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Background
Rheumatoid arthritis (RA) is a chronic inflammatory joint 
disorder that often leads to impaired function and decreased 
quality of life (QOL).1,2 Since the release of anti-tumor necro-
sis factor (anti-TNF) therapy, RA patient outcomes have 
improved considerably, although up to 40% of patients fail to 
meet the primary endpoints in clinical trials.3–8 Furthermore, 
even primary responders to biologic agents often experience 
joint flares over the course of their disease, characterized by 
pain, swelling, and limited range of motion. To address gaps 
in our understanding of rheumatoid flare, current studies are 

focused on elucidating the underlying mechanisms, identifying 
prognostic biomarkers, and defining novel drug targets for 
therapeutic intervention.

Our research on arthritic flare utilized longitudinal 
contrast-enhanced magnetic resonance imaging (CE-MRI) 
in murine models of RA,9–13 including the TNF-transgenic 
(TNF-Tg) mouse.9,14 The results from these studies defined 
distinct and quantitative phenotypes of expanded and collapsed 
lymph node (LN) draining diseased joints as valid biomark-
ers of arthritic progression.15–17 Prior to symptomatic disease, 
draining LNs undergo volume expansion due to increased 
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Abstract
Objectives: The mechanisms that trigger flare in rheumatoid arthritis (RA) are unknown. In murine arthritis models, dysfunctional lymph node 
(LN) drainage is associated with joint flare. To examine if LN alterations are associated with RA flare, we analyzed the change in LN volume via contrast-
enhanced magnetic resonance imaging (CE-MRI) in patients with active joint flare at baseline and 16 weeks after certolizumab pegol (CZP) therapy. We 
also assessed the changes in popliteal or epitrochlear LN volumes versus the Rheumatoid and Arthritis Outcome Score (RAOS) (knee), or the Michigan 
Hand Questionnaire (MHQ ; wrist/hand), and Disease Activity Score 28 (DAS28), at baseline and 16 weeks.
Results: Total LN volume in 7 of 10 patients with measurable LN on CE-MRI significantly decreased 16 weeks after CZP therapy (mean decrease 37%; 
P = 0.0019). Improvement in knee pain measured by the RAOS (P = 0.03) inversely correlated with a decrease in total popliteal LN volume (R2 = 0.94). All 
patients demonstrated significant improvement in DAS28 (mean decrease 1.48; P = 0.0002). For flare in the hand, significant improvement in activities of 
daily living (ADL) as measured by the MHQ was observed (left hand mean improvement 20%; P = 0.02; right hand mean improvement 37%; P = 0.03).
Conclusion: RA patients with the smallest change in LN volume during anti-tumor necrosis factor (anti-TNF) therapy experienced the greatest pain 
relief in symptomatic knee joints. Moreover, the remarkably linear inverse correlation between LN volume and joint pain observed in this small clinical pilot 
provides initial evidence to support the concept that dynamic changes in draining LN volume are a biomarker of clinical response to therapy in RA.
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lymphangiogenesis, lymph egressing from the affected joint, 
and accumulation of inflammatory cells including a promi-
nent subset of CD23(+)/CD21(hi) B-cells in inflamed nodes 
(Bin) (expanded phenotype),11,15 which was recently con-
firmed in RA LN.18 Acute arthritic flare commences when 
the inflammatory efflux from the diseased joint overwhelms 
the lymphatic drainage capacity. Treatment with an anti-TNF 
agent is effective in this model because it reduces inflamma-
tion while maintaining lymphatic flow to expanding LNs.10 
In contrast, persistent joint inflammation observed in mice 
with sustained arthritic flare is associated with the collapse 
of draining LNs (collapsed phenotype) and the interruption 
of lymphatic flow.12,19 LN phenotypes predictive of flare were 
validated with prophylactic and therapeutic drug studies in 
mice.11,12 While early clinical studies that focus on the drain-
ing LN as a biomarker of RA disease and response to anti-
TNF therapy are under way,20,21 the presence of expanded 
and collapsed LNs in RA and their potential association with 
therapeutic response to anti-TNF therapy are not known.

Another major challenge in this field is the absence of 
objective criteria to define and quantify flare in specific diseased 
joints in RA patients. To better define flare, the OMERACT 
Rheumatoid Arthritis Flare Group identified a core domain set 
that includes pain and function in order to measure RA flare. 
Furthermore, disease activity indices including the disease activ-
ity scale 28 (DAS28) to measure overall activity and the Rheu-
matoid and Arthritis Outcome Score (RAOS)22 and Michigan 
Hand Questionnaire (MHQ)23,24 to measure acute knee and 
wrist synovitis, respectively, are validated tools to determine the 
impact of rheumatic flare on patient outcomes.25

The preclinical studies outlined above suggest an impor-
tant interplay between draining LN phenotype and the response 
to therapy in the flaring joint proximal to the LN. Given that 
joint-specific outcome measures of RA activity (RAOS and 
MHQ) are now available, we performed the first pilot study to 
evaluate the relationship between draining LN volume and pain 
in patients receiving anti-TNF [certolizumab pegol (CZP)] 
therapy for RA flare. Furthermore, we examined if the LN bio-
marker phenotypes identified in the murine studies were also 
present in human RA by using the same longitudinal CE-MRI 
approach. Specifically, in RA patients with joint flare, we ana-
lyzed change in LN volume pre- and posttreatment with CZP 
in nodes draining joints with active synovitis.

Methods
Patients. Ten patients with active flare of a single wrist 

or knee were enrolled. Patients with a diagnosis of RA who 
presented with new-onset active asymmetric synovitis of the 
knee or hand were evaluated in the rheumatology clinic at the 
University of Rochester Medical Center and consecutively 
recruited to the study. Patients fulfilled the American College 
of Rheumatology (ACR) 1987 classification criteria for 
RA26 and were recruited from January 2011 to August 2013. 
Standard blood tests [including C-reactive protein (CRP) 

and erythrocyte sedimentation rate (ESR)] and a clinical 
examination were performed at baseline. Disease activity scores 
were measured in an unblinded fashion. DAS28, RAOS, and 
MHQ were completed before and after therapy. Patients with 
lower extremity flare completed the RAOS and patients with 
upper extremity flare completed the MHQ. Patients were 
excluded if they had a contraindication to anti-TNF therapy, 
a glomerular filtration rate ,30 mL/min/1.73 m2, or a medi-
cal condition or device that precluded performance of study-
related procedures. Patients on current anti-TNF therapy were 
excluded; prior anti-TNF therapy was acceptable if patients 
had been off the agent for six months. Patients on concomi-
tant disease-modifying antirheumatic drugs (DMARDs) or 
steroids were included. The study design was approved by the 
Ethics Committee of the University of Rochester, and sub-
jects’ written informed consent was obtained in accordance 
with the Declaration of Helsinki.

MRI studies. MRI scans were performed in a 3  T 
Siemens Trio (Siemens Medical Solutions) at baseline and 
after 16 weeks of CZP therapy, administered subcutaneously 
with a loading dose of 400 mg followed by 400 mg monthly. 
The affected joint was imaged in a dedicated extremity coil 
on a GE Signa scanner. Standard positioning was adhered to. 
Multiplane (axial, coronal, and sagittal) images were acquired 
at 3 T field strength [matrix 320 × 320, field of view (FOV) 
14–16 cm] utilizing T1-weighted (2 mm slice thickness), pro-
ton density-weighted (2  mm slice thickness), T2-weighted 
fat-suppressed (3 mm slice thickness), and T1-weighted fast 
spoiled gradient echo (FSPGR; 0.5  mm slice thickness) 
sequences before gadolinium. Following the administration 
of 0.1  mmol/kg of gadolinium-diethylenetriamine penta
acetic acid (Gd-DTPA) delivered manually into a cubital/
antecubital vein through a cannula that was inserted before 
the examination, imaging was again performed, 10 minutes 
after injection, using 3D T1 FSPGR. Total imaging time was 
approximately 45 minutes.

CE-MRI analyses. CE-MRI was used to measure 
synovial and LN contrast enhancement, and Amira (TGS 
Unit; Mercury Computer Systems) to quantify LN volume 
as described in Figure 1. In brief, the 3D stack of precontrast 
scans was aligned with postcontrast scans via automatic regis-
tration. Then, a stack of images was generated by subtracting 
the precontrast scans from the postcontrast scans using the 
Arithmetic module. The synovial and LN volumes were seg-
mented by manually drawing region of interests (ROIs) on the 
3D stack. Contrast enhancement is defined as the synovial or 
LN signal intensity divided by the mean muscle signal inten-
sity. Two musculoskeletal radiologists (GD and VK) blinded 
to pre- and posttherapy scans independently determined 
LN volumes for all nodes entirely captured in the scans. LN 
measurements were analyzed off axial T1 post gadolinium 
images, and short axis, long axis, and height were determined 
for each node. LN volume for each node was calculated and 
average LN volume was determined by adding all volumes 
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and dividing by the number of nodes (range: 1–7 nodes). 
Repeated scans and 3D segmentation analyses revealed that 
LN volume calculations are reliable, and thus were used as a 
primary outcome measure in this study. Conversely, murine 
studies demonstrated that 3D rendering of the contrast 
enhancement of the synovium also includes the synovial fluid 
space and adjacent soft tissues and that quantification of these 
volumes is highly susceptible to change from joint position-
ing in longitudinal CE-MRI. Thus, for this study, the 3D 
synovial rendering serves as a descriptive biomarker to aid in 
landmark identification of the LN.

Statistical analysis. For LN volume measurements, 
we analyzed interreader reliability by calculating the intrac-
lass correlation coefficient (ICC) for absolute agreement. We 
applied paired t-tests after confirming normal distribution 
of data using Kolmogorov-Smirnov (KS) normality test and 
Wilcoxon signed-rank test for nonnormalized distribution. 
Correlations between measurements were estimated using 
Pearson’s correlation coefficient. P-values less than 0.05 were 
considered significant and P-values less than 0.002 were con-
sidered highly significant.

Results
Demographic information of RA patients. Table  1 

shows the demographics of the 10 RA patients who com-
pleted the 16-week study. Ages ranged from 21 to 71 years, 
and the majority of patients were female (80%), as expected in 
a population with RA. None of the patients were previously 
treated with the long-acting anti-TNF agent CZP; how-
ever, 4 of 10 patients had previously received other anti-TNF 
agents. All patients were on maintenance medications prior 
to enrollment. Using Amira computer software, a 3D volume 
rendering of the affected synovium and LNs was obtained 
(Fig. 1, Supplementary Movie 1). This type of image allows 

for a more complete visualization of destructive changes to the 
synovium and localizes LNs not easily detectable on standard 
MRI imaging.

RAOS Pain subscale score correlates with LN volume. 
All 10 patients treated for 16 weeks with CZP demonstrated 
significant improvement in DAS28 scores compared to base-
line (Supplementary Fig.  1, P  =  0.0002). Six of 10 patients 
experienced a knee flare, and therefore completed the RAOS. 
Of the subscales measured in this instrument (pain, other 
symptoms, activities of daily living (ADL), sport and rec-
reational activities, and QOL), only pain improved signifi-
cantly after therapy (Fig. 2, P = 0.03). Additionally, a trend 
toward improvement was noted in ADL (P = 0.08) and QOL 
(P = 0.06). Four of 10 patients had wrist flare and completed 
the MHQ , which measures separate ADL and total score. 
Despite the relatively small number of patients, a significant 
improvement in ADL was observed for both hands (left hand 
mean improvement 20%; P = 0.02; right hand mean improve-
ment 37%; P = 0.03).

Two radiologists measured LN volumes independently, 
with a very high interreader reliability (ICC = 0.99). Analysis 
was performed on pooled readings. Three of 10 patients (all 
with upper extremity involvement) did not have LN visualized 
on imaging. All 7 of 10 patients with evaluable LNs noted 
on MRI demonstrated a significant decline in LN volume 
over the 16-week treatment course (Fig. 3, P = 0.0019). Inter-
estingly, the LN volume decline in flaring knee joints fol-
lowing treatment inversely correlated with the magnitude 
of pain score improvement in that joint (Fig. 4, P = 0.002). 
In contrast, regression analysis did not reveal a correlation 
(direct or inverse) between DAS28  scores and LN volume. 
Quantification of LN contrast enhancement could not be per-
formed due to coexistent renal insufficiency or the inability to 
perform repeat CE studies.

Figure 1. CE-MRI and 3D volume rendering of asymmetric rheumatoid arthritis knee flare. A representative 2D image of a CE-MRI of the knee (left) is 
shown to illustrate the primary data used for 3D volume rendering (right) of the synovium (red) and popliteal lymph nodes (blue, green and yellow), which 
were obtained from a RA patient with asymmetric knee flare prior to CZP therapy.
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evaluated by MRI, declined in all patients with measurable 
nodes. Interestingly, this LN volume decline is consistent 
with our murine studies in which during the early phase 
of arthritic flare when LN volumes are expanded treatment 
with anti-TNF agents was associated with a decline in LN 
volume.10 We found that the decline in LN volume corre-
lated with decreased joint inflammation in the mouse model 

Discussion
Although Chauffard and Ramon first described LN involve-
ment in RA patients over a century ago,27,28 our understand-
ing of the nature of this relationship remained limited due 
to the absence of quantitative outcome measures. To address 
this gap, we describe the first clinical pilot to examine the 
effect of anti-TNF therapy on LNs draining an actively 
inflamed, flaring RA joint. We noted that LN volumes, 
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Figure 2. Improved Pain Scores with CZP Therapy. RAOS pain subscale 
scores (lower score = greater pain) were collected on the six patients 
with knee arthritis before and after CZP therapy, and the graphed results 
demonstrate improvement (increased RAOS Pain Subscale) in 5 out of 
6 patients after treatment. The legend numbers reflect patient study ID 
numbers. The mean increase in RAOS Pain Subscale for the group is 
13%; *P = 0.03.
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Figure 3. Decreased Draining Lymph Node Volume with CZP Therapy. 
Lymph node volumes were quantified from CE-MRI pre and post-CZP 
therapy as described in Figure 1, and the data from the seven patients 
with evaluable lymph nodes draining flaring RA joints is presented to 
illustrate the decrease in lymph node volume with CZP therapy. Of note 
is that three out of the ten patients enrolled did not have detectable LNs 
on CE-MRI imaging. The mean decrease in lymph node volume for the 
group is 36% *P = 0.0019.

Table 1. Characteristics of the study patients.

Patient Age 
(yo)

Gender Disease 
Duration (yr)

Medications Comorbidities ∆ CRP % ∆ 
DAS28

1 61 F 0.5 Meloxicam, MTX, prednisone, 
tramadol

Osteoarthritis +1.12 –16

2 42 M 8 Hydroxychloroquine, MTX, 
prednisone, sulfasalazine, tramadol

– −2.27 –30

3 64 F 7 Etanercept*, hydroxychloroquine, 
MTX, prednisone

– +6.00 –37

4 28 F 1 MTX Depression –8.00 –38

5 39 F 6 MTX, prednisone – –23.00 –60

6 21 F 0.5 Meloxicam, MTX, prednisone, 
tramadol

Osteoarthritis learning disability +10.00 –17

7 46 F 19 Etanercept*, MTX, naproxen, 
prednisone, tramadol

– −25.00 –18

8 71 F 17 Adalimumab*, etanercept*, 
hydroxychloroquine, MTX, 
prednisone

Hyperlipidemia scoliosis congenital 
spondylolisthesis obstructive sleep 
apnea chronic peripheral venous 
insufficiency osteopenia osteoarthritis 
peripheral neuropathy

−1.00 –51

9 46 F 19 Etanercept*, MTX,
naproxen, prednisone, tramadol

– −25.00 –18

10 55 M 17 Prednisone Hyperlipidemia +3.00 –15

Note: *Prior use.
Abbreviations: CRP, C-reactive protein; DAS28, Disease Activity Score 28; MTX, methotrexate.
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and parallel events may be operative in human RA. It should 
be noted that other imaging techniques have recently gar-
nered interest in evaluation and quantification of RA sever-
ity including 18F-fluorodeoxyglucose positron emission 
tomography combined with computed tomography (FDG-
PET/CT)29,30 and optical spectral transmission imaging.31 
However, we used MR imaging due to the lack of expo-
sure to radiation and because of its specificity in localizing 
soft tissue changes necessary in evaluating LN changes. It 
is important to note that the MHQ and RAOS are mea-
sures of single joint activity (hand and knee respectively) 
and even though the DAS28 score decreased in all subjects, 
it did not correlate highly with improvement in the flar-
ing joint. Thus, inclusion of a local measure of single joint 
disease activity, such as the RAOS, proved to be critical for 
interpreting changes in LN volume as a potential response 
biomarker. Moreover, in the subset of patients with knee 
arthritis, improvement in knee pain inversely correlated 
with the extent of decline in LN volume. Specifically, the 
patients with the greatest pain relief showed the least change 
in LN volume. Taken together with our preclinical results, 
we interpret this initial observation to suggest that decre-
ments in LN volume likely are associated with maintenance 
of LN function and lymph flow and a reduction of synovial 
inflammation, whereas LNs that undergo high volume loss 
signify a collapsed phenotype with impaired lymphatic flow. 
Admittedly, our murine studies show a clear delineation 

between expanding and collapsed LN phenotype, which we 
were unable to capture in this initial clinical pilot study.

Another interesting observation was that of the four 
patients with upper extremity arthritis, three did not have 
measurable LNs, preventing correlation with clinical param-
eters of disease activity. Notably, all three of these patients had 
long-standing disease of more than 10 years (mean disease 
duration 14.6 versus 6.0 years in the other seven patients). One 
conceivable explanation is that long-term chronic rheumatoid 
inflammation may lead to damage of lymphatic vessels and 
draining LNs from the active joint as was demonstrated in the 
TNF-Tg mouse model of RA.19 This effect would have greater 
impact on the upper extremities because of fewer draining 
nodes in the upper extremity compared to the lower extrem-
ity.32 Further studies will be necessary to determine at which 
time a draining LN becomes nonfunctional.

Our study has two limitations that are currently being 
addressed as future directions. The first is the small sample size, 
although we did include subjects with diverse disease charac-
teristics including those with newly diagnosed RA and indi-
viduals with long-standing disease. The second limitation is our 
inability to directly measure lymphatic function due to technical 
challenges in quantifying LN contrast enhancement. To address 
these limitations and further elucidate the role of lymphatics in 
RA flare, we have initiated a study using state-of-the-art near 
infrared indocyanine green (NIR-ICG) imaging techniques in 
patients with early disease who flare compared to those with 
long-standing disease and chronic persistent synovitis. This 
imaging modality provides accurate images that demonstrate 
striking lymphatic dysfunction in chronic noninflammatory 
conditions such as lymphedema,33,34 and we anticipate that it 
will provide insights into RA lymphatic function.

Conclusions
The results from this pilot study provide preliminary human 
validation of our findings in murine RA models, which indi-
cate that lymphatic dysfunction modulates joint inflamma-
tion. Additional studies will likely delineate the mechanisms 
underlying lymph flow from inflamed joints and unveil new 
therapeutic targets to prevent or attenuate joint flare in RA.
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Supplementary Material
Supplemental Figure 1. Improved disease activity score 

with CZP therapy. All ten patients enrolled in the study 
showed an improved disease activity score (DAS). Measure-
ments were recorded at baseline (pre-treat) and after 16 weeks 
of therapy with CZP (post-treat). *P = 0.0002.

Supplementary Movie 1. A 3D volume rendering of 
affected synovium and LNs.
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