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Abstract

This study is to evaluate highly accelerated 3D dynamic contrast-enhanced (DCE) wrist MRI for
assessment of perfusion in rheumatoid arthritis (RA) patients. A pseudo-random variable-density
undersampling strategy, CIRcular Cartesian UnderSampling (CIRCUS), was combined with k-t
SPARSE-SENSE reconstruction to achieve a highly accelerated 3D DCE wrist MRI. Two healthy
volunteers and ten RA patients were studied. Two patients were on methotrexate (MTX) only
(Group 1) and the other eight were treated with a combination therapy of MTX and Anti-Tumour
Necrosis Factor (TNF) therapy (Group I1). Patients were scanned at baseline and 3-month follow-
up. DCE MR images were used to evaluate perfusion in synovitis and bone marrow edema pattern
in the RA wrist joints. A series of perfusion parameters were derived and compared with clinical
disease activity scores of 28 joints (DAS28). 3D DCE wrist MR images were obtained with a
spatial resolution of 0.3x0.3x1.5mm3 and temporal resolution of 5 s (with an acceleration factor of
20). The derived perfusion parameters, most notably, transition time (dT) of synovitis, showed
significant negative correlations with DAS28-ESR (r=-0.80, p<0.05) and DAS28-CRP (r=-0.87,
p<0.05) at baseline and also correlated significantly with treatment responses evaluated by clinical
score changes between baseline and 3-month follow-up (with DAS28-ESR: r=-0.79, p<0.05, and
DAS28-CRP: r=-0.82, p<0.05). Highly accelerated 3D DCE wrist MRI with improved
temporospatial resolution has been achieved in RA patients and provides accurate assessment of
neovascularization and perfusion in RA joints, showing promise as a potential tool for evaluating
treatment responses.
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INTRODUCTION

Rheumatoid arthritis (RA) is a chronic systemic inflammatory arthritis that affects 0.5-1.0%
of adults, with 5~50 per 100,000 people newly developing the condition each year (1). RA
most commonly occurs in the small joints of the hands, feet and cervical spine, but it can
also involve larger joints such as the shoulder and knee. RA affects the synovium around the
joints as well as the underlying bone and cartilage. It causes bony erosions, is associated
with substantial pain and eventually leads to loss of joint function and long-term disability.
Current clinical diagnosis of RA relies on patient symptoms and physical exams, as well as
laboratory blood testing, synovial fluid and medical imaging including X-ray, Ultrasound
and MRI. However, early diagnosis and prediction of RA progression is still challenging.
Synovial angiogenesis has been proposed as one of the earliest markers of RA and magnetic
resonance angiography (MRA) has been used as a noninvasive biomarker to identify
abnormal vasculature in patients with early inflammatory arthritis (2, 3).

With the development of new treatments in the past decade to control joint inflammation
and damage, the prognosis of RA has substantially improved (4-7). While non-
pharmacological treatments that include physical therapy, splints and braces, occupational
therapy and dietary changes are unable to stop the progression of joint destruction,
biological medications that target inflammatory cytokines such as tumor necrosis factor
alpha (TNF-alpha) can slow the progression of RA. However, their response varies among
individual patients. It is then important to reliably identify patients at high risk for disease
progression and accurately monitor their response to the treatments.

In previous studies, 3D dynamic contrast-enhanced (DCE) wrist magnetic resonance
imaging (MRI) has been applied to evaluate perfusion changes in RA joints (2, 8, 9). The
MRI perfusion curve reflects a composite of tissue perfusion, vessel permeability, and
extravascular-extracellular space, which vary corresponding to tissue disease progression.
An accurate assessment of neovascularization and perfusion in RA joints could enable
earlier detection of RA and allow accurate monitoring of patient disease progression and
treatment responses. However, current DCE wrist MRI techniques are limited to relatively
low resolution (both spatial and temporal) which hinder their translation into clinical
practice. In this study, we aim to develop and evaluate an improved DCE wrist MRI
technique for accurate assessment of perfusion in RA joints.

Acceleration methods such as parallel imaging (PI) and compressed sensing (CS) techniques
(10-16) have been proposed to reduce scan time and increase image quality with higher
temporal and/or spatial resolution. Combined Pl and CS techniques have been applied to
DCE imaging in other organs such as brain (17), but haven’t been demonstrated for wrist
DCE imaging yet. Theoretically, CS requires random undersampling for forming incoherent
artifacts (13, 16), but in practice, pseudo-random undersampling is implemented. We have
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proposed a novel pseudo-random variable-density undersampling strategy, CIRcular
Cartesian UnderSampling (CIRCUS) (18-20), which integrates the desirable features of
randomization, variable-density and interleaved trajectories on a 3D Cartesian grid. The
time-resolved interleaving feature in CIRCUS allows for retrospective selection of temporal
resolution. In this study, we combined our CIRCUS acquisition strategy with a k-t SPARSE-
SENSE reconstruction method (21, 22) to obtain a highly accelerated 3D DCE wrist MRI in
order to improve both spatial and temporal resolution for a more accurate assessment of
perfusion in RA joints.

METHODS

Subjects

The study cohort is a sub-cohort of an ongoing prospective study. The study was approved
by the Committee for Human Research at our institution. Written informed consent was
obtained from all of the subjects after the nature of the study was fully explained.

Two healthy subjects (29.0 + 5.7 years old, 1 female) and ten RA patients were imaged
(51.3 £ 14.3 years old, 7 female, RA duration 46.4 + 39.6 months). Two of the patients were
on MTX only (Group 1) and the other eight were on a combination therapy of MTX and
anti-TNF (Group I1). All patients were examined by rheumatologists (JI, 38 years in
practice; JG, 18 years in practice) for tender joint count (TEN28), swollen joint count
(SW28) and disease activity score of 28 joints (DAS28). On the same day of rheumatologist
visit, serum samples were taken from the patients for erythrocyte sedimentation rate (ESR)
and C-reactive protein (CRP) measurements.

Inclusion criteria required all patients to be =18 years at enrollment, able to give consent and
follow the study protocol, and to fulfill the 2010 American College of Rheumatology (ACR)
RA classification criteria. Prednisone was permitted at <10 mg daily. Specific inclusion
criteria for Group 1: DAS28 <3.2 during the last 2-months before the baseline visit, MTX
treatment at a stable dose for > 8 weeks before baseline, no biologic treatment during the
past 6-months before baseline and no anticipated biologic treatment. Specific inclusion
criteria for Group 11: DAS28 > 3.2, no biologic treatment during the past 6-months prior to
the baseline visit and consent to initiate and maintain anti-TNF therapy with Certolizumab
pegol (CIMZIA, UBC Inc. Smyrna, GA). Exclusion criteria for all study subjects included
any inability to consent or perform a contrast enhanced MRI scan and any history of injury
or surgery in the wrist or hand to be scanned.

MRI scans were performed on the same day as patient rheumatologist visits. Ten patients
completed baseline scans and nine patients (2 in Group | and 7 in Group Il) completed 3-
month follow-up scans due to one patient becoming pregnant. For Group Il patients, MRI
scans were obtained directly before anti-TNF therapy initiation (baseline) and at 3-month
follow-up after initiation.
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MRI Data Acquisition

Data were acquired on a 3.0T MR scanner (GE Medical Systems, Milwaukee, WI) with an
8-channel phased array wrist coil. The total scan time was about 45 minutes, resulting in less
than an hour for the entire MRI exam including setting up time.

CIRCUS was applied on the ky-k, plane of 3D Cartesian acquisitions (where ky is the
frequency encoding axis) and provides randomization, variable-density and flexible
interleaving of the sampling points; features that are favorable for dynamic imaging
combined with advanced image reconstruction methods such as in k-t, parallel imaging and
compressed sensing (18). The golden-ratio profile used in CIRCUS allows for retrospective
reconstruction with an arbitrary temporal resolution (18, 23). In this study, CIRCUS was
implemented in a 3D gradient-echo sequence.

To validate the image quality with CIRCUS acquisition, we applied fully acquired k-space
data on the conventional 3D gradient-echo sequence (SPGR) before contrast injection. The
scan parameters for both sequences were: coronal view, FOV = 12x9 cm?, TR/TE = 11.1/2.5
ms, FA = 20°, BW =+ 62.5 kHz, image matrix = 384x288, 28~32 slices, spatial resolution =
0.3x0.3x1.5 mm3. The scan time of the conventional SPGR acquisition before contrast
injection was ~100s, immediately followed by the dynamic contrast enhanced SPGR with
CIRCUS acquisition (~400 s) with a 40 s injection delay (Gd-DTPA, 0.2mmol/Kkg).

To-weighted IDEAL Fast-Spin Echo (FSE) images were acquired in coronal and axial
planes before applying the conventional 3D SPGR imaging. Scan parameters include: FOV
=12x9 cm?, TR/TE = 3806/53 ms, FA = 90°, BW = +195 kHz, image matrix = 512x512, 20
slices, and spatial resolution = 0.23x0.23x2.0 mm3. T;-weighted IDEAL FSE images in
coronal view were acquired before and after the conventional 3D SPGR and DCE imaging.
Scan parameters include: FOV = 12x9 cm?, TR/TE = 500/12 ms, FA = 111°, BW = +195
kHz, image matrix = 512x512, 20 slices, and spatial resolution = 0.23x0.23x2.0 mm3,

Data Processing

MRI data were saved and images were reconstructed off-line using MATLAB (The
MathWorks, Natick, MA) on a Macintosh with an Intel Core i7 Processor (3.1 GHz). Fully
acquired k-space 3D SPGR data were reconstructed by applying inverse Fourier
Transformation with the images as reference. DCE data with CIRCUS acquisition were
reconstructed with retrospectively chosen temporal resolutions: 10 s (corresponding to an
acceleration factor of R=10) and 5 s (R=20). Data were reconstructed with k-t SPARSE-
SENSE reconstruction method (21, 22) in which the undersampled data sets were
reconstructed with multi-coil CS that exploits joint sparsity along the temporal dimension by
using a total variation constraint in this study.

DCE baseline images (images acquired during the 40 s injection delay) obtained with
CIRCUS acquisition were compared with the reference images (acquired with fully sampled
data before administration of contrast injection) by calculating the Normalized Root-Mean-
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JEX @1 ) — w0 ()7)
Square Error (NRMSE) defined as maz(z1) — min(z;) (16) , where xq is the
reference measurement and x, is the measurement to evaluate.

DCE as well as T,-weighted IDEAL Fast Spin Echo (Water) images were non-rigidly
aligned to the first time point (baseline image) of DCE. Non-rigid registration was
developed using elastix ITK (Insight Segmentation and Registration Toolkit) library (24-26).
An intensity based five-level multi-resolution pyramidal approach was applied to
accomplish the registration task. B-spline transformation was used for the morphing and
final interpolation and Advance Mattes Mutual Information was used as a figure of merit of
the transformation and iteratively optimized. The difference between the fixed image (first
time point) and all the other was qualitatively checked to evaluate the performance of the
registration procedure.

Region of interests (ROISs) including synovitis (SYN) and bone marrow edema pattern
(BMEP) were identified in IDEAL images semi-automatically using in-house developed
software (8, 27). Their mean signal intensities throughout time (signal-time curves) were
measured to calculate six perfusion parameters:

1. maximum intensity: Maxl (%), relative to baseline image;
2. transition time: dT (S), time between 20% and 80% Maxl;
3. slope: Slope (%/min) = MaxI-(80%-20%)/(dT/60);

4. time to peak: TTP (s);

5. area under the curve: AUC (%:-hour); and

6. area under the curve before TTP: AUCP (%:hour).

Fig.1 demonstrates how the perfusion parameters (except slope) are defined.

OMERACT RA MRI Scoring (RAMRIS) was performed by a musculoskeletal radiologist
(TL, 23 years of experience) for all MR studies at baseline and follow-up (28, 29). Synovitis
volume scores (SYN grading) were obtained based on pre- and post-contrast T;-weighted
IDEAL images.

Statistical Analysis

A two-tailed paired-sample t-test was used to compare the clinical disease activity scores
and perfusion parameters between baseline and 3-month follow-up. P-values of less than
0.05 were considered statistically significant. Pearson correlation coefficients between
perfusion parameters and clinical disease activity scores were calculated at baseline. Pearson
correlation coefficients between the changes of perfusion parameters and those of clinical
disease activity scores from baseline to 3-month follow-up were evaluated. P-values were
calculated based on 95% confident intervals (p<0.05, correlation is significant). SYN
grading was analyzed and compared with DAS28 and the perfusion parameters.
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Fig.2 compares DCE baseline images and the reference images acquired with fully sampled
data before administration of contrast injection. NRMSEs from baseline scans were 4.0 +
2.5% and 4.1+2.3% for data sets with 10 s and 5 s temporal resolution respectively.

In Fig.3, DCE maximum intensity projection (MIP) images show the neovascularization at
early venous phase (middle column), as well as synovitis and contrast agent leakage at late-
venous phase (right column) in two RA patients (second and third rows) compared with the
clear joints of a healthy volunteer (first row). Patients’ score were DAS-ESR=2.9, DAS-
CRP=1.2 (second row), and DAS-ESR=6.0, DAS-CRP=5.5 (third row).

Table 1 summarizes the patients’ clinical disease activity scores at baseline and 3-month
follow-up rheumatologist visits. Significant changes (t-test, p<0.05) between baseline and 3-
month follow-up disease activity scores including TEN28, SW28, and DAS28-ESR are
highlighted in bold and marked with *.

At baseline, nine out of ten patients showed SYN and BME. At 3-month follow-up, eight
out of nine patients had SYN and BME. Table 2a&b list the perfusion parameters that were
derived from the time-signal curves of selected ROIs of SYN and BME respectively,
evaluated with both 10 s and 5 s temporal resolution. No significant differences in perfusion
parameters in SYN and BMEP between baseline and 3-month follow-up were observed in
this cohort.

The correlations between the clinical disease activity scores and the perfusion parameters of
SYN at baseline are reported in Table 3. The transition time (dT), maximum intensity
(Maxl) and area under the curve (AUC) of synovitis were found to be highly correlated with
clinical disease activity scores except ESR and CRP that were obtained from blood tests.
The transition time dT outperformed the other perfusion parameters by providing higher
correlations. Although 10 s and 5 s data sets produced similar results, the higher temporal
resolution (5 s) can improve the correlations between the transition time dT of SYN and the
clinical disease activity scores (with TEN28, from r=-0.85 to -0.95; with DAS28-CRP, from
r=0.70 to -0.87); even making non-significant correlations significant (with SW28, from
r=0.59 to 0.77; with DAS28-ESR, from r=-0.53 to -0.80).

Changes between baseline and 3-month follow-up in SYN perfusion parameters were
evaluated and compared with changes in clinical disease activity scores (Table 4).
Significant correlations are only found between changes in some of the SYN perfusion
parameters with changes in TEN28, SW28, DAS28-ESR, and DAS28-CRP (Table 4,
numbers highlighted in bold and marked with *). We found significant negative correlations
between changes in transition time (dT) of SYN with 5 s temporal resolution and changes in
global clinical disease activity scores DAS28-ESR (r=-0.79. p-value =0.02) and DAS28-
CRP (r=-0.82, p-value =0.01). Fig. 4 shows the corresponding scatter plots of 8 patient data
points, between dT measurements and DAS28-ESR scores (Fig. 4a), as well as between dT
and DAS28-CRP (Fig. 4b). Group I (without anti-TNF treatment) patients showed an
increase in clinical disease activity scores (Fig. 4, marked with asterisks) while Group Il
(with anti-TNF treatment) patients showed a decrease (Fig. 4, marked with circles).
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The clinical SYN grading only showed correlations with SW28 and DAS28-ESR at baseline
(Table 3, last column on the right). However, this conventional clinical SYN grading based
on MRI failed to monitor patient disease activity changes (Table 4, last column on the right).

We also evaluated the correlations between the BME perfusion parameters and clinical
disease activity scores. At baseline, the area under the curve before time to peak (AUCP) of
BMEP showed high correlations (r>0.70, negative) with some of the clinical disease activity
scores (TEN28, DAS28-ESR, and DAS28-CRP). However, no significant correlations were
found between baseline and 3-month follow-up changes.

Fig. 5 shows DCE MIP images from a patient from Group Il with improved RA symptoms
following therapy (TEN28 changed from 17.0 to 0.0, SW28 from 14.0 to 3.0, ESR from
38.0to 27.0, CRP from 20.1 to 5.6, DAS28-ESR from 6.6 to 2.8, DAS28-CRP from 6.1 to
2.1, SYN grading from 6.0 to 3.0, and dT of SYN from 41.6 s to 127.7 s). The enhancing
regions in the wrist were significantly reduced at 3-month follow-up (Fig. 5b) compared to
those at baseline (Fig. 5a). The contrast enhancements of SYN and BME (measured in the
ROI shown in Fig. 6b&c) were slower and lower at 3-month follow-up compared to those at
baseline (Fig. 6e). The higher temporal resolution (5s) provides a better capture of the signal
change during contrast injection, especially in arterial blood (Fig. 6e).

DISCUSSION AND CONCLUSION

In this study, high temporospatial DCE wrist MRI with a temporal resolution of 5 s and
spatial resolution of 0.3x0.3x1.5 mm?3 was successfully applied to evaluate
neovascularization and perfusion in RA patients. Previous studies reported using DCE wrist
MRI for perfusion changes in RA with temporal and spatial resolutions of 12 s and
0.4x0.4x3 mm3 (8), and 10.3 s and 1.25mmx1.25 mmx0.63 mm?3 (9). Our method uses a
temporal and spatial resolution of 5 s and 0.3x0.3x1.5 mm3 improves temporospatial
resolution by an overall factor of R=8.5 and R=15 when compared to these two previous
studies respectively. The low error between the images obtained with undersampled data and
the fully-sample reference images demonstrates that comparable image quality can be
obtained with CIRCUS acquisition to the reference even with a large acceleration factor of
R=20. This is our first attempt to apply the proposed acceleration method for wrist MRI.
Other applications include 3D cardiac cine MRI and intracranial 4D flow MRI (19, 20).

In designing our accelerated technique, we chose to improve the spatial and temporal
resolutions rather than reduce the overall scan time because we wanted to ensure adequate
coverage of the contrast enhancement in RA joints as shown in literature (6~7 minutes).
Higher spatial resolution will improve the characterization of small lesion perfusion
properties and in heterogeneous tissues and lesions. Higher temporal resolution
reconstruction provides more accurate tracking of the signal change during contrast
injection. This highly accelerated acquisition provides a comprehensive overview of the
arterial and venous phases and detailed estimations of perfusion changes in time over a full
3D volume. We demonstrate that perfusion measurements (especially the transition time dT)
in synovitis of RA joints can accurately monitor patient’s response to the treatments.
Although we limited the analysis to empirical calculation of perfusion parameters from the
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time-intensity curve, implementing pharmacokinetic models for perfusion in RA will be
interesting to investigate in the future (30, 31) and high temporal resolution will help to
increase the robustness and reliability of such modeling (32, 33).

In our current study, we measured the perfusion within selected ROIs, which were
segmented based on T2-weighted IDEAL images. With higher spatial resolution, we can
achieve better image registration between the IDEAL and DCE images. And we can have
more accurate ROI segmentation with less partial volume effect. Non-rigid registration in
this study was developed using elastix library, which is characterized by a highly modular
structure and allows for building highly efficacious algorithms. All the basic steps of a
classical registration pipeline can be customized by choosing the best combination of image
similarity metric, optimization algorithm and interpolation strategy. Multiresolution
hierarchical approaches were available to strike a good balance between algorithm
performance and execution time demands.

Patients in Group Il with anti-TNF therapy showed a decrease in clinical disease activity
scores, indicating positive response to treatment. However, there is a large variation of
treatment responses among patients. Using the EULAR treatment response criteria (34), two
patients showed good responses; three patients showed moderate response; and one patient
showed no response. Such variations suggest the pressing clinical need for reliable
evaluation and quantification of treatment response.

Although not significant, the maximum enhancement MaxI of both synovitis and bone
marrow edema pattern reduced after anti-TNF treatment which is consistent with previous
reports in the literature (35). The synovitis perfusion evaluation (transition time dT, Tables
3&4) was significantly correlated with DAS28 changes while the synovitis grading was not.
This suggests that quantitative perfusion evaluation outperforms clinical synovitis grading in
detecting changes (sometimes can be subtle) after treatment and that quantitative DCE wrist
MRI can be used as a more reliable and accurate tool for evaluating RA treatment response,
which is currently applied in clinical studies to assess its potential role in optimizing
treatment decisions.

At baseline, significant correlation was found between DCE parameters of SYN/BME and
RAMRIS grading of SYN/BME. Such correlation was previously reported by Boesen et al
and the investigators suggested that computer-aided perfusion analysis may be useful for
quick semi-automated assessment of joint inflammation as it took significantly shorter time
compared to RAMRIS grading (36). In the study reported by Cimmino et al (37), in 10
patients treated with rituximab (another type of anti-TNF treatment), SYN perfusion
parameters but not SYN RAMRIS grading significantly were correlated with DAS at
baseline, 1- and 6-months after treatment. In our study, we further observed that only SYN
DCE parameter changes, but not SYN RAMRIS grading changes, were correlated with DAS
changes after treatment. These results suggest that quantitative perfusion evaluation
outperforms clinical synovitis grading.

The correlation between synovitis and clinical evaluation we observed is consistent with the
literature where synovitis measured by MRI or ultrasound, or metabolic activity of synovitis
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measured by PET imaging were correlated with clinical evaluations in RA (38-40). At
baseline, the perfusion parameters of bone marrow edema pattern were correlated with some
of the clinical disease activity scores. The changes of bone marrow edema pattern perfusion
parameters, however, were not correlated with the changes in clinical disease activity scores.
This is in contrast to the synovitis perfusion parameters and suggests that synovitis is more
directly linked with clinical evaluations such as DAS28 (which include the touch and feel of
the swollen of the joints); while bone marrow edema pattern is more indicative of
inflammatory-related changes within bone and bone marrow. This is supported by previous
studies in which bone marrow edema pattern has been shown to be a strong predictor of
radiographic erosion development in RA joints (41-43). We will be following the same
cohort of patients up to 1-year after anti-TNF initiation and the DCE data will be used to
evaluate the longitudinal correlation between bone marrow edema pattern perfusion
parameters and erosion development.

We are aware that this study has several limitations. In this study, a limited number of
patients have been involved for demonstrating the improvements of perfusion evaluation in
RA with our new DCE wrist MRI technique. In the future, a larger group of patients is
desired for a more comprehensive evaluation of the technique. We are also aware that RA
duration of the patients involved in this study was heterogeneous (46.4 + 39.6 months). We
have derived perfusion parameters directly from the DCE time-signal curves. Such
parameters are defined as “semi-quantitative” perfusion parameters, because they provide
“relative” access to the physiologic parameters. While “quantitative” perfusion parameters
may be derived by integrating the arterial input function, which takes into account
physiologic variations such as the blood flow, the vascular structure, and so on. We are
currently working on delivering quantitative perfusion parameters. With high temporospatial
DCE imaging, it is expected to have a more accurate arterial input function (demonstrated in
Fig. 6), which is crucial for achieving accurate perfusion measurements. Currently DCE data
is reconstructed offline with MATLAB-based programming. Images with 40 time points
(10s temporal resolution) took about 8 hours of reconstruction time, and those with 80 time
points (5s) took about 30 hours computation time on a Macintosh with an Intel Core i7
Processor (3.1 GHz). The reconstruction definitely needs future optimization to be clinically
practical.

In conclusion, highly accelerated 3D DCE wrist MRI has been achieved in RA patients with
improved temporospatial resolution, which provides accurate quantitative assessment of
neovascularization and perfusion in RA joints. Such technique improved monitoring of
treatment response and disease progression, thus has the great potential to optimize
treatment strategy for patients with RA.
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Figure 1.
Perfusion parameters derived from DCE signal-time curve. The entire curve is normalized

relative to the baseline signal (100%). Six perfusion parameters are derived from the curve.
MaxI: maximum intensity (%), dT: transition time (s), time between 20% and 80% Maxl);
slope: Max1(80%-20%)/(dT/60) (%/min) (not shown); TTP: time to peak (s); AUC: area
under the curve (%hour); and AUCP: area under the curve before TTP (%hour).
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Reference CIRCUS (baseline images)
100 s, R=1

Figure 2.
Comparison of highly accelerated images with the reference. Even with acceleration factor

of b) 10 or ¢) 20, CIRCUS provides comparable image quality to a) the reference.
Normalized root-mean-square errors of the images obtained with CIRCUS are relatively low
compared to the reference.

NMR Biomed. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 17

Contrast Arrival Early- Late-Venous Phase

Patient 2

Figure 3.
MIP images at three representative time frames of a temporal resolution 5 s. Patient 1 has

DAS28-ESR score of 2.9 and DAS28-CRP score of 1.2 (low disease activity), and RA
duration of 57.8 months. Patient 2 has DAS28-ESR score of 6.0 and DAS28-CRP score of
5.5 (high disease activity), and RA duration of 117.3 months.
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The change of the transition time dT in synovitis (5 s resolution) between the baseline and 3-
month follow-up scans is highly correlated with the change of the activity score, a) DAS28-

ESR, and b) DAS28-CRP. The data points marked with circles are Group Il patients, and the
rest two points marked with asterisks denote Group | patients.
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a) Baseline b) 3-Month

Figure 5.
DCE MIP images at a) baseline and b) 3-month follow-up with a temporal resolution of 5s.

Data is from a Group |l patient, who had good positive response to treatment.
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Figure 6.

Selected ROIs and its signal-to-time curves. a-c) show the selected ROIs of arterial blood,
SYN and BME from the same patient in Figure 5. The corresponding signal-time curves at
baseline and 3-month follow-up with the temporal resolution of 10s as well as 5s are shown
in d). Slower and lower contrast enhancements of SYN and BME showed at 3-month
follow-up compared to those at baseline. The higher temporal resolution (5s) provides a
better capture of the signal change during contrast injection, especially in arterial blood.
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Table 1

RA-Patient clinical disease activity scores. Averaged scores and their standard deviations at baseline and 3-
month follow-up visits are reported, as well as the changes in between two visits (n=10). Significant changes

1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

(p<0.05) are highlighted in bold and marked with *.

Patient clinical disease activity scores | Baseline | 3-month follow-up | Change between baseline and 3-month follow-up
TEN28 75+55 19+29 -5.6 £ 5.6*
SW28 10.5+6.5 48+3.7 -5.7+5.0*
ESR (mm/hr) 38.1+22.9 37.1+18.6 -1.0+£14.7
CRP (mg/L) 18.2+25.6 10.1+9.4 -8.1+£19.8
DAS28-ESR 53+18 3909 -1.4 £ 1.6*
DAS28-CRP 47+18 34+10 -1.2+15
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