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Abstract

Contrast enhancement magnetic resonance imaging (CE-MRI) of synovial volume is the 

radiographic gold standard to quantify joint inflammation but cost limits use. Therefore, we 

examined if power Doppler-ultrasound (PD-US) outcomes of synovitis in tumor necrosis factor 

transgenic (TNF-Tg) mice correlate with CE-MRI. TNF-Tg mice underwent PD-US of their knees 

to measure the joint space volume (JSV) and PD volume (PDV), and the results were correlated 

with synovial volume determined by CE-MRI. Immunohistochemistry for CD31 was performed to 

corroborate the PD signal. Synovial volume strongly correlated with both JSV and PDV (p<0.01). 

CD31+ blood vessels were observed in inflamed synovium proximal to the joint surface, which 

corresponded to areas of intense PD signals. JSV and PDV are valid measures of joint 
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inflammation that correlate with synovial volume determined by CE-MRI and are associated with 

vascularity. Given the emergence of PD-US as a non-quantitative outcome of joint inflammation, 

we find JSV and PDV to be feasible and highly cost-effective for longitudinal studies in animal 

models. Furthermore, given the increasing utilization of PD-US in standard clinical practice, JSV 

and PDV could be translated to better quantify joint flare and response to therapy in RA patients.
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INTRODUCTION

Based on its high resolution, magnetic resonance imaging (MRI) is the preferred imaging 

standard to quantify joint inflammation in clinical arthritis studies. Synovial volume 

assessed via MRI provides clinically useful information about disease activity and treatment 

response due to the fact that synovial contrast enhancement correlates with vascularity (1), 

and synovial volume is a marker of disease activity that decreases following successful 

therapy (2). However, the prohibitively high costs of MRI and limited access have 

contributed to a marked increase in ultrasound (US) imaging utilization, due to the 

advantages of real-time imaging, accessibility, cost-efficiency, and absence of ionizing 

radiation (3). US is particularly useful to assess joint inflammation in rheumatoid arthritis 

(RA) patients, as power Doppler (PD) US can highlight synovial hyperemia to diagnose 

active synovitis, predict flares, and provide semi-quantitative analyses (PD Score) in clinical 

research studies (4–7). The challenges with MRI outlined above also pertain to pre-clinical 

research. A recent study outlined methods to perform PD-US imaging in murine models of 

inflammatory-erosive arthritis, including validation studies of B-mode scans with histology 

(8). However, truly quantitative US outcome measures remain an important unmet need, as 

most pre-clinical and clinical studies assign semi-quantifiable grades for B mode and/or 

power Doppler observations (8–11). Thus, the absence of accurate US-based volumetric 

outcome measures of joint inflammation remains a major limitation for arthritis research. 

Therefore, we sought to develop methods for quantification of PD-US volume in the joint 

space of tumor necrosis TNF-Tg mice (12), an established model of RA.

METHODS

Animals

A total of twelve knee joints from six 8–10 month-old TNF-Tg mice (3647 line on a 

C57BL/6 background) were studied. The research was conducted with approval by the 

University of Rochester Institutional Animal Care and Use Committee (IACUC).

Contrast-enhanced MRI acquisition and analysis

All contrast enhanced MRI (CE-MRI) and PD-US imaging was performed on mice 

anesthetized with 2% isoflurane as described on IACUC approved protocols. CE-MRI 

studies were performed with a 3 Tesla Siemens Trio MRI (Siemens Medical Solutions, 

Erlangen, Germany) and custom surface coils as previously described (13) with the 
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following parameters: Sagittal T1-weighted FLASH, TR=45 ms, TE=9.03 ms, 192×192 

pixels, 28 mm×28 mm FOV, 32 slices of 0.16mm slice thickness, flip angle=25°, 1 signal 

average, time: 9:28 min. First, a pre-contrast scan of the knee joint was obtained (Figure 1A) 

prior to gadolinium-diethylenetriamine pentaacetic acid (Gd-DTPA) contrast agent 

(Omniscan, Amer-sham Health, Oslo, Norway) retro-orbital administration (0.5 mL/kg). 

The post-contrast scan (Figure 1B) was started 5 minutes after Gd-DTPA injection to allow 

for circulation. The 3D stack of the pre-contrast scan was aligned with the post-contrast scan 

via automatic registration in Amira (VSG, Burlington, MA, USA). Then, a stack of images 

was generated by subtracting the pre-contrast scan from the post-contrast scan using the 

Arithmetic module. Synovial volumes were segmented by manually drawing region of 

interests (ROIs) on the 3D stack over the entire knee joint and were quantified as voxels 

above the threshold of 3.5 times the muscle mean signal intensity within the ROI. Enhanced 

voxels within the bone marrow were subtracted from the synovial volume. A 3D surface was 

then created using the SurfaceGen and SurfaceView modules (Figure 1C) and quantified 

using the MaterialStatistics module.

Ultrasound acquisition and analysis

Subsequently, the joints of these animals were imaged using a high-resolution small-animal 

US system (VisualSonics 770 with 704 scanhead, FujiFilm VisualSonics Inc., Toronto, ON, 

Canada) as previously described (14). Mice were placed in the supine position with their 

knees flexed over a customized mold and both B-mode and PD scans of the joint space were 

collected with a wall filter of 3 mm/s, scan speed of 2 mm/s, dynamic range of 13.13– 23.24 

dB and the number of pulses to radio-frequency (RF) cycles as two. Amira was used for data 

analysis. First, the joint space was manually segmented as the anterior portion between the 

joint surfaces of the femur and tibia (green, Figure 1D), and a threshold was applied to the 

PD signal (>64 arbitrary units; a.u.) to encompass the PD signal. Then, a mask was created 

using the Arithmetic module with the expression A*(B>0), where A refers to the PD signal 

and B refers to the mask (joint space). This mask (green, Figure 1E) segments the PD data 

so the positive Doppler signal volume in the joint space (red, Figure 1E) can be delineated. 

These volumes were then quantified via the MaterialStatistics module, and the SurfaceGen 

and SurfaceView modules were used to generate 3D surfaces of both the joint space volume 

(JSV) and PD volume (PDV) in the joint space (green and red, respectively, Figure 1F).

Statistical Analysis

Linear regressions of PD-US and CE-MRI data, B-mode grades and histology scores were 

performed and tested for significance using Prism (GraphPad Software, San Diego, CA, 

USA). To assess the inter-user variability of analyzing JSV and PDV, these outcomes were 

quantified independently by two observers (E.M.B. and P.D.B.). The results demonstrated 

reasonable inter-user variability as determined by interclass coefficient correlation (ICC) 

analysis (JSV = 0.8582; PDV = 0.8438). Histology scoring according to Mould et al (15), 

was performed by two independent observers (E.M.B. and H.R.) and an ICC of 0.9022 was 

found.
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Histology

For immunohistochemistry, knees were harvested and fixed in 10% neutral buffered 

formalin. The joints were then decalcified in 14% ethylenediaminetetraacetic acid at room 

temperature for 21 days. The joint was then embedded in paraffin and cut into 5 µm 

sections. Sections were then deparaffinized and underwent either an alcian blue 

hematoxylin/orange G stain for histology scoring, or were stained for the blood vessel 

marker CD31 (rabbit anti-mouse CD31, Abcam, Cambridge, MA, USA).

RESULTS

To validate PD-US as a volumetric outcome measure of joint inflammation, correlation 

analysis was performed using the CE-MRI measurement of synovial volume (Figure 1G and 

H). Both JSV and PDV demonstrated a significant correlation with synovial volume 

(Pearson’s r = 0.8301 and 0.8916, respectively). To compare our modality with previously 

published B-mode and histology scores (8, 15), we sought to identify correlations between 

PDV and these scoring systems (Figure 1I and J, respectively). Due to the limited range of 

these scoring systems, no significant correlation was found between the PDV and B-mode 

grade, or the PDV and histology score (p=0.1160 and 0.8932, respectively). This finding 

demonstrates that directly measuring joint inflammation independent of a discrete scoring 

system is beneficial, as it allows for continuous data such that differences are more easily 

detected. A clinical image of a RA metacarpophalangeal (MCP) joint space with hyperemia 

is shown to illustrate the similarities between patient and murine US images (Figure 2A and 

B, respectively). Note the high PD signal (heat map) present in the RA MCP joint space 

(yellow outline) (Figure 2A). To demonstrate that the PD signal localizes with blood vessels 

in the JS, knees were harvested after PD-US and CD31 staining was performed. The PD-US 

2D and 3D images (Figure 2B and C, respectively) and histology (Figure 2D–G) from the 

same animal are shown to illustrate the presence of large blood vessels in the tissues that 

produced strong PD signals. Higher magnification clearly shows the CD31+ blood vessel 

(red arrow, Figure 2G) adjacent to the joint surface (yellow arrowheads, Figure 2G), with 

similar anatomy as the PD signal (red arrow, Figure 2B) to the joint surface (yellow 

arrowheads, Figure 2B) in the PD-US B-mode scan.

DISCUSSION

In conclusion, PD-US is able to accurately quantify synovial inflammation by measuring the 

PD signal volume that resides within the joint space. We have also confirmed that the PD 

signal corresponds to highly vascular tissue in the synovium. As this approach provides a 

translational cost-efficient alternative to CE-MRI, PDV has great potential as a primary 

outcome measure in arthritis intervention trials. Previous studies have shown that CE of the 

synovial volume correlates with vascularity (1), supporting PDV as measure of synovitis in 

the clinic. Further, despite the widespread use PD-US in rheumatology, the lack of 

quantifiable parameters from PD-US remains a major limitation. Therefore, our study offers 

methodology to quantify JSV and PDV, two parameters that provide a valid measure of the 

extent of active synovitis and tissue response following therapy in RA patients.
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Figure 1. Quantification of Joint Space Volume and Power Doppler Volume determined by US 
and their correlation with established CE-MRI volumetric outcome measures
TNF-Tg mice (8–10 months, n=6) underwent bilateral CE-MRI and US imaging of their 

knees (n=12) with analysis performed in Amira. Joints were then harvested for histology 

(n=10). 2D images of representative pre-contrast MRI (A), and CE-MRI highlighting the 

inflamed synovium (red arrowheads in B) are shown to illustrate the primary images of the 

knee (F, femur; T, tibia) used to generate the synovial volume via subtractive 3D rendering 

(C), as previously described (7). Similarly, representative 2D images of B mode scans with 

highlighted joint space (green outline in D), and thresholded PD signal within the joint space 
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(red in E), are presented to illustrate the primary data used to generate the 3D surfaces of the 

joint space volume (JSV, green in F) and power Doppler volume (PDV) in the JSV (red in 

F). To validate PD-US measurements, correlation analyses were performed between 

synovial volume and joint space volume (JSV) (G; r=0.8301, r2=0.6891, p<0.01); and 

between synovial volume and power Doppler volume (PDV) within the joint space (H; 

r=0.8916, r2=0.7950, p<0.001). PDV was then compared to B-mode grades (I; r=0.4780, 

r2=0.2285, p=0.1160) and histology scores (J; r=0.0489, r2=0.0023, p=0.8932).
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Figure 2. Corroboration of the PD-US signal with immunohistochemistry for CD31+ blood 
vessels in the joint space
A PD-US image is shown to illustrate the resolution and the sensitivity of the PD signal (red 

heat map) in the metacarpophalangeal joint space (yellow outline) from a rheumatoid 

arthritis patient experiencing hyperemia of the synovium (A). TNF-Tg mice (8–10 months) 

underwent PD-US as described in Figure 1, and the knee joints were harvested for 

immunohistochemistry. A representative 2D image of the B-mode with PD signal (red arrow 

in B), with the corresponding 3D rendering of the joint space and PD signal (green and red, 

respectively in C) from PD-US are shown to highlight the vascular regions in the tissue that 

were subsequently evaluated by immunohistochemistry. Histology sections of the joint 

corresponding to the vascular regions in the PD-US images were processed for 

immunohistochemistry with antibodies specific for CD31. Micrographs of the joint space 

are shown at low magnification (1.25×; D) where the box highlighted is shown at 20× for 
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the negative control (E) and CD31+ blood vessels (brown in F). The box highlighted in F is 

shown in G at 40×. Note the proximity of the blood vessel (red arrow in G) to the joint 

surface (yellow arrowheads in G), corresponding to the close proximity of the PD signal (red 

arrow in B) to joint surface (yellow arrowheads in B) shown in PD-US.
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