patient corresponds to week 6 or 12 (last available).
# Percent change in CRP was used for AUROC; change in log(CRP) was used for correlation analyses.

multivariate regression analysis in seropositive patients,
both the MBDA score (without CRP) and CRP were inde-
pendent predictors of the overall DAS28-CRP (P < 0.001),
but only the MBDA score (without CRP) was an indepen-
dent predictor of DAS28-CRP with CRP removed (P <
0.001 for the MBDA score without CRP and P = 0.22 for
CRP). In seronegative patients, however, CRP, but not the
MBDA score (without CRP), was an independent predictor
of the overall DAS28-CRP (P < 0.001 and P = 0.37, respec-
tively), and neither CRP nor the MBDA score (without
CRP) contributed significantly to the prediction of DAS28-
CRP with CRP removed (P = 0.09 and P = 0.37, respec-
tively).

MBDA score and therapy response in the Nested-1 co-
hort. Association of changes in the MBDA score with
changes in clinically-assessed disease activity. The mean
MBDA score at baseline was 48 (n = 45; 95% confidence
interval 42, 54). MBDA scores dropped significantly from
baseline to weeks 2, 6, and 12 (P = 0.001), with most of the
reduction occurring by week 2 (Figure 2A). Changes in
MBDA scores from baseline to the final visit were signifi-
cantly correlated with the corresponding changes in the
DAS28-CRP (Spearman’s p = 0.51, P < 0.001) and final
ACR-N scores (Spearman’s p = 0.45, P = 0.002).

Discrimination of changes in the MBDA score in clinical
responders versus nonresponders. Of the 45 patients, 24
experienced a DAS28-CRP response (improvement in the
DAS28-CRP score of >1.2 and in the absolute DAS28-CRP
score of <3.2 at the final visit). The changes in the MBDA
score in DAS28-CRP responders and nonresponders are
shown in Figure 2B. In the primary analysis, the change in
MBDA score from baseline to the final visit discriminated
DAS28-CRP response with an AUROC of 0.77 (P = 0.002)
(Table 4). The change in MBDA score from baseline to
week 2 was also associated with DAS28-CRP response at
the final visit, with an AUROC of 0.72 (P = 0.02). Change
in the MBDA score had stronger observed associations
with DAS28-CRP response than did the change in CRP,

although these differences were not statistically signifi-
cant.

Comparison with CRP for discriminating ACR re-
sponses. We also compared the MBDA score to CRP for
discrimination of ACR responses, which are less influ-
enced by CRP than DAS28-CRP responses. The AUROC for
change in the MBDA score at the final study visit differ-
entiating ACR50 responders was greater than that for
change in CRP (P = 0.04). Change in the MBDA score at
week 2 was also more strongly associated with an ACR50
response than was the change in CRP (P = 0.007). The
correlation of change in the MBDA score at the final study
visit with the ACR-N was greater than that with CRP
(Spearman’s p = 0.45 versus 0.33), although this difference
was not statistically significant.

DISCUSSION

These results demonstrate a significant association be-
tween the MBDA score and the DAS28-CRP in heteroge-
neous groups of RA patients with diversity in autoanti-
body status, disease activity, and RA therapy receiving
care in multiple clinical centers. The MBDA score was
able to consistently distinguish patients in different cate-
gories of clinical disease activity. Our results provide ev-
idence of criterion validity for the MBDA test by demon-
strating a significant association with the DAS28-CRP and
other validated disease activity measures.

As a continuous score, the MBDA score was correlated
with the DAS28-CRP with coefficients of 0.56 and 0.43 in
seropositive and seronegative patients, respectively. In com-
parison, correlations to the DAS28-ESR and DAS28-CRP re-
ported for other clinical measures range from 0.43—0.70 for
the RAPID3 and from 0.51-0.54 for the multidimensional
and modified Health Assessment Questionnaires (39—41).
Correlations of the SDAI and CDAI with the DAS28-CRP
tend to be greater (range 0.80—0.93) (10,11), since these 3
measures have many components in common. The MBDA
score emphasizes the activity of underlying biologic path-
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ways rather than external signs and symptoms and should
therefore provide information that is different from, and
complementary to, clinical assessment. Studies are under-
way to assess the utility of the MBDA score when used
in conjunction with clinical assessment and to compare
cross-sectional and longitudinal relationships of different
disease activity measures (including the MBDA score) to
various RA outcomes, including imaging-based (e.g., mag-
netic resonance imaging [MRI], ultrasound, radiographs)
assessments of joint inflammation and damage progres-
sion.

In addition to criterion validity, results from the Nested-1
analysis provide evidence of the discriminant validity of
the MBDA score by demonstrating that changes in the
score were associated with both the DAS28-CRP and
ACR50 treatment response for patients receiving MTX or
anti-TNF therapy. MBDA scores declined more in clinical
responders than in nonresponders, with significant
changes detectable as early as 2 weeks after therapy initi-
ation. Our finding that an early drop in MBDA score was
indicative of subsequent DAS28-CRP response is intrigu-
ing and should be evaluated in larger studies to determine
whether the MBDA score might allow earlier evaluation of
treatment efficacy. Taken together, these findings suggest
that biomarkers may help assess treatment response, even
shortly after treatment initiation, in both clinical trials and
clinical practice.

The face validity of the MBDA test is supported by the
relationship of the component biomarkers to biologic
mechanisms relevant to RA disease activity. Despite the
fact that biomarker selection for the test was based on
statistical contribution to estimation of disease activity,
the MBDA biomarkers represent critical cytokine signaling
pathways in RA (IL-6, TNFRI) as well as hallmark RA
disease processes, including angiogenesis and tissue re-
modeling (VEGF-A, EGF), cell recruitment and invasion
(VCAM-1), cartilage remodeling (MMPs), and elevated
acute-phase response (CRP, SAA). Associations between
many of these biomarkers and disease activity have previ-
ously been reported (42—48).

Content validity requires comprehensive evaluation of
all relevant facets of disease activity (24,25). Since the
MBDA score does not include physical evaluation and is
intended to complement rather than replace clinical as-
sessment, content validity is both limited and less rele-
vant. While the MBDA score does not reflect signs and
symptoms, the 12 biomarkers are functionally diverse and
more biologically comprehensive than current laboratory
tests and clinical tools.

The diverse biology underlying the MBDA biomarkers is
also consistent with the hypothesis that integration of in-
formation from multiple pathways can enhance disease
activity assessment. To explore this hypothesis, we eval-
uated the contribution of non-CRP biomarkers to the
MBDA score and prediction of the DAS28-CRP. Our re-
sults verified that the MBDA score without CRP was an
independent predictor of the DAS28-CRP in seropositive
patients, indicating that the non-CRP biomarkers provide
additional information on disease activity in these pa-
tients. Characterization of the relationship between MBDA
score and outcomes not themselves based on CRP, such as

joint damage progression and disability, is currently un-
derway and will offer a more meaningful way to assess the
value of the MBDA score above and beyond CRP.

The patients examined in the validation studies were
diverse in terms of geographic origin and disease charac-
teristics, and they were not selected except for their clin-
ical disease activity levels. Consequently, the study results
indicate that the MBDA score is a valid measure of disease
activity in representative current RA patients, including a
variety of therapies and comorbidities. However, since
emerging therapies for RA may have novel effects on bio-
markers, it will be important to study the performance of
the score in patients treated with drugs with new mecha-
nisms of action. In addition, since some comorbidities can
affect biomarker levels, it is also important to investigate
whether they affect the relationship between the MBDA
score and clinical disease activity. No significant effects on
the MBDA score have been found for several comorbidities
commonly found in patients with RA (49), but further
studies are warranted.

Demonstration of the criterion, discriminant, and face
validity of the MBDA score is an important step in the full
qualification of this novel disease activity measure. These
findings support the use of the MBDA score as an objective
measure of disease activity that reflects the diverse under-
lying biology of RA. Ongoing and future research on the
MBDA score will include evaluating its relationship to
imaging-based assessment of inflammation (ultrasound
and MRI) and its construct validity by assessing its ability
to predict long-term outcomes such as RA flare, joint dam-
age progression, and disability. Ultimately, the clinical
utility of the MBDA test may be best determined by pro-
spective studies that evaluate whether patient outcomes
are improved by the use of the test as an adjunct to clinical
assessment.

ACKNOWLEDGMENTS

We gratefully acknowledge the patients, site investigators,
and study staff who participated. We also thank Dr. John
Carulli for cosponsoring the BRASS registry, and Laura
Penny and Linda ]. Kahl for editorial assistance.

AUTHOR CONTRIBUTIONS

All authors were involved in drafting the article or revising it
critically for important intellectual content, and all authors ap-
proved the final version to be published. Dr. Curtis 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. Curtis, Huizinga, Haney, Shen,
Cavet, Centola, Hesterberg, Chernoff, Ford, Fleischmann, Keystone,
Weinblatt.

Acquisition of data. Curtis, van der Helm-van Mil, Knevel, Huizinga,
Hesterberg, Shadick, Hamburger, Fleischmann, Keystone, Weinblatt.
Analysis and interpretation of data. Curtis, Huizinga, Haney,
Shen, Ramanujan, Cavet, Ford, Shadick, Fleischmann, Weinblatt.

ROLE OF THE STUDY SPONSOR

Biogen Idec and Crescendo Bioscience provided partial support
for the Brigham and Women’s Hospital Rheumatoid Arthritis
Sequential Study. Crescendo Bioscience designed and executed
the Index for Rheumatoid Arthritis Measurement study, was re-



1802

Curtis et al

sponsible for biomarker data collection and analysis, and contrib-
uted to writing of the manuscript. Publication of the manuscript
was subject to approval by all the authors, including those em-
ployed by these sponsors, but not otherwise contingent on the
sponsors’ approval.

REFERENCES

1.

10.

11.

12.

13.

14.

Singh JA, Furst DE, Bharat A, Curtis JR, Kavanaugh AF, Kre-
mer JM, et al. 2012 update of the 2008 American College
of Rheumatology recommendations for the use of disease-
modifying antirheumatic drugs and biologic agents in the
treatment of rheumatoid arthritis. Arthritis Care Res (Hobo-
ken) 2012;64:625-39.

. Combe B, Landewe R, Lukas C, Bolosiu HD, Breedveld F,

Dougados M, et al. EULAR recommendations for the manage-
ment of early arthritis: report of a Task Force of the European
Standing Committee for International Clinical Studies Includ-
ing Therapeutics (ESCISIT). Ann Rheum Dis 2007;66:34—45.

. Smolen JS, Aletaha D, Bijlsma JW, Breedveld FC, Boumpas D,

Burmester G, et al. Treating rheumatoid arthritis to target:
recommendations of an international task force. Ann Rheum
Dis 2010;69:631-7.

. 2012 Physician Quality Reporting System measure list and

implementation guide. 2011. URL: https://www.cms.gov/
PQRS/Downloads/2012_PhysQualRptg ImplementationGuide_
MeasuresList_12152011.zip.

. Goekoop-Ruiterman YP, de Vries-Bouwstra JK, Allaart CF,

van Zeben D, Kerstens PJ, Hazes JM, et al. Clinical and radio-
graphic outcomes of four different treatment strategies in pa-
tients with early rheumatoid arthritis (the BeSt study): a ran-
domized, controlled trial. Arthritis Rheum 2005;52:3381-90.

. Grigor C, Capell H, Stirling A, McMahon AD, Lock P, Vallance

R, et al. Effect of a treatment strategy of tight control for
rheumatoid arthritis (the TICORA study): a single-blind ran-
domised controlled trial. Lancet 2004;364:263—9.

. Schoels M, Knevel R, Aletaha D, Bijlsma JW, Breedveld FC,

Boumpas DT, et al. Evidence for treating rheumatoid arthritis
to target: results of a systematic literature search. Ann Rheum
Dis 2010;69:638—43.

. Van der Heijde DM, van ‘t Hof MA, van Riel PL, Theunisse

LA, Lubberts EW, van Leeuwen MA, et al. Judging disease
activity in clinical practice in theumatoid arthritis: first step
in the development of a disease activity score. Ann Rheum
Dis 1990;49:916-20.

. 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 valida-
tion in a prospective longitudinal study of patients with rheu-
matoid arthritis. Arthritis Rheum 1995;38:44—38.

Smolen JS, Breedveld FC, Schiff MH, Kalden JR, Emery P,
Eberl G, et al. A simplified disease activity index for rheuma-
toid arthritis for use in clinical practice. Rheumatology (Ox-
ford) 2003;42:244-57.

Aletaha D, Nell VP, Stamm T, Uffmann M, Pflugbeil S, Ma-
chold K, et al. Acute phase reactants add little to composite
disease activity indices for theumatoid arthritis: validation of
a clinical activity score. Arthritis Res Ther 2005;7:R796—806.
Pincus T, Yazici Y, Bergman M, Maclean R, Harrington T. A
proposed continuous quality improvement approach to as-
sessment and management of patients with rheumatoid
arthritis without formal joint counts, based on quantitative
Routine Assessment of Patient Index Data (RAPID) scores
on a Multidimensional Health Assessment Questionnaire
(MDHAQ). Best Pract Res Clin Rheumatol 2007;21:789—-804.
Pincus T, Swearingen CJ, Bergman M, Yazici Y. RAPID3 (Rou-
tine Assessment of Patient Index Data 3), a rheumatoid arthri-
tis index without formal joint counts for routine care: pro-
posed severity categories compared to Disease Activity Score
and Clinical Disease Activity Index categories. ] Rheumatol
2008;35:2136—47.

Grunke M, Antoni CE, Kavanaugh A, Hildebrand V, Dechant
C, Schett G, et al. Standardization of joint examination tech-

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

nique leads to a significant decrease in variability among
different examiners. ] Rheumatol 2010;37:860—4.

Klinkhoff AV, Bellamy N, Bombardier C, Carette S, Chalmers
A, Esdaile JM, et al. An experiment in reducing interobserver
variability of the examination for joint tenderness. ] Rheuma-
tol 1988;15:492—4.

Van der Heijde D, Landewe R, van Vollenhoven R, Fatenejad
S, Klareskog L. Level of radiographic damage and radio-
graphic progression are determinants of physical function: a
longitudinal analysis of the TEMPO trial. Ann Rheum Dis
2008;67:1267-70.

Graudal N, Tarp U, Jurik AG, Galloe AM, Garred P, Milman N,
et al. Inflammatory patterns in rheumatoid arthritis estimated
by the number of swollen and tender joints, the erythrocyte
sedimentation rate, and hemoglobin: longterm course and
association to radiographic progression. ] Rheumatol 2000;27:
47-57.

Plant MJ, Williams AL, O’Sullivan MM, Lewis PA, Coles EC,
Jessop JD. Relationship between time-integrated C-reactive
protein levels and radiologic progression in patients with
rheumatoid arthritis. Arthritis Rheum 2000;43:1473-7.
Gabay C, Kushner I. Acute-phase proteins and other systemic
responses to inflammation. N Engl ] Med 1999;340:448-54.
Keenan RT, Swearingen CJ, Yazici Y. Erythrocyte sedimenta-
tion rate and G-reactive protein levels are poorly correlated
with clinical measures of disease activity in rheumatoid ar-
thritis, systemic lupus erythematosus and osteoarthritis pa-
tients. Clin Exp Rheumatol 2008;26:814—9.

Rhodes B, Merriman ME, Harrison A, Nissen M]J, Smith M,
Stamp L, et al. A genetic association study of serum acute-
phase C-reactive protein levels in rheumatoid arthritis: impli-
cations for clinical interpretation. PLoS Med 2010;7:
€1000341.

Sokka T, Pincus T. Erythrocyte sedimentation rate, C-reactive
protein, or rheumatoid factor are normal at presentation in
35%-45% of patients with rheumatoid arthritis seen between
1980 and 2004: analyses from Finland and the United States.
] Rheumatol 2009;36:1387-90.

Cavet G, Centola M, Shen Y, Haney D, Smith D, Hesterberg L,
et al. Development of a multi-biomarker test for rheumatoid
arthritis (RA) disease activity [abstract]. Ann Rheum Dis
2010;69 Suppl:148.

Van der Heijde DM, van ‘t Hof MA, van Riel PL, van Leeuwen
MA, van Rijswijk MH, van de Putte LB. Validity of single
variables and composite indices for measuring disease activ-
ity in rheumatoid arthritis. Ann Rheum Dis 1992;51:177—-81.
Tugwell P, Bombardier C. A methodologic framework for
developing and selecting endpoints in clinical trials. ] Rheu-
matol 1982;9:758—62.

Wells G, Becker JC, Teng J, Dougados M, Schiff M, Smolen J,
et al. Validation of the 28-joint Disease Activity Score
(DAS28) and European League Against Rheumatism response
criteria based on C-reactive protein against disease progres-
sion in patients with rheumatoid arthritis, and comparison
with the DAS28 based on erythrocyte sedimentation rate. Ann
Rheum Dis 2009;68:954—60.

Fleischmann RM, Curtis JR, Hamburger MH, Blumstein H,
Swan K, Cavet G, et al. RA population characteristics in
InFoRM, a longitudinal observational study [abstract]. Ann
Rheum Dis 2010;69 Suppl:657.

Iannaccone CK, Lee YC, Cui J, Frits ML, Glass RJ, Plenge RM,
et al. Using genetic and clinical data to understand response
to disease-modifying anti-rheumatic drug therapy: data from
the Brigham and Women’s Hospital Rheumatoid Arthritis
Sequential Study. Rheumatology (Oxford) 2010;50:40—6.

De Rooy DP, van der Linden MP, Knevel R, Huizinga TW, van
der Helm-van Mil AH. Predicting arthritis outcomes: what
can be learned from the Leiden Early Arthritis Clinic? Rheu-
matology (Oxford) 2010;50:93-100.

Parker A, Izmailova ES, Narang J, Badola S, Le T, Roubenoff R,
et al. Peripheral blood expression of nuclear factor-kb-regu-
lated genes is associated with rheumatoid arthritis disease
activity and responds differentially to anti-tumor necrosis
factor-a versus methotrexate. ] Rheumatol 2007;34:1817-22.



Novel Multibiomarker Disease Activity Test for RA

1803

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Todd DJ, Knowlton N, Amato M, Frank MB, Schur PH, Izmai-
lova ES, et al. Erroneous augmentation of multiplex assay
measurements in patients with rheumatoid arthritis due to
heterophilic binding by serum rheumatoid factor. Arthritis
Rheum 2011;63:894—-903.

Eastman S, Manning B, Qureshi F, Cavet G, Haney D, Shen Y,
et al. Assay development for precise measurement of disease
activity serum biomarkers [abstract]. Ann Rheum Dis 2010;69
Suppl:179.

Bakker MF, Bijlsma JW, Jacobs JW, Haney D, Shen Y, Hester-
berg LK, et al. Performance of serum biomarkers and multi-
variate biomarker-based test to measure disease activity in
early rheumatoid arthritis treated according to the CAMERA
protocol [abstract]. Ann Rheum Dis 2010;69 Suppl:350.
Inoue E, Yamanaka H, Hara M, Tomatsu T, Kamatani N.
Comparison of Disease Activity Score (DAS)28-erythrocyte
sedimentation rate and DAS28- C-reactive protein threshold
values. Ann Rheum Dis 2007;66:407-9.

Fleiss JL, Cohen JD. The equivalence of weighted « and the
intraclass correlation coefficient as measures of reliability.
Educ Psychol Meas 1973;33:613-9.

Felson DT, Anderson JJ, Boers M, Bombardier C, Furst D,
Goldsmith C, et al. American College of Rheumatology pre-
liminary definition of improvement in rheumatoid arthritis.
Arthritis Rheum 1995;38:727-35.

Efron B. Better bootstrap confidence intervals. ] Am Stat As-
soc 1987;82:171-85.

Bathon JM, Martin RW, Fleischmann RM, Tesser JR, Schiff
MH, Keystone EC, et al. A comparison of etanercept and
methotrexate in patients with early rheumatoid arthritis.
N Engl ] Med 2000;343:1586—93.

Pincus T, Swearingen CJ, Bergman M], Colglazier CL, Kaell
AT, Kunath AM, et al. RAPID3 (Routine Assessment of Pa-
tient Index Data) on an MDHAQ (Multidimensional Health
Assessment Questionnaire): agreement with DAS28 (Disease
Activity Score) and CDAI (Clinical Disease Activity Index)
activity categories, scored in five versus more than ninety
seconds. Arthritis Care Res (Hoboken) 2010;62:181-9.
Sullivan MB, Iannaccone C, Cui J, Lu B, Batra K, Weinblatt M,

41.

42.

43.

44,

45.

46.

47.

48.

49.

et al. Evaluation of selected rheumatoid arthritis activity
scores for office-based assessment. ] Rheumatol 2010;37:
2466-8.

Uhlig T, Kvien TK, Pincus T. Test-retest reliability of disease
activity core set measures and indices in theumatoid arthritis.
Ann Rheum Dis 2009;68:972-5.

Cunnane G, Grehan S, Geoghegan S, McCormack C, Shields D,
Whitehead AS, et al. Serum amyloid A in the assessment of
early inflammatory arthritis. ] Rheumatol 2000;27:58—-63.
Johansen JS, Stoltenberg M, Hansen M, Florescu A, Horslev-
Petersen K, Lorenzen I, et al. Serum YKL-40 concentrations in
patients with theumatoid arthritis: relation to disease activity.
Rheumatology (Oxford) 1999;38:618-26.

Kurosaka D, Hirai K, Nishioka M, Miyamoto Y, Yoshida K,
Noda K, et al. Clinical significance of serum levels of vascular
endothelial growth factor, angiopoietin-1, and angiopoietin-2
in patients with rheumatoid arthritis. ] Rheumatol 2010;37:
1121-8.

Lee SW, Park MC, Park YB, Lee SK. Measurement of the
serum leptin level could assist disease activity monitoring in
rheumatoid arthritis. Rheumatol Int 2007;27:537—40.
Milman N, Karsh J, Booth RA. Correlation of a multi-cytokine
panel with clinical disease activity in patients with rheuma-
toid arthritis. Clin Biochem 2010;43:1309—-14.

Tchetverikov I, Lard LR, DeGroot J, Verzijl N, TeKoppele JM,
Breedveld FC, et al. Matrix metalloproteinases-3, -8, -9 as
markers of disease activity and joint damage progression in
early rheumatoid arthritis. Ann Rheum Dis 2003;62:1094 9.
Valle Y, Ledezma-Lozano IY, Torres-Carrillo N, Padilla-
Gutierrez JR, Navarro-Hernandez RE, Vazquez-Del Mercado
M, et al. Circulating TNFRI and TNFRII levels correlated with
the Disease Activity Score (DAS28) in rheumatoid arthritis.
Scand ] Rheumatol 2009;38:332-5.

Shadick NA, Chernoff D, Hamburger M, Curtis JR, Cavet G,
Ford K, et al. Robustness of a novel multi-biomarker score for
RA disease activity (Vectra DA) across a spectrum of co-
morbidities and smoking status [abstract]. Ann Rheum Dis
2011;70 Suppl:446.



