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Abstract

Objective: Assess differences in lymphatic function of RA hands with active synovitis versus
healthy controls (Ctl) via near infrared-indocyanine green (NIR-ICG) imaging.

Methods: NIR imaging of 13 Ctl and 8 RA subjects with active disease (DAS28 > 4.4) was
performed following web space injection of 0.1ml of 100uM ICG. Percent ICG retention from the
web spaces was determined via NIR imaging at baseline and 7+1 day after the initial injections;
image analysis provided contraction frequency. ICG* LV length and branching architecture.

Results: Retention of ICG in RA hands increased compared to Ctl (84+28% vs. 53+19%
respectively; p<0.01). The average contraction frequency in ICG* LV between Ctl and RA
subjects (0.51+0.35 vs 0.53+0.39 contractions/min) did not differ. Total ICG* LV length in RA
hands was reduced (58.3+£15.0 vs. 71.4+16.1cm; p<0.001), concomitant with a decrease in the
number ICG* basilic-LVs vs. Ctl (p<0.05).

Conclusions: Lymphatic drainage in the hands of RA patients with active disease was reduced
compared to controls. This reduction was associated with less total length of ICG* LVs on

the dorsal surface of the hands, which continued to contract at a similar rate to controls.

These findings provide a plausible mechanism for exacerbation of synovitis and joint damage.
Specifically, the accumulation and retention of inflammatory cells and catabolic factors in RA
joints due to impaired efferent lymphatic flow. NIR-ICG imaging of RA hands is feasible and
warrants formal investigation as a primary outcome measure of arthritis disease severity and/or
persistence in future clinical trials.

INTRODUCTION

Rheumatoid Arthritis (RA) is a debilitating progressive immune-mediated inflammatory
joint disease that can lead to chronic pain and functional impairment [1]. A major challenge
for both patients and practitioners is the propensity of the disease to flare, and the relative
refractory nature of persistent disease despite aggressive therapy [1]. New insights into the
etiopathogenesis of RA are needed to identify new targets and improve treatment response.
One area of interest receiving increased attention in RA is lymphatics pathology and
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dysfunction based on preclinical arthritis models, where the lymphatic system is strongly
implicated in the onset of synovitis and disease progression [2, 3].

The lymphatic system provides homeostatic turnover of interstitial fluid and trafficking of
immune cells to the closest lymph node [4, 5]. Multiple studies in murine RA models
demonstrated dramatic changes in both lymphatic vessel (LV) contractions and the joint
draining lymph node (LN) volume with disease progression [6-17]. During the early
and middle phases of musculoskeletal inflammation, the joint draining LN undergoes a
rapid increase in volume several fold greater than unaffected LNs. Following this initial
expansion, LN volume decreases, and this change is accompanied by a concomitant
cessation of LV contractions. The loss of LN volume and LV contractility coincides with
end stage disease, leading to the hypothesis that altered lymphatic function promotes and
sustains synovitis and may serve as a biomarker to assess the activity and reversibility of
chronic joint inflammation [2].

Imaging studies of lymphadenopathy in RA patients report significant alterations in the

size and morphology of draining LNs. In a small cohort of flaring RA subjects, contrast
enhanced MR imaging of draining LNs displayed a reduction of LN volume after treatment
[18]. Manzo and colleagues used power Doppler ultrasound (PDUS) imaging of the axillary
LNs in RA subjects with active hand disease to demonstrate hypertrophy of the node cortex
without clinical lymphadenopathy along with a strong PDUS signal in the cortical and

hilar regions [19]. Patients refractory to disease modifying anti-rheumatic drugs (DMARDS)
displayed a significant increase in LN volume and PDUS signal compared to healthy
controls24 weeks after the initiation of anti-TNF therapy and these LN characteristics were
all decreased [20]. A retrospective chart review of 78 patients with RA who underwent a
chest CT found that simple disease activity index (SDAI) scores were significantly higher
in patients with mediastinal and axillary LNs larger than 10 mm compared to patients with
LNs less than 10 mm [21]. While these reports focused on the joint draining LNSs, studies
investigating generalized LV function in RA have not been reported.

Near infrared (NIR) imaging enables quantification of lymphatic function following the
injection of a fluorescent tracer that is incorporated into the interstitial fluid [22]. In murine
models of inflammatory arthritis, NIR imaging studies following subdermal injections

of indocyanine green (ICG) clearly demonstrated abnormal LV function during arthritic
progression [2, 3, 6-9]. Other investigators have applied this technology to characterize LV
dysfunction in lymphedema [23, 24]. Thus, we set out to characterize lymphatic function
and anatomy of the hand in RA subjects with active hand disease compared to healthy
controls. We hypothesized that RA subjects with active joint disease would have impaired
lymphatic function and altered lymphatic anatomy compared to healthy controls.

Materials and Methods

Human Participants and Study Design

This study was approved by the University of Rochester Institutional Review Board and
is posted on ClinicalTrial.gov Identifier: NCT02680067. All subjects provided informed
consent and were 18 years of age or older. RA subjects were recruited if they met the 2010
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ACR criteria for RA [25] and currently (at the first visit) had at least 2 tender or swollen
joints. Exclusion criteria were: other active systemic disorders or inflammatory conditions,
known allergic sensitivity to iodine, and pregnancy. The demographics of our Ctl and RA
cohorts are presented in Table 1. Clinical characteristics of the RA cohort are presented in
Table 2. Two groups were developed from this cohort, a clearance group and an anatomy
group. In the clearance group, subjects were injected with ICG and imaged (described
below) at the baseline visit. The Ctl subjects were imaged every 7+1 days for 3 consecutive
weeks while the RA subjects were imaged again only at day 7. In the anatomy group, both
groups were asked to participate in 2-5 visits and they were injected with ICG at each visit
to assess lymphatic function parameters.

Indocyanine Green Injections and Near Infrared Lymphatic Imaging

The web spaces of both hands were scrubbed with iodine solution and injected with

0.1ml of 100puM ICG on 1-5 separate occasions (dependent on the study group) using a
31-gauge needle. NIR-ICG images were obtained with a custom FDA approved system.
NIR excitation was provided using a pair of regulated power sources (SOL-R: Fiberoptics
Technology Incorporated, Pomfret CT, Part Number FTI1116797) each with a tungsten
halogen EKE-ER MR16 bulb (Illumination Technologies Inc., Part Number 9596ER). This
bulb incorporates a nondichroic parabolic reflector that enhances NIR output, sending all
light forward to a bandpass excitation filter centered at 769 nm with a width of 41 nm
(Semrock Inc., Rochester NY. 769/41 nm BrightLine® single-band bandpass filter Part
Number: FF01-769/41-25) that restricts the range of wavelengths emitted into a fiber
optic light conduit (Fiberoptics Technology Incorporated Fiber optic light line, 6” Part
FTISL16854-6; Volpi Manufacturing, Auburn, NY, Fiber Optic LightLine 5”, Part No.
42050.036) that each illuminate an elliptical field of interest. The illumination intensity and
field homogeneity has been professionally evaluated. An excitation intensity limit of 1.8
mW cm~2 was adopted so as not to exceed the FDA mandated threshold. A Thorlabs USB
power meter (PM16-121) was placed in the field to monitor delivered intensity.

Fluorescent excitation was captured with a KITE EMCCD camera (KI247-CL, Raptor
Photonics), fitted with a Zeiss ZF-IR lens and a high pass 805 nm Semrock filter (Semrock
BLP01-785R-25) immediately in front of the sensor. Image acquisition was performed by a
custom LabVIEW application (National Instruments Vision Acquisition Software). Camera
exposure duration (500ms), binning (none), and gain (400) were unchanged throughout the
course of the experiment. The aperture was set at /8 for clearance measurements and f/4-5.6
for contraction frequency and anatomy measurements. The camera and illumination system
were attached to a stand with multi-axis adjustable mounts; a desktop computer and display
were on a separate rolling cart. Still images were recorded as PNGs and stored for analysis.

To measure clearance of ICG from the web spaces, the distance from the lip of the lens to
the 3"d MCP was measured and set to 60 + 1 cm, the illumination intensity was set to 950

+ 20 W cm~2, and the aperture was confirmed to be at /8. Fixed size regions of interest
(ROIs) were placed over each web space and apparent fluorescent intensity was measured
during each clinic visit. The average of the 2"d, 31 and 4t webs space fluorescent intensity
minus the background autofluorescence of the skin was used for statistical analysis.
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In order to assess LV contraction frequency, 10-minute videos segments of the 2 frame

per second (fps) continuous video of the study visit were recorded for each hand at all
injection visits. First, we determined which LV bundle the vessels that cross the wrist
contribute to, the cephalic or basilic. Lymphatic anatomy of the hands and forearm have
been characterized previously and we used these data as references [26—29]. ROls were
placed over the LVs and NIR-ICG signal intensity was measured over time and boluses of
dye flowing through the LVs, marked by peaks in signal intensity, were counted (by RDB
and HMK) to generate contractions per minute similar to previous murine NIR methods
[16]. Contractions were quantified as both the sum and the average of all contractions on the
basilic or cephalic bundle.

Lymphatic hand anatomy was quantified by manually segmenting the LVs of the hand
using Amira (FEI, ThermoFisher) with the help of the videos and max intensity images
generated in ImageJ (by RBD and HMK). Any vessel that had ICG move through it
during the 10-minute hand imaging session was segmented for analysis. A spatial graph
was generated from this segmentation using the AutoSkeleton Amira feature and graph
statistics were calculated by Amira. Total length is the sum of all the Euclidian distances
between paired points framing a segment. To assess specific alterations in lymphatic
anatomy, three readers (HR, HMK, and RDB) scored to consensus the number of basilic
and cephalic LVs at the wrist, mid-hand, and adjacent to the injection sites per the
scoring guidelines (Supplemental Document). To calculate interclass correlation coefficients
(ICCs), a representative subsample (n=7 per group) was selected, blinded, and reanalyzed
independently (without consensus scoring) for total LV length and LV counts by the same
readers.

Statistical Analysis

Results

All statistical analysis was performed in JMP Pro 13 (SAS, Durham NC),Prism (GraphPad,
San Diego, CA) or R statistical package (3.6.1). Normality for all continuous outcomes
was assessed via a Shapiro-Wilks test. A t-test, or a paired t-test was used for all normally
distributed outcomes, while a Wilcoxon Rank test was used if normality was not found.
Since an assessment of changes in lymphatic anatomy and function from web space
injections over time (between visits) has never been performed, we assumed each study
visit was an independent observation. ICCs were calculated with the /7 library (0.84.1) in
the R.

RA subjects have significantly impaired clearance from the web spaces of their hands

Representative images of healthy controls at baseline and at the second visit demonstrated
a large reduction in NIR-ICG signal intensity at the web spaces (Figure 1A, B, arrows).
Strikingly, RA subjects show similar ICG fluorescent signal in the web spaces between

the two visits (Figure 1C and D, arrows). When this NIR-ICG signal is quantified, RA
subjects demonstrate a significantly higher retention of fluorescent signal from Day 0 to
Day 7 compared to Ctl (1.7+0.7x10% to 1.5 +1.1x10% vs 2.0+0.6 x10* to 1.1+0.5 x104,
p<0.01, Figure 1E). To understand the typical fluorescent half-life of ICG disappearance in
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the web space, we measured the Ctl subjects for two additional weeks, or until the dye was
undetectable, and determined the half-life to be 6.8 [3.4, 21.1] days (95% ClI, Figure 1F).

Functional lymphatic anatomy is altered in RA subjects

To investigate if lymphatic anatomy (i.e. total number of LVs filled with ICG clearing the
web spaces) was contributing to the deficiency in ICG clearance from the web spaces,

we quantified the total length and number of ICG filled LVs. Interestingly, there is a
significant r difference in the length and number of ICG filled LVs for Ctl and RA subjects
(representative images Figure 2A and B, respectively), with a notable decrease in LVs
overall in the RA subjects. When we quantified the total LV length, a significant decrease
in RA subjects was noted compared to Ctls (58.3£15.0 cm vs 71.4+16.1 cm, respectively,
p<0.001, Figure 2C). In order to identify if a reduction in specific LVs could explain this
decrease in total LV length, we quantified LVs associated with the basilic and cephalic tracts
at the wrist, mid-hand, and adjacent to the injection sites. Interestingly, significantly fewer
basilic-associated LVs were counted at both the wrist and mid-hand in the RA subjects
compared to Ctl (Figure 3D and E). No significant differences in cephalic-associated LVs
at the wrist or mid-hand were found between RA subjects and Ctl (Figure 2F and G,
respectively).

To validate the reliability of the quantification of LV length and counts, we chose a
representative subsample (n=7 per group) was selected, blinded, and re-analyzed for total
LV length and LV counts to calculate an ICC (Table 3). Total LV length was found to have
the highest ICC at 0.95, indicating total length is the most reliable independent outcome.
LV counts of the cephalic web space, cephalic mid-hand, and basilic wrist demonstrated
moderate reliability (1CC:0.7-0.9). However, the basilic webspace, basilic mid-hand, and
cephalic wrist counts all had poor reliability (ICC: 0.5-0.7), suggesting that these analysis
methods require more refined scoring guidelines to remove any ambiguity in the process.
Overall, however, we have confidence in the total LV length assessment, and the grading to
consensus for the number of specific LVs, as reliable outcome measures of LV anatomy.

RA subjects do not have significant changes in contractility of their ICG filled LVs.

The difference in web space ICG clearance was not associated with alterations in LV
contractility (Figure 3). LV contractions in the hand is a novel outcome measure, and
because there are not consistent numbers of LVs associated with the cephalic and basilic
lymphatic tracts between subjects (see Figure 1A vs Figure 2A), we chose to quantify the
data via two different methods: 1) the average contraction frequency for all LVs on either
the basilic or cephalic side (typically either 2 or 3 vessels each side) and 2) the sum of the
total number of contractions in the LVs on either the basilic or cephalic side. Both methods
considered the basilic and cephalic sides to be independent outcome measures. However,
regardless of the methods used to quantify the data, no differences were observed between
Ctl and RA subjects in basilic or cephalic LV contraction frequency (Figure 3A-D).
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DISCUSSION

Herein, we provide the first characterization of lymphatic function and vascular anatomy
of the hands of healthy controls and RA patients using NIR-ICG imaging. We find that
RA subjects have reduced lymphatic clearance and a lower number of fluorescent LVs in
the hands compared to control subjects. These findings provide support for the concept
that these lymphatic alterations work synergistically or in parallel to block egress of
inflammatory cells and molecules from rheumatoid joints fostering the development of
synovitis and disease progression.

The effect of inflammation on lymphatic vasculature is well established and may provide
insight into the contribution of lymphatic dysfunction in RA pathogenesis [30]. In particular,
TNFa and IFN+y decrease lymphatic endothelial cell proliferation, capillary formation, and
barrier integrity in vitro [31]. Additionally, inhibiting TNFa in murine arthritis models and
RA is associated with increased lymphangiogenesis [32]. Injection of the lymphangiogenic
growth factor VEGF-C into the ankles of TNF-transgenic mice, a chronic model of

RA, promoted lymphatic capillary formation followed by enhanced lymphatic drainage
alterations, and was associated with a significant improvement in joint inflammation and
damage [33]. Conversely, blocking VEGFR3, the cognate receptor for VEGF-C, increased
arthritis severity and decreased lymphatic function in TNF-transgenic mice [34]. The
finding of a significant reduction in hand LVs in RA subjects is consistent with these

data, suggesting that chronic exposure to inflammatory stimuli (e.g. TNF) may decrease
the total number of functional LVs (i.e. LVs able to fill with ICG). On the other hand,
lymphangiogenesis, a primary response during inflammation [4] is directly induced by
TNF along with other factors [35]. This apparent mechanistic paradox likely arises due to
complex interactions dependent on the concentration and duration of these inflammatory
stimuli as well as other mediators produced in the RA joint. Surprisingly, we did not
expect LV contraction to be maintained in RA patients with diminished lymphatic clearance.
A potential explanation is that there are fewer functional vessels to carry the lymph

fluid despite maintenance of contraction frequency resulting in diminished clearance.
Alternatively, there might be a change in the amplitude of the LV contraction that cannot be
measured with our current methods.

Inflammatory molecules also can directly influence lymphatic function. For example, LV
contraction frequency is depressed when exogenous TNFa or IL-1p is injected into WT
mouse hindlimbs [36]. When L-NIL, an inducible nitric oxide (NO) inhibitor, is delivered to
these mice, the LV contraction frequency recovers to homeostatic levels [36]. The efficacy
of blocking NO was examined in a study that trialed a NO inhibitor (GW274150) as a

novel therapeutic option for patients with early RA. After 28 days of therapy, the NO
inhibitor did not significantly decrease DAS28 scores or synovitis scoring via ultrasound
compared to placebo, while prednisone significantly reduced both outcomes [37]. The
limited effectiveness of NO inhibitors in the treatment of RA may be due to the various
roles NO plays in the bone and lymphatic microenvironments [16, 38], along with our
finding that RA patients do not have LV contraction deficits (Figure 3). Our results suggest
that LV contraction frequency may not significantly contribute to lymphatic clearance of the
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web spaces, and thus therapeutic intervention targeting LV contraction frequency may not be
efficacious in treating RA.

One significant limitation of this study is that detailed mapping of the specific lymphatic
vasculature clearing the joints of the hand is not available. For the purposes of this study,

we assumed that web space lymphatic clearance accurately estimates the lymphatic drainage
of the joint as assessed by NIR-ICG imaging. Cadaver studies that we (unpublished data)
and others [29, 39] performed investigating superficial LVs from various subdermal injection
sites in the hands detailed LVs running directly adjacent to the MCPs that likely contribute
to drainage of the joint. No studies provide a detailed analysis of lymphatic vasculature
draining the joint; addressing this gap is an active area of research.

Another limitation is that the molecular interactions of intradermal ICG, in patients with
inflammatory disorders, are unknown. These interactions may alter ICG clearance from

the web spaces independently of lymphatic function. Notably, ICG requires a substrate to
interact with in order to become fluorescent [40], and exhibits a high affinity for lipoproteins
[41, 42]. While RA patients tend to have relatively lower serum concentrations of total
lipoprotein [43], most of our RA cohort has a history of hypertension or hyperlipidemia
(Table 2). In our study, once the free ICG was injected into the web spaces of the hands

in the RA subjects, the ICG may have bound the more abundant lipoproteins resulting in a
lower clearance of free ICG (within the first 5 mins) compared to the healthy controls.

In this observational study, we provide initial insights into changes in lymphatic function
and anatomy in RA patients with active disease. Observational cohorts with varying degrees
of RA activity and damage coupled with data from large-scale clinical trials will further
elucidate the lymphatic mechanisms in RA. Specifically, studies that control for disease
duration, disease activity level, and treatment history will be important to show the temporal
and therapeutic effects on lymphatic dysfunction described in mice [2]. Most importantly,
our findings underscore the potential contribution of the lymphatic system to the initiation
and persistence of synovial inflammation and highlight, the potential utility of NIR-ICG
imaging as a biomarker of disease. Additional investigations into the mechanisms that
promote or restrict lymphatic flow from synovial tissue have the potential to reveal new
targets and improve clinical outcomes for RA patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Impaired Lymphatic Clearance of |CG from the Hand in RA Subjects.
ICG intensity was measured in left and right hands of 6 control (Ctl, n=12) and 5 RA

subjects (n=10) after injection at the initial visit and before new injections at the second
visit 7 + 1 days later (2" Visit). Representative NIR images of a control subject at baseline
(A) and at the second visit (B) show considerable clearance of the ICG at the injection

sites (White Arrows), while in an RA subject (C, D) did not clear the ICG. When this was
compared to RA subjects at visit 1 and visit 2, RA subjects had significantly less clearance
(E, Repeated Measures ANOVA, **p<0.01). The cohort of control subjects underwent
sequential imaging every 7 £ 1 days without further injections to determine one phase decay
half-life of 6.8 [3.4, 21.1] days (Mean [95% CIl], Best Fit Line in Red, Inset Table, F).

Arthritis Rheumatol. Author manuscript; available in PMC 2022 February 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Bell et al.

Basilic Midhand Counts

10+

Page 12

150 % % X

100+

A
o
1
B

Total Length (cm)

0 1 1
ctt  RA
* % 151 5+
3 € )
£ - 3 Sa4
. 3 o 3
O 4 2 104 : o
- po s o 3 e -
. g — - % - . E
) S 2 e >
Fx TT |3 NI
4 e S O s 14
- @ & p 5]
—Tr o—t—r— © o7 o—r—r—
ctt  RA ctt  RA ctt  RA ctt  RA

Figure 2. RA subjects have significantly fewer basilic associated web space clearing lymphatic
vesselsin their hands compared to healthy controls.

Representative stills of Ctl (A) and RA (B) hands with overlaid spatial graphs show
significant variation between the two. Accordingly, RA subjects have significantly less total
graph length (C, t-test, M£SD, **p<0.01). To investigate local differences, we manually
scored to consensus the number of vessels at the wrist and mid hand. Interestingly, we
found significantly fewer basilic associated vessels (D and E) while there was no change in
cephalic sided vessels (F and G, Median and IQR, *p<0.05).
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Figure 3. Lymphatic contraction frequency is not different between healthy controlsand RA
subjects.

Lymphatic contraction frequency was calculated via ROI analysis of 10 minutes observing
the dorsal aspect of the hand. An ROI was placed over the basilic and cephalic associated
vessels at the wrist. These data for each vessel were either averaged or summed to generate
average basilic (A) and cephalic (B) contraction frequency; or total basilic (C) and cephalic
(D) contraction frequency. There were no statistical differences between the groups for any
of these outcomes.
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Participant Demographics.

Table 1.

Page 15

Female (Total), % | Age (Yrs, M = SD) | Race (African American : Asian : Caucasian) | BMI (M = SD) | Grip Strength (kg)
ctl 7(13), 54% 49.1+143 2:1:10 298+54 40+ 107
RA 8(8), 100% 558+124 2:0:6 34+87 22 + 19 %%

Statistical significance indicated between Ctl and RA

Hok:

*
p<0.001.
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Table 2.
RA cohort description.
Current Joint Duration of Serology Acute-Phase DAS | Current Relevant Current Relevant
Involvement Symptoms Reactants Comorbidities Medications
Bilateral Wrists 3 weeks CCP =175 CRP:148 4.44 N/A N/A
Bilateral MCPs and 6 weeks RF: 160, CCP: ESR= 36 5.6 Hypertension methotrexate
PIPs >250
Right MCP’s, PIP’s 6 weeks CCP: 122 ESR=69; 4.45 Hypertension, methotrexate
and wrist CRP=25 Hypothyroid
Bilateral MCPs and 3 months RF:289, CCP: CRP:1.19, 451 Hypertension N/A
PIPs >300 ESR:33
Bilateral Wrists, 1 year CCP:>250 ESR: 115, 5.63 Hypertension, méthylprednisolone,
bilateral 2"d and 314 CRP:15 Pulmonary Fibrosis meloxicam,
PIP hydroxychloroquine,
Adalimumab,
mycophenolic acid (for
Fibrotic ILD)
Right wrist, MCP’s, 2 years CCP: 144, RF: CRP 15 5.15 COPD, methotrexate
DIP’S 136, Hyperlipidemia
Bilateral all MCPs, 30 years CCP:35 ESR: 69, 5.05 N/A etanercept
bilateral wrists CRP:35
All MCPs, Bilateral 50 years RF+ ESR:56, 4,76 Hypertension leflunomide,
Wrist, Bilateral Elbow CRP:6.7 tofacitinib,, prednisone,
hydroxychloroquine

CCP = Cyclic Citrullinated Peptide; RF=Rheumatoid Factor; MCP = Metacarpophalangeal joint; PIP = Proximal interphalangeal joint; CRP =

C-reactive protein; ESR = Erythroid sedimentation rate, DAS = Disease activity score, ILD = Interstitial lung disease
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Table 3.

Interclass correlation coefficients for lymphatic vasculature anatomy grading.

ICC

Total Length

0.95

Basilic Webspace

0.67

Basilic Mid Hand

0.54

Basilic Wrist

0.74

Cephalic Webspace

0.90

Cephalic Mid Hand

0.71

Cephalic Wrist

0.64
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