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Background:  Synovial hypoxia is a hallmark of rheumatoid arthritis (RA). Photoacoustic (PA) imaging, based on the use of
laser-generated US, can detect the oxygenation status of tissue in individuals with RA. However, large studies are lacking, with few
investigating the correlation between oxygenation status and disease activity.

Purpose:  To measure synovial oxygenation status in participants with RA by using a multimodal PA US imaging system and to de-
termine the correlation between PA imaging—measured oxygen saturation (So,) and disease activity.

Materials and Methods:  In this prospective observational cohort study, multimodal PA US imaging examinations were performed on
small joints of consecutive participants with RA, who were treated at two outpatient rheumatology clinics from 2019 to 2021,
and healthy controls. The So, values of the synovium were measured with dual-wavelength PA imaging and classified into three
categories—hyperoxia, intermediate oxygenation status, or hypoxia—based on the signal coloration and clustering analysis of the
So, values. The correlations of oxygenation status with power Doppler US (PDUS) scoring and clinical disease activity index were
evaluated with one-way analysis of variance and the Kruskal-Wallis test with Bonferroni correction.

Resulfs: A total of 118 participants with RA (median age, 55 years [IQR, 41-62 years]; 92 women) and 15 healthy control participants
(median age, 37 years [IQR, 33—41 years]; 11 women) were included. The wrist synovium was categorized as hyperoxic in 36 participants
with RA, of intermediate oxygenation status in 48 participants, and hypoxic in 34 participants. All control participants had hyperoxic
synovial tissues. For participants with RA, hyperoxic synovium had more affluent Doppler US—depicted vasculature than those with
hypoxia and intermediate oxygenation status (mean PDUS grade: hyperoxia, 2.7 + 0.6 [SD]; intermediate, 1.3 + 0.7; hypoxia, 1.1 + 0.8;
P < .001). Participants with intermediate status synovium had a lower clinical disease activity index than those with hypoxia (intermedi-
ate, 11.0 [IQR, 5.0-21.5] vs hypoxia, 26.0 [IQR, 18.0-39.0]; P =.001).

Conclusion: ~ Photoacoustic imaging—detected hypoxia in thickened synovium correlated with less vascularization and higher disease
activity in participants with rheumatoid arthritis.
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espite aggressive treatment, rheumatoid arthritis (RA)
Dis a chronic autoimmune disease characterized by sy-
novial inflammation. Recurring joint inflammation can
further result in irreversible structural destruction and
disability (1). US and MRI are sensitive methods used to
assess arthritis (2). US has increasing importance in RA
evaluation due to its low cost and improved resolution;
however, previous studies have reported conflicting re-
sults, making its role debatable (3—7). Some studies have
suggested that US could predict RA relapse following

drug tapering (3), while some have denied the added val-
ue of US-driven disease management (6,7). Additionally,
the correlation of US features with clinical disease activity
has been relatively low (8,9). Therefore, to enhance the
accuracy of US in assessing RA and further guiding treat-
ment, it is advantageous to develop innovative tools that
can provide additional information.

Tissue hypoxia, also known as low partial pressure
of oxygen at the tissue level, is a hallmark of inflamma-
tory diseases, including RA (10,11). Hypoxia triggers the
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Abbreviations

CDAI = clinical disease activity index, DAS28 = 28-joint disease activity
score, GSUS = gray-scale US, PA = photoacoustic, PDUS = power
Doppler US, RA = theumatoid arthritis, So, = oxygen saturation

Summary

Thickened synovium with a hypoxic oxygenation status as measured
with photoacoustic imaging was associated with fewer Doppler US
signals and higher disease activity in study participants with rheuma-
toid arthritis.

Key Results

» In this prospective study of 118 participants with rheumatoid
arthritis (RA) and 15 control participants, the oxygen satura-
tion values of the synovium measured with photoacoustic
imaging were classified as hyperoxia, intermediate oxygenation
status, or hypoxia.

= In participants with RA, hypoxia in thickened synovium had less
local Doppler US—depicted vascularization than hyperoxic synovium
(mean Doppler US grades, 2.7 vs 1.1; P < .001).

= Hypoxic joints had higher clinical disease activity than those with
an intermediate oxygenation status (clinical disease activity index,
11.0 vs 26.0; P = .001).

activation and proliferation of abnormal immune cells and exac-
erbates the inflammatory response via complex signaling path-
ways, which also serve as a therapeutic target for RA (12-16).
Hence, identifying hypoxia may aid in evaluating RA disease
activity and tailoring treatment strategies. Previous studies have
validated the existence of hypoxia in RA synovitis (17-20).
However, detecting synovial hypoxia in vivo and revealing its
role in RA remain a challenge.

Photoacoustic (PA) imaging, a revolutionary medical imag-
ing technique based on laser-generated US, can help assess the
oxygenation status in patients with RA (21). Notably, PA im-
aging can be integrated with US devices as dual-modal PA US
imaging, facilitating its clinical promotion (22). Several studies
have investigated PA imaging in patients with RA to evaluate
arthritis (23-29). However, these studies have relatively small
sample sizes, and few have investigated the correlation between
PA imaging—measured oxygenation status and disease activity. A
clinical study suggested that tissue hypoxia could be detected in
patients with RA at PA imaging, which is associated with patient
global activity and evaluator global activity (29). It is assumed
that hypoxic synovium is correlated with US features and clinical
disease activity. In this study, we performed PA imaging to assess
the inflammatory activity in a larger sample of participants to
further reveal the role of hypoxia in RA. We aimed to measure
the oxygenation status of thickened synovium in study partici-
pants with RA by using a multimodal PA US imaging system,
and to determine the correlation between oxygen saturation
(So,) levels measured with PA imaging and clinical scores.

Materials and Methods

Mindray Bio-Medical Electronics helped develop the imaging
system. The nonemployee authors had control of any included
data. This is a prospective observational cohort study registered
at ClinicalTrials.gov (registration no. NCT04297475). The in-
stitutional review board of our hospital authorized all operations
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conducted as part of this research (approval number: JS-1923),
and all participants provided written informed consent.

Participants

Five rheumatologists consecutively recruited eligible participants
with RA at two outpatient rheumatology clinics from 2019 to
2021. Those older than 18 years who were diagnosed with RA
according to the 2010 American College of Rheumatology and
European League Against Rheumatism (now the European Alli-
ance of Associations for Rheumatology) diagnostic criteria were
enrolled (30). We also recruited healthy volunteers from the
hospital staff as controls. A preliminary publication included
31 patients also included in this study (29). However, in this study,
we enlarged the sample size and the imaging data were reanalyzed
with different results.

Multimodal PA US Imaging System and So, Mapping

The imaging system was developed on a commercial US
machine (Mindray Bio-Medical Electronics) with a tunable opti-
cal parametric oscillator laser (InnoLas Laser), equipped with a
handheld linear PA US L9-3 probe (imaging settings are de-
tailed in Appendix E1 [online]). PA imaging was performed at
two wavelengths, 750 nm and 830 nm, to measure So,. The
resultant PA imaging—measured So, (hereafter, PA-So,) map
was pseudocolored and superimposed onto the US image on the
PA US system. Red and blue pixels represented high and low
So, values, respectively. So, values were quantified automatically
using an onboard algorithm (formulation and validation of
PA-So, measurement is described in Appendix E1 and Figures
E1-E3 [online]).

Image Scoring and So, Subgrouping

Two radiologists (R.Z. and S.L., each with 5 years of experi-
ence in musculoskeletal US), who knew the name and age of
participants but were blinded to their medical history, labora-
tory results, and clinical scores, performed multimodal PA US
imaging on the dorsal second and third metacarpophalangeal
joints, second and third proximal interphalangeal joints, second
and fifth metatarsophalangeal joints, and wrists of the clinically
dominant side longitudinally (31). Control participants under-
went PA imaging of the wrist, and PA signals surrounding the
normal synovium were analyzed. US was performed to evaluate
synovitis before initiating PA imaging. Another two radiologists
(C.Z. and M.W., each with 5 years of experience in musculo-
skeletal US), who were blinded to all participant information,
reviewed the recorded images independently.

The two radiologists assessed US image scores based on
European League Against Rheumatism—Outcomes Measures
in Rheumatology US standards of synovial hypertrophy and
Doppler US signals (Appendix E1 [online]) (32). They mea-
sured So, values three times for each joint. The PA-So, images
had three types of pseudocolor combinations that included
red-dominant signals, mixed-color signals, and blue-dominant
signals. Eighty images of each type were selected by one ra-
diologist for analysis, which were confirmed by the other ra-
diologist subsequently. The So, values of the images ranged
from 58% to 97%, which presented as three clusters on the
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PA-Hyperoxia
Red dominant

PA-Intermediate status

Mixed color

PA-Hypoxia
Blue dominant

Figure 1:

Oxygenation status groupings in thickened synovium. The oxygenation saturation (So,) value is acquired by calculating the proportions of signal pixels in

750 nm and 830 nm photoacoustic (PA) images. Left: PA US image with So, mapping in pseudocolor shows red signals (circled) within the thickened synovium represent-
ing hyperoxia, with a relative So, value greater than 84%. Middle: PA US image with So, mapping in pseudocolor shows a mixture of red and blue signals (circled) rep-

resenting infermediate oxygenation status, with a relative So, value of 70%-84%. Right: PA US image with So, mapping in pseudocolor shows blue signals (circled) within

the thickened synovium representing hypoxia, with a relative So, value less than 70%. Imaging setfings: luminous flux, less than 20 ml,/cm?; fluctuation, less than 5%; imaging

gain value, 45-55 dB; color bar, 40%-100%.

scatterplot. Hierarchical clustering analysis was performed to
depict the scree diagram of distance coeflicients, and the cluster
number was determined as three according to the elbow rule.
The cluster centers were then identified by k-means clustering
as 89.64%, 78.48%, 65.73%, with ranges of greater than 84%,
70%—-84%, and less than 70%, respectively (Appendix E1, Fig
E4 [online]). On the basis of clustering analysis and types of
pseudocolors, three types of oxygenation status were identified:
hyperoxia, indicated by an So, level greater than 84% and pre-
dominantly red signals; intermediate oxygenation status, indi-
cated by an So, level 70%-84% and a mixture of red and blue
signals; and hypoxia, indicated by an So, level less than 70%
and predominantly blue signals (Fig 1).

The images were reread by the two radiologists 1 month later.
They reassessed any images with intraobserver or interobserver
inconsistency. If consensus could not be reached, final results
were determined by an expert (M.Y., with 15 years of experience
in musculoskeletal US) blinded to all patient information.

Clinical Evaluation

The clinical scores of participants with RA were assessed by
two rheumarologists (Q.W. and S.Z., each with over 20 years
of experience in rheumatology), including tender joint count,
swollen joint count, visual analog scale for pain (0-100), patient
global activity, evaluator global activity, 28-joint disease activ-
ity score (DAS28), simplified disease activity index, and clinical
disease activity index (CDAI).

Statistical Analysis

According to our pre-experiment, the mean PA So, values for
wrist synovium of participants with RA and healthy controls
were 78.0% + 9.8 (SD) and 89.8% = 2.0, respectively. A sample
size of 118 participants with RA and 15 control participants gave
a power of one at a one-sided significance of 2.5%.

Normally distributed data are expressed as means and SDs,
nd were analyzed using the Student # test or one-way analysis of
variance (ANOVA) for multiple group comparisons. The Stu-
dent # test was performed for pairwise comparisons when the

ANOVA test showed significant differences among the three
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groups. Nonnormal data are expressed as medians and IQRs.
Nonnormal continuous data and categorical data were analyzed
using the Mann-Whitney U test or Kruskal-Wallis H test for
multiple groups comparisons. The Dunn pairwise test was per-
formed when the Kruskal-Wallis test showed significant differ-
ences among the three groups. P < .05 was considered indica-
tive of a statistically significant difference, and P values were
adjusted with Bonferroni correction for post hoc multiple tests.
The intraobserver and interobserver agreements of the two ra-
diologists (C.Z. and M.W.) were evaluated using weighted «
values with 95% CIs. SPSS Statistics version 26.0 (IBM) was
used for statistical analysis.

Results

Characteristics of Study Participants

A flow diagram of the study is illustrated in Figure 2. A to-
tal of 118 participants with RA and 15 healthy control par-
ticipants were included and underwent multimodal PA US
imaging and clinical assessment. The participants with RA
included 26 men and 92 women (median age, 55 years [IQR,
41-62 years]). The control participants included four men
and 11 women (median age, 37 years [IQR, 33—41 years]).
Basic clinical information for participants with early- and
late-stage RA is shown in Table 1.

Intra- and Interobserver Variability

The two radiologists had excellent intraobserver agreement in
gray-scale US (GSUS) (reader 1, k =0.92 [95% CI: 0.90, 0.94];
reader 2, k = 0.91 [95% CI: 0.89, 0.92]), power Doppler US
(PDUS) (reader 1, k = 0.95 [95% CI: 0.94, 0.97]; reader 2,
K =0.97 [95% CI: 0.95, 0.98]), and oxygenation status classifica-
tion (reader 1, k¥ =0.97 [95% CI: 0.95, 1.00]; reader 2, k = 0.96
[95% CI: 0.92, 0.99]). They also reached excellent interobserver
agreement on scoring of US images (GSUS, k = 0.89 [95% CI:
0.87,0.91]; PDUS, x =0.94 [95% CI: 0.93, 0.96]) and classify-
ing oxygenation status (PA So,, k = 0.94 [95% CI: 0.91, 0.98])
(the reliability of PA -So, measurement is described in Appendix
E1 and Figure E5 [online]).
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Recruitment of RA patients and controls

Y

Healthy volunteers as control (n=15)
—over 18 years old

RA patients assessed for eligibility (n=134)
-meet the 2010 ACR/EULAR diagnostic criteria

Excluded (n=16)
P - Reject photoacoustic imaging (n=14)
- Have exposed wounds on the hands or feet (n=2)

Receive clinical evaluation (n=118)

Y

Receiving multimodal PA/US imaging
P - Grayscale US and power-Doppler US
- PA-oxygenation measurement

Figure 2:  Study flow diagram. ACR/EULAR = American College of Rheumatology and European League Against Rheumatism, PA = photoacousfic,

RA = rheumatoid arthrifis.

Comparison of PA-So, Values between Participants with RA
and Controls

We compared the PA-So, values of wrist synovium of par-
ticipants with RA with that of tissues surrounding the wrist
synovium of controls. The PA-So, values of the wrist synovium
of the participants with RA ranged from 58% to 95%. A total of
36 participants with RA were identified as having hyperoxia, 48
as having an intermediate oxygenation status, and 34 as having
hypoxia in wrist synovium. The So, values of the wrist tissue of
the control participants ranged from 88% to 96%, with all con-
trols categorized as having hyperoxia. The participants with RA
had more cases with reduced oxygenation than the volunteers
(34 vs 0, P < .001).

Correlations of PA-So, Values with PDUS Grades and
Clinical Manifestations

We examined a total of 826 joints among the 118 participants by
using the PA US system. As PA imaging signals could not be ac-
curately observed for the joints with slightly thickened synovium
or normal synovium (some GSUS grade 1 joints and all GSUS
grade 0 joints), we measured PA-So, values of the synovium
of 56 GSUS grade 1 joints, 145 GSUS grade 2 joints, and
98 GSUS grade 3 joints. The clinical manifestations and imaging
characteristics of the seven types of joints that were examined are
shown in Table 2.

Then we compared the PDUS grades of participants with
RA who had identical GSUS scores and different oxygen-
ation statuses (Table 3). There were 48 hyperoxic, 57 inter-
mediate, and 40 hypoxic GSUS grade 2 joints and 26 hyper-
oxic, 33 intermediate, and 39 hypoxic GSUS grade 3 joints.
The hyperoxia group had the highest mean PDUS grades
for both GSUS grade 2 joints (hyperoxia, 1.6 + 1.0; inter-
mediate, 0.8 + 0.6; hypoxia, 0.8 + 0.6; P < .001) and GSUS
grade 3 joints (hyperoxia, 2.7 + 0.6; intermediate, 1.3 + 0.7;
hypoxia, 1.1 + 0.8; P < .001). The results suggested that the
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thickened synovium with higher oxygenation levels had more
affluent Doppler US—displayed vasculature than hypoxic and
intermediate status synovium (Figs 3, 4). In GSUS grade
3 joints, hyperoxic joints had more tender joints than those in
the intermediate oxygenation status group (hyperoxia, 18 of 49
[36.7%]; intermediate, 10 of 49 [20.4%]; P = .009).

Correlations between PA-So, Values and Clinical
Parameters
The PA-So, value of the joint that had the highest GSUS and
PDUS grades was identified as the representative oxygenation sta-
tus of each participant with RA. The participants with RA were
subsequently divided into three oxygenation status groups: hyper-
oxia, intermediate oxygenation status, or hypoxia (Table 4).
Compared with the intermediate status group, the hypoxia
group had higher median swollen (intermediate, 6.0 [IQR,
2.0-8.0]; hypoxia, 10.0 [IQR, 6.3-12.5]; P = .01) and ten-
der joint counts (intermediate, 1.0 [IQR, 0.0-7.0]; hypoxia,
7.5 [IQR, 2.3-12.8]; P = .003). The hypoxia group also had
higher median visual analog scale scores for pain (intermedi-
ate, 20.0 [IQR, 6.0-36.3]; hypoxia, 55.0 [IQR, 32.0-78.8];
P < .001), patient global activity scores (intermediate, 20.0
[IQR, 10.0-27.5]; hypoxia, 60.5 [IQR, 29.8-80.0]; < .001),
and evaluator global activity scores (intermediate, 23.5 [IQR,
15.0-30.0]; hypoxia, 40.0 [30.0-60.0]; P = .003). In addition,
the hypoxia group had higher mean standard clinical scores,
including the DAS28 with erythrocyte sedimentation rate
(intermediate, 3.6 + 1.5; hypoxia, 5.3 + 1.8; P < .001) and
DAS28 with C-reactive protein (intermediate, 3.2 + 1.4; hypoxia,
4.7 £ 1.8; P = .001), and higher median simplified disease ac-
tivity index (intermediate, 11.5 [IQR, 5.8-22.3]; hypoxia,
28.0 [IQR, 18.5-44.3]; P < .001) and CDAI (intermediate,
11.0 [IQR, 5.0-21.5]; hypoxia, 26.0 [IQR, 18.0-39.0]; P =
.001) values. The hyperoxia group had a higher mean DAS28
with C-reactive protein (intermediate, 3.2 + 1.4; hyperoxia,
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Table 1: Clinical Characteristics of Participants with RA according to Disease Duration

All Participants Early-Stage Late-Stage
Characteristic with RA (n=118) RA (<5y) (n=38) RA (25 y) (n = 80) P Value
Demographics
Age (y) 55 (41-62) 43 (30-59) 57 (50-63) <.006
Sex* .86
F 92 (78) 30 (79) 62 (78)
M 26 (22) 8 (21) 18 (23)
Height (cm) 164.0 (158.0-168.0) 166.0 (159.0-173.0) 164.0 (158.0-167.0) 14
Weight (kg)' 64.0 + 10.2 64.7 +12.2 60.8 9.3 24
Onset time (y) 7.0 (3.0-13.0) 2.0 (1.8-3.0) 12.0 (7.0-20.0) <001
Cardiovascular or
pulmonary complications* 27 (23) 7 (18) 20 (25) 43
Laboratory tests
ESR (sec) 18.0 (9.0-31.0) 21.0 (9.0-34.5) 17.0 (8.3-28.5) 27
CRP (mg/mL) 3.0 (1.0-14.3) 3.0 (1.0-12.0) 3.0 (1.0-16.0) .90
Clinical manifestations
s|C 7.0 (4.0-11.0) 8.5 (6.8-12.0) 6.0 (3.0-10.0) 05
TJC 3.0 (0.0-8.8) 7.0 (2.8-8.3) 2.0 (0.0-8.8) 11
Disease evaluation scores
VAS for pain 30.0 (15.0-50.0) 30.0 (15.0-50.0) 30.0 (10.5-52.3) .76
PGA 29.0 (20.0-55.0) 35.0 (20.0-52.5) 25.0 (16.5-57.5) .60
EGA 30.0 (15.0-50.0) 30.0 (27.5-50.0) 29.5 (15.0-50.0) .19
Standard clinical scores for
disease activity
DAS28 ESR' 44+1.8 4.8+1.3 4.1+2.0 11
DAS28 CRP? 39+1.7 43+1.2 37+1.9 14
SDAI 20.0 (10.0-31.0) 24.0 (17.0-31.0) 17.0 (7.5-31.8) 11
CDAI 20.0 (10.0-29.3) 23.0 (15.0-30.0) 16.0 (7.5-28.8) 14
Activity status™ .20
Active 74 (63) 27 (71) 47 (59)
Remission 44 (37) 11 (29) 33 (41)

* Data are means + SDs.

* Data are numbers of participants, with percentages in parentheses.

Note.—Except where indicated, data are medians, with IQRs in parentheses. VAS for pain, PGA, and EGA are scored 0-100. DAS28
ESR or CRP is determined by the following equation: (0.56 x square (TJC)) + (0.28 x square (SJC)) + (0.7 x natural logarithm (ESR/
CRP)) + (0.014 x PGA). SDAI is defined as SJC plus TJC plus EGA/10 plus CRP, and CDALI is defined as SJC plus TJC plus PGA/10
plus EGA/10. Remission is defined by a DAS28 ESR or DAS28 CRP score less than 2.8. CDAI = clinical disease activity index, CRP =
C-reactive protein, DAS28 = 28-joint disease activity score, EGA = evaluator global assessment, ESR = erythrocyte sedimentation rate,
PGA = patient global assessment, RA = rheumatoid arthritis, SDAI = simplified disease activity index, SJC = swollen joint count, TJC =
tender joint count, VAS = visual analog scale.

Table 2: Imaging Characteristics and Clinical Manifestations of Specific Joints

No. of Swollen

Tender

Joint Count

GSUS
Grade 21

PDUS
Grade >1

PA-So,
Identified

Hyperoxia  Intermediate

Hypoxia

Joint  Joints Joint Count
MCP2 118 57/118 (48)
MCP3 118 45/118 (38.1)
PIP2 118 41/118 (34.7)
PIP3 118 53/118 (44.9)
MTP2 118 8/118 (6.8)
MTP5 118 6/118 (5.1)
Wrist 118 68/118 (57.6)
All 826 2781826 (33.7)

27/118 (22.8)
22/118 (18.6)
20/118 (16.9)
22/118 (18.6)
5/118 (4.2)

98/118 (83.1)
72/118 (61.0)
10/118 (8.5)
30/118 (25.4)
84/118 (71.2)
4/118 (3.4)  29/118 (24.5)
49/118 (41.5) 118/118 (100)
110/826 (13.3) 441/826 (53.4)

48/118 (40.7)
29/118 (24.6)

68/118 (57.6)
43/118 (36.4)

9/118 (7.7) 12/118 (10.2)
8/118 (6.8) 12/118 (10.2)
14/118 (11.9)  39/118 (33.1)
3/118 (2.5) 8/118 (6.8)

96/118 (81.3) 118/118 (100)
207/826 (25.1)  299/826 (36.2)

23/68 (33.8)
14/43 (32.5)

30/68 (44.1)
16/43 (37.2)

6/12 (50.0) 2/12 (16.7)
5/12 (41.7) 3/12 (25.0)
12/39 (30.8)  16/39 (41.0)
0 (0) 4/8 (50.0)

36/118 (30.5) 48/118 (40.7)
96/299 (32.1) 119/299 (39.8)

15/68 (22.1)
12/43 (27.9)
4/12 (33.3)
4/12 (33.3)
11/39 (28.2)
4/8 (50.0)
34/118 (28.8)
84/299 (28.1)

Note.—Data are numbers of joints, with percentages in parentheses. PA-So, is the PA imaging—measured oxygen saturation level.
Hyperoxia, intermediate oxygenation status, and hypoxia were determined according to PA-So,. See Appendix E1 (online) for GSUS and
PDUS grade definitions according to the imaging scoring methods used. GSUS = gray-scale US, MCP2 = second metacarpophalangeal
joint, MCP3 = third metacarpophalangeal joint, MTP2 = second metatarsophalangeal joint, MTP5 = fifth metatarsophalangeal joint,
PA = photoacoustic, PDUS = power Doppler US, PIP2 = second proximal interphalangeal joint, PIP3 = third proximal interphalangeal joint.
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Table 3: PDUS Grades and Clinical Manifestations of GSUS Grade 2 and GSUS Grade 3 Joints
Hyperoxia Intermediate Hypoxia
Parameter Total Group Group Group PValue  PValue* PValue' P Valuet
GSUS grade 2
No. 145 48/145(33.1)  57/145(39.3)  40/145 (27.6)
PDUS grade
0 35 6/35 (17.1) 17135 (48.6) 12/35 (34.3) .08
1 80 20/80 (25.0)  35/80 (43.8)  25/80 (31.3) 06
2 16 8/16 (50.0) 5/16 (31.3) 3/16 (18.8) 32
3 14 14/14 (100.0) 0 (0.0) 0 (0.0) <001 <001 <001 .99
mean® 1.1+09 1.6+1.0 0.80 + 0.59 0.78 + 0.58 <.001 <.001 <.001 >.99
Swollen joint count 70 18/70 (25.7) 29/70 (41.4) 23/70 (32.9) .16
Tender joint count 45 19/45 (42.2) 12/45 (26.7) 14/45 (31.1) 12
GSUS grade 3
No. 98 26/98 (26.5) 33/98 (33.7) 39/98 (39.8)
PDUS grade
0 13 0 (0) 4/13 (30.7) 9/13 (69.2) .03 53 .02 52
1 35 2/35 (5.7) 16/35 (45.7) 17/35 (48.6) .002 .004 .01 >.99
2 29 3/29 (10.4) 13/29 (44.8) 13/29 (44.8) .05
3 21 21/21 (100.0) 0 (0.0) 0 (0.0) <.001 <.001 <.001 >.99
mean® 1.6+£1.0 2.7+0.6 1.3+0.7 1.1+£0.8 <.001 <.001 <.001 >.99
Swollen joint count 74 24/74 (32.4) 23/74 (31.1) 27174 (36.5) .07
Tender joint count 49 18/49 (36.7) 10/49 (20.4) 21/49 (42.9) .01 .009 .68 .14
Note.—Except where indicated, data are numbers of joints, with percentages in parentheses. Hyperoxia, intermediate oxygenation status, and
hypoxia were determined according to photoacoustic imaging—measured oxygen saturation level. GSUS grade 2 indicates moderate synovitis
with synovial hypertrophy with or without flow extending beyond the joint line and the convex upper surface or hypertrophy extending
beyond the joint line but with a flat upper surface. GSUS grade 3 indicates severe synovitis with thickened synovium extending beyond the
joint line and up to the level of the horizontal line connecting bone surfaces. P values were adjusted by using Bonferroni correction for
multiple tests. Multiple comparisons were not performed when the overall tests did not show significant differences across samples. GSUS =
gray-scale US, PDUS = power Doppler US.
* Comparison of the hyperoxia and intermediate oxygenation groups.
TComparison of the hyperoxia and hypoxia groups.
¥ Comparison of the hypoxia and intermediate oxygenation groups.
$ Data are means + SDs.
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Figure 3: Example of power Doppler US (PDUS)-depicted hypervascularity and photoacoustic (PA) imaging—detected hyperoxia. The longitudinal section of (left)
PDUS and (right) photoacoustic oxygenation saturation (So,) images in the right (R} third metacarpophalangeal joint of a 36-year-old woman, who had lived with theuma-
toid arthritis for 4 years and experienced joint swelling and pain, show the joint had a PDUS grade 3 (abundant signals in more than half of the synovium; circled, leff) and
the PA-So, mapping was red-dominant (circled, right), identified as hyperoxia. Imaging settings: luminous flux, less than 20 mJ/cm? fluctuation, less than 5%; imaging gain
value, 45-55 dB; color bar, 40%-100%. Forimage scoring methods, see Appendix E1 (online).
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PA-Hypoxia

PA Ratio

PDUS-0

m

Figure 4: Example of power Doppler US (PDUS)-depicted hypovascularity and photoacoustic (PA) imaging—detected hypoxia. The longitudinal sectfion of (leff) PDUS
and (right) PA oxygenation saturation (So,) images in the right (R) wrist of a 65-year-old woman, who had lived with theumatoid arthritis for 12 years and experienced re-
current wrist swelling and pain, show the wrist had a PDUS grade O (no signal; circled, left) and the wrist synovium was hypoxic based on the blue-dominant signals (circled,
right) of PA-So, mapping. Imaging settings: luminous flux, less than 20 mJ/cm?; fluctuation, less than 5%; imaging gain value, 45-55 dB; color bar, 40%-100%. For image

scoring methods, see Appendix E1 (online).

Table 4: Clinical Indexes of Participants with Different Oxygenation Statuses as Determined with Photoacoustic Imaging

Hyperoxia Intermediate Hypoxia
Parameter Group (7 = 306) Group (7 = 51) Group (7 = 31) PValue P Value* PValue" P Value*
Age (y) 51 (38-58) 54 (35-62) 57 (53-66) .01 >.99 .01 .046
Onset time (y) 9.0 (3.0-12.0) 6.0 (3.0-8.0) 10.0 (4.5-21.0) .15
Cardiovascular or pulmonary ~ 6/27 (22) 6/27 (22) 15/27 (56) <.001 >.99 .006 <.001
complications®

ESR (sec) 20.0 (7.5-35.0) 12.5 (7.8-23.5) 24.0 (13.3-46.3) .08
CRP (mg/mL) 6.0 (2.0-17.5) 2.0 (1.0-6.3) 9.0 (2.0-31.0) .01 .06 >.99 .03
SJC 10.0 (6.0-14.5) 6.0 (2.0-8.0) 10.0 (6.3-12.5) .003 .01 >.99 .01
TJC 3.0 (0.5-8.5) 1.0 (0.0-7.0) 7.5 (2.3-12.8) .004 45 .30 .003
VAS pain score 30.0 (15.0-55.0) 20.0 (6.0-36.3) 55.0 (32.0-78.8) <.001 .19 1 <.001
PGA 35.0 (20.0-50.0) 20.0 (10.0-27.5)  60.5 (29.8-80.0) <.001 .08 24 <.001
EGA 30.0 (20.0-52.5) 23.5(15.0-30.0)  40.0 (30.0-60.0) .002 25 .38 .003
DAS28 ESRI! 45+19 3.6+1.5 53+1.8 <.001 11 .29 <.001
DAS28 CRP! 4.2+1.6 32+14 4.7 +1.8 <.001 .04 .65 .001
SDAI 23.0 (14.5-32.0) 11.5(5.8-22.3)  28.0 (18.5-44.3) <.001 .03 .87 <.001
CDAI 23.0 (13.0-30.5) 11.0 (5.0-21.5) 26.0 (18.0-39.0) <.001 .045 .80 .001
Remission® 8/44 (18) 31/44 (70) 5/44 (11) <.001 .001 >.99 <.001

I Data are means + SDs.

"Comparison of the hyperoxia and hypoxia groups.

* Comparison of the hyperoxia and intermediate oxygenation groups.
Y] Y& g

# Comparison of the hypoxia and intermediate oxygenation groups.
$ Data are numbers of participants, with percentages in parentheses.

Note.—Except where indicated, data are medians, with IQRs in parentheses. VAS for pain, PGA, and EGA are scored 0-100. DAS28

ESR or CRP is determined by the following equation: (0.56 x square (TJC)) + (0.28 x square (SJC)) + (0.7 x natural logarithm (ESR/
CRP)) + (0.014 x PGA). SDAI is defined as SJC plus TJC plus EGA/10 plus CRP, and CDAI is defined as SJC plus TJC plus PGA/10
plus EGA/10. Remission is defined by a DAS28 ESR or DAS28 CRP score less than 2.8. P values were adjusted by using Bonferroni
correction for multiple tests. Multiple comparisons were not performed when the overall tests did not show significant differences across
samples. CDAI = clinical disease activity index, CRP = C-reactive protein, DAS28 = 28-joint disease activity score, EGA = evaluator global
assessment, ESR = erythrocyte sedimentation rate, PGA = patient global assessment, SDAI = simplified disease activity index, SJC = swollen
joint count, TJC = tender joint count, VAS = visual analog scale.
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4.2 + 1.6; P = .04) and higher median simplified disease ac-
tivity index (intermediate, 11.5 [IQR, 5.8-22.3]; hyperoxia,
23.0 [IQR, 14.5-32.0]; P = .03) and CDAI (intermediate,
11.0 [IQR, 5.0-21.5]; hyperoxia, 23.0 [IQR, 13.0-30.5]; P =
.045) values than the intermediate group. In the intermediate
status group, 31 of 44 (70%) participants had clinical remis-
sion, more than that of the hyperoxia (eight of 44 [18%], P =
.001) and hypoxia (five of 44 [11%], P < .001) groups. In the
hypoxia group, 15 of 27 (56%) participants also had cardio-
vascular or pulmonary complications, which is more than that
of the hyperoxia (six of 27 [22%], P = .006) and intermediate
status (six of 27 [12%], P < .001) groups.

Among those joints with thickened synovium identified
as hypoxic at PA imaging, a total of 39 GSUS grade 3 joints
in 22 participants with RA had less vascularity, including
nine PDUS grade 0, 17 PDUS grade 1, and 13 PDUS grade
2 joints. These 22 participants with RA had higher clinical
disease activity, including the DAS28 with erythrocyte sed-
imentation rate (mean score: hypoxia group, 5.7 + 1.6; all
participants, 4.4 + 1.8; P = .003) and CDAI (median value:
hypoxia group, 28.5 [IQR, 9.0-64.0]; all participants, 20.0
[IQR, 10.0-29.3]; P = .004), than that of all participants
with RA despite their lower PDUS grades, indicating that
thickened synovium with less Doppler US vascularity and PA
imaging—detected hypoxia might be associated with relatively
high RA disease activity.

Discussion

The presence of tissue hypoxia in patients with rheumatoid
arthritis (RA) has been revealed by previous studies (17-20).
However, a noninvasive method for measuring synovial oxy-
genation is still lacking, and there is limited information about
synovial hypoxia in patients with RA. In this study, we used
photoacoustic imaging, a new imaging technique based on la-
ser-generated US, to noninvasively assess synovial oxygenation
in study participants with RA and explore the relationship of
oxygenation status with clinical evaluations. A total of 34 of
118 participants with RA were classified as having hypoxia in
wrist synovium, while the 15 control participants were all iden-
tified as having hyperoxia. The wrist tissue of participants with
RA had more cases with reduced oxygenation than that of the
volunteers (34 vs 0, P < .001). The synovium with lower oxy-
genation levels had less Doppler US—depicted vasculature than
hyperoxic synovium (mean power Doppler US grade: hyper-
oxia, 2.7 + 0.6; intermediate, 1.3 + 0.7; and hypoxia, 1.1 £ 0.8;
P < .001). Participants with RA with hypoxic synovium had
higher mean disease activity scores than those with interme-
diate oxygenation, including the 28-joint disease activity score
with erythrocyte sedimentation rate (intermediate, 3.6 + 1.5;
hypoxia, 5.3 + 1.8; P < .001) and clinical disease activity in-
dex (intermediate, 11.0 [IQR, 5.0-21.5]; hypoxia, 26.0 [IQR,
18.0-39.0]; P =.001).

Researchers have previously used PA imaging to evaluate pa-
tients with RA (23-28), but PA imaging oxygenation measure-
ment for patients with RA still requires further investigation.
Based on our preliminary clinical study (29), we expanded
the sample size to draw a more robust conclusion regarding
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the correlation between tissue hypoxia and joint inflamma-
tion in the current study. Similar to previous studies on syno-
vial hypoxia, we detected tissue hypoxia within the thickened
synovium in participants with RA (19,33). An interesting find-
ing of our study was that thickened synovium with abundant
Doppler US signals tended to be identified as tissue hyperoxia,
while those with less blood flow were found to have lower oxy-
genation levels. A similar phenomenon was also reported by
Liu et al (34), who performed PA imaging in the knee joints
of rats with posttraumatic osteoarthritis and found that both
Doppler US blood flow and PA imaging oxygenation of the
knee synovium were significantly decreased after surgery. This
might be explained by the fact that synovial vessels that could
be depicted by Doppler US were functional vascular structures
with relatively high velocity, which could deliver oxygen to lo-
cal tissues and increase oxygenation levels. For the thickened
synovium without abundant synovial vessels, a lower oxygen-
ation level could be detected.

We found that participants with hypoxic synovium had higher
disease activity than those with intermediate oxygenation status
synovium, which was in accordance with knowledge about the
role of hypoxia in inflammation. Participants with hyperoxic
synovium also had higher clinical scores than those with interme-
diate status synovium. Therefore, we inferred that patients with
hyperoxic synovium might be in the active phase of inflamma-
tion, with increasing metabolism in local tissues in which oxygen
supply is subsequently enhanced through the increased synovial
vessels. In contrast, for the thickened synovium without abundant
synovial vessels, a lower oxygenation level was detected due to in-
sufficient oxygen supply. Moreover, in this study, we observed that
joints with less vascularity and hypoxic synovium tended to rep-
resent higher disease activity. Conventionally, radiologists consider
RA joints with more Doppler US signals to potentially represent
higher inflammation activity. Based on our findings, we suggest
that patients with low Doppler US scores but with the presence
of synovial hypoxia might still be in a high disease activity state.
Hence, PA imaging—detected synovial hypoxia could be a useful
indicator for complementing US in RA evaluation.

Our study has several limitations. First, we lacked a reference
standard for tissue oxygenation measured by established inva-
sive methods. MRI is an essential imaging modality for RA and
can be used as the reference standard to investigate other imag-
ing modalities (35,36); however, we did not perform MRI for
the participants in this study. In addition, the frequency of the
PA US probe was relatively low. Moreover, the study controls were
hospital employees, who were nonprobability samples and not
representative of the general population, and the control
group had significantly fewer participants than the RA group.
Therefore, selection bias existed in this study.

To conclude, in this study, we performed multimodal pho-
toacoustic (PA) US imaging and assessed the tissue oxygenation
status of the thickened synovium in patients with rheumatoid ar-
thritis (RA). PA imaging—detected hypoxia in thickened synovium
was associated with less local vascularization and higher RA disease
activity. To further explore the clinical utility of PA imaging for de-
tection of hypoxia in RA management, PA imaging follow-up in a
well-managed cohort of patients with RA is needed. MRI should
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be added as an important contrast for PA imaging in future stud-
ies. In addition, we plan to improve the frequency and resolution
of the PA US probe in subsequent investigations.
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