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Computer-Assisted Image Analysis in Assessment
of Peripheral Joint MRI in Inflammatory Arthritis:
A Systematic Review and Meta-analysis

Arya Haj-Mirzaian," Olga Kubassova,” Mikael Boesen,® John Carrino,* and Paul Bird®

Objective. To summarize the feasibility of computer-assisted quantification of joint pathologies on magnetic reso-
nance imaging (MRI) in patients with inflammatory arthritis by evaluating the published data on reliability, validity, and
feasibility.

Methods. A systematic literature search was performed for original articles published from January 1, 1985, to
January 1, 2021. We selected studies in which patients with inflammatory arthritis were enrolled, and arthritis-related
structural damage/synovitis in peripheral joints was assessed on non-contrast-enhanced, contrast-enhanced (CE), or
dynamic CE (DCE)-MRI using (semi)automated methods. Data were pooled using random-effects model.

Results. Twenty-eight studies consisting of 1342 MRIs were included (mean age, 54.8 years; 66.7% female; dura-
tion of arthritis, 3.6 years). Among clinical/laboratory factors, synovial membrane volume (SV) was moderately corre-
lated with erthrocyte sedimentation rate (ESR) level (P < 0.01). Pooled analysis showed an overall excellent intra- and
inter-reader reliability for computer-aided quantification of bone erosion volume (BEV; r=0.97 [95% CI: 0.92-0.99],
0.93 [0.87-0.97])), SV (r=0.98 [95% CI: 0.90-0.99], 0.86 [0.78-0.91]), and DCE-MRI perfusion parameters
(r=0.96-0.99). Meta-regression showed that computer-aided and manual methods provide comparable reliability
(P> 0.05). Computer-aided measurement of BEV (r=0.92), SV (r=0.82), and DCE-MRI biomarkers (r=0.72 N-total;
r=0.74 N-plateau; r=0.64 N-washout) were significantly correlated with the Rheumatoid Arthritis Magnetic
Resonance Imaging Score (RAMRIS; P < 0.01), allowing for earlier assessment of drug efficacy. On average, (semi)
automated analysis of BEV/SV took 17 minutes (vs. 9 minutes for the RAMRIS) and DCE-MRI took 4 minutes
(vs. 33 minutes for manual assessment).

Conclusion. Computer-aided image quantification technologies demonstrate excellent reliability and validity when
used to quantify MRI pathologies of peripheral joints in patients with inflammatory arthritis. Computer-aided evaluation
of inflammatory arthritis is an emerging field and should be considered as a viable complement to conventional
observer-based scoring methods for clinical trials application.

INTRODUCTION numerous studies (3-5). MRI provides precise measurements for
bony erosions, bone marrow edema (BME), and joint synouvitis,
which are considered to be predictive biomarkers for long-term
clinical outcomes (5-7). One example of quantitative scoring is

Early diagnosis of inflammatory arthritis and accurate moni-
toring of disease progression are central for optimizing manage-

ment of patients with rheumatoid arthritis (RA) and other types of
arthritis (1,2). The pivotal role of advanced imaging modalities,
especially magnetic resonance imaging (MRI) and dynamic
contrast-enhanced (DCE) MR, in the diagnosis of early disease
and monitoring response to therapy has been confirmed by
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the Rheumatoid Arthritis Magnetic Resonance Imaging Score
(RAMRIS) system, which has been developed by the Outcome
Measures in Rheumatology (OMERACT) group for quantification
of bone erosion, BME, and synovitis on MRI (8). The RAMRIS is
well established, but the responsiveness can be limited by the
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discreet nature of the score. As a complement measure, DCE-
MRI allows comprehensive assessment of perfusion changes on
a continuous scale and accurate visualization of the distribution
and the degree of histological synovial inflammation (9,10). DCE-
MRI data are routinely analyzed using the region of interest (ROI)
method. A small ROl is manually placed by a reader in the area
with maximal visual enhancement, and perfusion parameters are
calculated within the predefined ROI (11).

Despite the promising results regarding the diagnostic/
prognostic value of MRI-based biomarkers, the clinical utility of
user-dependent image assessment is limited because of several
factors. Semiquantitative MRI scoring systems can be insensitive
for the identification of subtle changes in early arthritis (8,12). Tra-
ditional user-dependent assessment of DCE-MRI can be time-
consuming and challenging as the reliability of the ROI method is
dependent on the expertise of the reader (13,14). To overcome
the inherent limitations of manual image assessment, several
computer-aided methods have been developed. Semiautomatic
quantification of bone erosion volume (BEV), BME volume, and
synovial membrane volume (SV) has the potential to facilitate the
clinical utility of MRI by alleviating the time and cost burden of
manual scoring. In addition, semiautomatic quantification of
DCE-MRI allows user-independent extraction of perfusion para-
ments by model-based approaches, such as pharmacokinetic
and heuristic analysis, in a short amount of time on the entire
image (9,10); these methods have the advantage of better repro-
ducibility and time efficiency.

Several semiautomatic methods have been proposed for the
assessment of peripheral joint MRI in inflammatory arthritis. How-
ever, the overall feasibility, reliability, and validity of these
computer-aided image analyses have not been comprehensively
assessed.

Our objective was to perform a research synthesis using sys-
tematic review and meta-analysis to summarize the published
data on the computer-aided image quantification technologies
for evaluating MRI features of inflammatory arthritis in peripheral
joints with a focus on reliability, validity, and feasibility. These
parameters were assessed using the OMERACT filter definitions
(15). Feasibility in the OMERACT filter encompasses the practical
considerations of using an instrument, including its ease of use,
time to complete, monetary costs, and interpretability of the
question(s) included in the instrument. In this analysis, feasibility
was restricted to time taken for image assessment. Other mea-
sures of feasibility were not available in the articles.

MATERIALS AND METHODS

The study design was a research synthesis of the published
literature. This systematic review and meta-analysis was per-
formed in accordance with the Preferred Reporting ltems for Sys-
tematic Reviews and Meta-Analysis (PRISMA) guidelines (16).

Literature search. A systematic literature search was per-
formed on Medline, EMBASE, and Cochrane databases for origi-
nal English-language articles published from January 01, 1985,
to January 01, 2021. Various combinations of search terms
representing “inflammatory arthritis,” “MRI,” “computer-aided
methods,” and “peripheral joints” were used to retrieve all rele-
vant studies; details of searching strategy and keywords are sum-
marized in Supplementary Table 1. Search terms were developed
with the assistance of a professional health informaticist and were
approved by all authors. The reference lists of included articles
were manually searched to identify any missing articles. All refer-
ences were imported to the Covidence online platform, and all
parts of the study selection and data extraction were conducted
using the Covidence tool (https://www.covidence.org/reviews/
64844).

Study selection. Studies were included if they met the fol-
lowing inclusion criteria: 1) enrolled patients with any type of
inflammatory arthritis; 2) measured arthritis-related structural
damage/inflammation in peripheral joints using non-CE, CE MR,
and/or DCE-MRI; and 3) used computer-aided image analysis.
We excluded review articles, conference abstracts, case reports,
editorials, letters, theses, methodology articles, studies per-
formed on animals/cadavers, studies focused on other joints than
peripheral joints, and studies focused on other imaging modalities
than MRI. One reviewer (Arya Haj-Mirzaian, a radiology resident
with 7 years of research experience) screened titles and abstracts
of all retrieved citations. The full text of potentially eligible articles
that passed title/abstract screening were obtained and assessed
by the same reviewer in duplicate, and the final eligible studies
were selected.

Data extraction. The following data were extracted from all
included studies by the same reviewer: study design, patient
enrollment, year of publication, number of patients, demo-
graphics, imaging modality, joint regions (hand, wrist, metacarpo-
phalangeal [MCP], or knee joints), (semi)automated measures (ie,
SV, BEV, and DCE-MRI parameters—maximum enhancement
[ME], initial rate enhancement [IRE], time of onset of enhancement
[Tonset], Gadolinium counts [total, persistent, plateau, and wash-
out], and enhancement pattern), results of manual methods
(ie, the RAMRIS for bone erosions and synovitis), time needed to
perform image assessment, histopathological/laboratory findings,
and clinical outcomes (eg, disease activity score [DAS]-28).

Finally, intrareader reliability (ie, degree of agreement among
repeated measurements by a single reader) and inter-reader reli-
ability (ie, degree of agreement among different readers in case
of semiautomated methods) for each computer-aided method,
the correlation measures between computer-aided and manual
MRI-based measurements, and the correlation measures
between imaging biomarkers and clinical/histopathological/
laboratory outcomes were extracted.
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Quality assessment. The quality of each included study
was assessed using the Quality Assessment of Diagnostic Accu-
racy Studies (QUADAS)-2 (18). Risk of bias (ROB) and applicabil-
ity of study was assessed in the following four domains: patient
selection, index test (ie, computer-aided measurements), refer-
ences standard (ie, established MRI scores and/or clinical out-
comes), and flow and timing. The questions of the QUADAS-2
tool have been modified based on our research aims; details are
summarized in Supplementary Table 2. Studies were rated to
have low, unclear, or high ROB/applicability by combining the
results of all domains (18).

Statistical analysis. Analyses were performed using
Comprehensive Meta-Analysis version 3 (Biostat). Forest plots
and inconsistency index with Q test and I? statistics were used
to estimate the degree of between-study heterogeneity (19,20).
High statistical heterogeneity was defined as 12> 75% (19-21).
Funnel plots were reconstructed for visual assessment of publica-
tion bias. Plot asymmetry was quantified using the Begg and
Mazumdar rank correlation test (21). The significance level was
set at P value <0.05. Results were adjusted using the trim and fill
method, when the Begg and Mazumdar test suggested the pos-
sibility of publication bias (22).

The following correlation coefficients were transformed to
normally distributed z values and pooled using a random-effects
model: 1) intraclass correlation co-efficient (ICC) for intra- and
inter-reader reliability of each computer-aided measurement;
2) correlation coefficients between computer-aided measures
and user-dependent RAMRIS findings; and 3) correlation coeffi-
cients between computer-aided measurements and clinical/
histopathological/laboratory findings. The weighted pooled corre-
lation coefficients, along with 95% confidence interval (95% Cl),
were calculated and reported. Results were presented narratively
when it was not feasible to perform meta-analysis due to the lim-
ited data (ie, fewer than three studies). The impact of covariates
on outcome measures was evaluated using subgroup analysis
and/or univariate meta-regression.

RESULTS
Study selection

Figure 1 illustrated the PRISMA flow chart summarizing the
study selection process. A total of 311 published records were
identified through the initial literature search. After title and
abstract screening, 72 articles were considered eligible to be
assessed at the level of full text. Four articles were added through
manual search of bibliography; three of them have been excluded
at the level of title/abstract screening. From these records,
44 were excluded for the following reasons: wrong outcome
(n =23), majority of these studies have not reported our outcomes
of interest; wrong study design (n=18), not using MRI or

Records identified through search
(n=714)

PubMed: 196

EMBASE: 273

MEDLINE: 210

Cochrane: 35

Excluded duplicates (n = 403)

< From cross-referencing
bibliography (n = 4)

Abstracts were screened for
eligibility (n = 311)

Excluded (n = 239)
Based on the title and
abstract screening

A 4
Full-texts were screened for
eligibility (n = 72)
Obtained from database: 71
From bibliography: 1

Excluded (n = 44)
> Wrong population: 3
4 Wrong design/setting: 18
Full-text articles included in the Wrong outcomes: 23
study (n = 28)

v

Studies focused on the following computer-aided measurements:

* Bone erosion volume (BEV) on MRI (n = 7)

* Synovial membrane volume (SV) on MRI (n = 4)

* Several measurements including both BEV and SV, or other
biomarkers (n = 4)

* Quantitative DCE-MRI perfusion parameters (n = 13)

Figure 1. PRISMA flowchart diagram for study selection. BEV,
bone erosion volume; DCE, dynamic contrast-enhanced; MRI, mag-
netic resonance imaging; PRISMA, Preferred Reporting Items for
Systematic Reviews and Meta-Analysis; SV, synovial membrane
volume.

computer-aided image analysis; and wrong patient population
(n=3), not including patients with inflammatory arthritis. The list
of excluded studies and the main reason of exclusion are summa-
rized in Supplementary Table 3. Ultimately, 28 articles including
1342 MRI examinations were deemed eligible for inclusion.

Study characteristics

The main characteristics of 28 included studies are summa-
rized in Table 1 and Supplementary Table 4. Twenty-two of the
studies were cross sectional; six were longitudinal studies. Most
studies examined patients with RA, although a few studies also
included patients with psoriatic arthritis and undifferentiated
arthritis. Hand, wrist, MCP, and knee joints were studied in
5,19, 8, and 3 studies, respectively (some studies assessed more
than one region). Eleven studies used 1.5 T magnetic resonance
(MR) scanner, whereas six studies used 3 T MR scanner. Sixteen
studies reported findings of non-CE and/or CE MRI, and 15 stud-
ies reported results of DCE-MRI (some studies used both
methods). MRI slice thickness varies across included studies,
ranging from 0.7 to 5 mm. Among included studies, 19 used
semiautomated methods, 9 used fully automated methods, and
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21 reported results of manual MRI-based assessments. The aver-
age number of enrolled patients in each study was 48 (range =
5-485). The mean age of participants was 54.8 years, with a
female proportion of 66.7% and a mean duration of disease of
3.6 years.

Nine studies reported the reliability and/or validity of computer-
aided measurement for BEV on MR, 6 studies focused on SV, and
14 studies focused on DCE-MRI parameters. Among studies on
DCE-MRI, most studies reported quantitative DCE-MRI perfusion
markers and/or time intensity curve (TIC) shape categories using
heuristic analysis rather than pharmacokinetic analysis. The correla-
tion of (semi)automated measurements with manual measure-
ments and clinical outcomes were reported in 11 and 12 studies,
respectively. The time needed to perform measurement was
reported in nine studies. Only four studies reported results of
computer-aided BME volume measurement; meta-analysis was
not performed on BME because of lack of data (24-27).

Quality assessment

Figure 2 summarizes the details of quality assessment using
the QUADAS-2 tool. The overall low-moderate ROB was consid-
ered for the body of included literature. The overall ROB in the
patient selection domain was unclear in most studies because they
did not report details of patient recruitment (eg, consecutive
vs. nonconsecutive). Regarding the index test domain, 10 studies
had unclear ROB and 1 study had a high ROB; the main source
of bias was unclear blindness of observer. The reference standard
domain was judged to be high/unclear risk in two studies; in these
studies, radiologists performing manual measurements were not
blinded to (semi)automated measurements and/or clinical findings.

Meta-analysis

BEV. Intra- and inter-reader reliability. Nine studies
(254 MRIs) reported the intra- and/or inter-reader reliability of
computer-aided measurement of BEV (Supplementary Figures 1
and 2; 24,26,28-34). The weighted pooled ICC for intra- and
inter-reader reliability was 0.97 (95% CI: 0.92-0.99; P <0.001;
1> =91.3%) and 0.93 (95% Cl: 0.87-0.97; P <0.001, 12 =79.1%),
respectively (Table 2, 3). Visual evaluation of funnel plot revealed
a possibility of publication bias (Supplementary Figures 1 and 2);
however, Begg and Mazumdar rank correlation test showed no
evidence of publication bias (P=0.711 and 0.266, respectively).
Pooled analyses were adjusted for publication bias using the trim
and fill method, which showed equal ICC estimates (Table 2;
P> 0.05). Restricting analysis to studies with prospective design
(P=N/A, P=0.990) and low ROB (P =0.687, P = 0.956) resulted
in almost the same ICC values for intra- and inter-reader reliability,
respectively. Meta-regression analysis showed a significant nega-
tive association between the field strength of the MR scanner
(tesla) and intrareader (Beta-coefficient + SEM = -0.726 + 0.176;

P <0.001) and inter-reader (Beta-coefficient + SEM =-0.384 +
0.156; P=0.014) reliability of (semi)automated BEV measure-
ments (Figure 3). Furthermore, results of meta-regression showed
that (semi)automated BEV calculation on MRI has higher inter-
reader reliability in older patients (Beta-coefficient + SEM=0.114
+ 0.050; P=0.023). No other significant association was de-
tected between reliability estimates and the following factors: year
of publication (P =0.349; P =0.696), mean age (P = 0.515; signif-
icant for inter-reader, as noted earlier), female proportion
(P=0.776; P=0.816), mean duration of disease (P=0.984;
P =0.269), and slice thickness (P =0.396; P = 0.920).
Comparing with manual MRI-based measurements. Seven
studies (144 MRIs) reported the correlation coefficient of computer-
aided BEV measurements with the RAMRIS and/or manual
BEV measurements (Supplementary Figure 3; 24,26,28-32).
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Figure 2. Risk of bias and quality assessment using the QUADAS-2
tool. No concern was detected regarding the applicability of patient
selection, index test, and reference standard. QUADAS, Quality
Assessment of Diagnostic Accuracy Studies.
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Meta-analysis showed an excellent level of agreement between
these methods with the weighted pooled ICC of 0.92 (95% Cl:
0.80-0.97; P < 0.001; I? = 84.1%; Table 2). No evidence of publi-
cation bias was detected (Supplementary Figure 3; P=0.764);
there was an equal adjusted correlation coefficient (Table 2;
P>0.05). Subgroup and meta-regression analyses showed no
factor has a significant impact on the following pooled correlation
values: study design (P=0.178), ROB (P=0.178), year of publi-
cation (P=0.057), mean age (P=0.649), female proportion
(P=0.931), mean duration of disease (P=0.558), MRI tesla
(P=0.623), and slice thickness (P =0.185).

Five studies (108 MRIs) reported intra- and inter-reader reli-
ability of the RAMRIS and/or manual BEV measurements
(24,26,31,32,34). Results showed an overall comparable intrar-
eader reliability (P =0.626; weighted pooled ICC of 0.96 [95%
Cl: 84-0.99] for manual measurements) and inter-reader reliability
(P=0.273; weighted pooled ICC of 0.89 [95% CI: 0.85-0.93] for
manual measurements) between these two methods.

Correlation with clinical variables. Two studies (44 MRIs) dis-
played the correlation coefficient between the computer-aided
BEV measurements and DAS-28 (29,31). The overall poor corre-
lation was observed between BEV and DAS-28 (range of reported
correlation coefficient = —-0.10 to 0.94). Further analysis on other

clinical/histopathological/laboratory findings was not possible
because of the limited number of studies.

Time needed to perform measurements. Time taken to per-
form (semi)automated BEV measurements was estimated to
be 14 minutes (range = 2.6-21.5) based on the results of five
studies (105 MRIs; 24,28,29,31,32), which was comparable
to the time needed to perform the RAMRIS (10 minutes
[range = 5-12]).

SV. Intra- and inter-reader reliability. Intra- and inter-reader
reliability of MRI-based (semi)automated SV measurement was
reported in four studies (108 MRIs; Supplementary Figures 4
and 5; 24,31,35,36). The weighted pooled ICC for intrareader reli-
ability was 0.98 (95% Cl: 0.90-0.99; P <0.001, 1>=93.4%) and
for inter-reader reliability was 0.86 (95% Cl: 0.78-0.91;
P <0.001; I2=27.8%; Table 2). Symmetrical distribution of stud-
ies was observed in the funnel plot (Supplementary Figures 4
and 5); Begg and Mazumdar test also suggested no risk of
publication bias (P>0.05). Meta-regression analyses showed
a higher intrareader (Beta-coefficient + SEM = -0.955 + 0.144;
P <0.001) and inter-reader (Beta-coefficient + SEM =-0.256 +
0.144; P=0.076; statistically approached significant) reliability
for (semilautomated SV measurements in early stages of

Table 2. Reliability, correlation with clinical variables and established MRI scores, duration

Correlation Correlation with
Intra-reader  Inter-reader  with clinical established manual Time of
Study reliability reliability variables MRI-based scores measures
1.Bird et al (1) Yes Yes No Yes (RAMRIS) Yes
2. Pohetal (2) Yes Yes Yes Yes (RAMRIS) Yes
3. Dghnetal (3) Yes No No Yes (RAMRIS) No
4. Bird et al (4) Yes Yes Yes Yes (RAMRIS) Yes
5.Yang et al (5) Yes Yes No Yes (RAMRIS/manual) Yes
6. Emond et al (6) Yes Yes No Yes (manual) Yes
7. Tomizza et al (7) Yes Yes No No No
8. Bird et al (8) No Yes No No No
9. Chand et al (9) Yes Yes Yes Yes (RAMRIS) Yes
10. Aizenberg et al (10) No No No Yes (RAMRIS) No
11. Crowley et al (11) Yes Yes No Yes (RAMRIS) No
12. Czaplicka et al (12) No No No Yes (RAMRIS/manual) No
13. Klarlund et al (13) Yes Yes Yes Yes (manual) No
14. Lietal (14) Yes Yes Yes No No
15. Stramare et al (15) No No Yes Yes No
16. Boesen et al (16) Yes No No Yes No
17. Cimmino et al (17) No No Yes No No
18. Cimmino et al (18) Yes Yes Yes No No
19. Orguc et al (19) No No No Yes No
20. van der Leij et al (20) Yes No No No No
21.Boesen et al (21) No No Yes (no data) Yes Yes
22. Wojciechowski et al (22) No No No Yes No
23. Axelsen et al (23) Yes Yes No No No
24. Axelsen et al (24) Yes Yes Yes No No
25. Zierhut et al (25) No No No Yes (manual) No
26. Meier et al (26) No No Yes No No
27. Kubassova et al (27) No No No No Yes
28. Sakashita et al (28) No No No No Yes

Abbreviations: MRI, magnetic resoance imaging; RAMRIS, rheumatoid arthritis magnetic resonance imaging score.
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Regression of Fisher's Z on tesla
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Figure 3. Meta-regression analysis for the association between the field strength of MR scanner (tesla) and intrareader (A) and inter-reader (B)
reliability of computer-aided measurement of bone erosion volume on magnetic resonance imaging.

inflammatory arthritis (Figure 4). No further source of between-
study heterogeneity was detected (P > 0.05 for all variables).

Comparing with manual MRI-based measurements. The
correlation coefficient between computer-aided SV and the RAM-
RIS or manual measurements was reported in five studies
(140 MRiIs; Supplementary Figure 6; 24,31,35-37). Pooled analy-
sis demonstrated an overall moderate level of agreement
between (semilautomated and manual assessment of SV, with
the weighted pooled ICC of 0.82 (95% CI: 0.75-0.87; P <0.001;
1> = 0%; Table 2). No evidence of publication bias was detected
(P=1.0), with the equal adjusted ICC (Table 2; P > 0.05). No vari-
able had a significant impact on the pooled correlation estimates
(P> 0.05 for all variables).

The intra- and inter-reader reliability of the RAMRIS and/or
manual assessment of synovitis was reported in five studies
(156 MRIs; 24,31,35-37). Pooled analysis showed that intrarea-
der (P=0.208; pooled ICC of 0.94 [95% CI: 0.84-0.98] for

manual measurements) and inter-reader reliability (P=0.782;
pooled ICC of 0.85 [95% CI: 0.75-0.91] for manual measure-
ments) of the RAMRIS and/or manual SV measurement
was not significantly different from (semi)automated SV
measurement.

Correlation with clinical variables. The correlation coefficient
of computer-aided SV measurement with erthrocyte sedimenta-
tion rate (ESR) and C-reactive protein (CRP) levels was reported
in three studies (70 MRIs; 31,35,36). (Semi)automated SV mea-
sures were moderately correlated with the serum ESR level
with the pooled ICC of 0.53 (95% CI: 0.28-0.72, P<0.001,
12 = 22.4%) (Supplementary Figure 7); no evidence of publication
bias was detected (P = 0.296; Supplementary Figure 7). No sig-
nificant correlation was detected between (semi)automated
SV measures and CRP level (0.18 [95% Cl: -0.15 to 0.47];
P =0.290; I?=31.0%). The ICC values of 0.11 to 0.83 were
reported for the correlation between (semi)automated SV and
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Regression of Fisher's Z on duration disease
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Figure 4. Meta-regression analysis for the association between the duration of disease, from the onset of inflammatory arthritis (years), and intra-
reader (A) and inter-reader (B) reliability of computer-aided measurement of synovial membrane volume on magnetic resonance imaging.

total number of tender joints based on the results of two studies
(28 MRIs; 31,35). Moreover, the overall poor correlation
between disease duration and (semi)automated SV measures
was reported based on the results of two studies, including
80 MRIs (range of reported ICC =0.29-0.31; 35,36). Further
analysis on other variables was not possible because of the low
sample size.

Time needed to perform measurements. The average time
needed to measure SV using computer-aided methods was
15 minutes (range = 8.2-20) based on the results of three studies
(66 MRIs; 24,31,35), which was longer in comparison with the
time taken to assess synovitis using the RAMRIS (7.1 minutes
[range = 6-7.5]).

DCE-MRI perfusion parameters. Intra- and inter-reader
reliability. The pooled intrareader reliability of quantitative DCE-
MRI perfusion parameters for the assessment of synovitis across

four studies (85 MRIs) was 0.995 (0.821-1.0, P<0.001,
1> =97.0%) for ME, 0.997 (0.935-1.0, P <0.001, I>=97.0%) for
IRE, and 0.956 (0.854-0.987, P<0.001, [°=80.1%) for N-total
(Table 2, Supplementary Figure 8; 11,13,38,39). Funnel plots
raised the possibility of publication bias for intrareader reliability
of ME and IRE; however, correlation test demonstrated no
evidence of publication bias (P = 1.0), with the adjusted ICC val-
ues of 0.890 (-0.296 to 0.996) for ME, 0.976 (0.725-0.998) for
IRE, and 0.900 (0.701-0.969) for N-total. Intrareader reliability of
other parameters, including T-onset, N-washout, N-plateau,
IRE*N-total, and TIC shape categories were reported in fewer
than two studies (Table 1); it was not feasible to conduct a pooled
analysis.

Comparing with manual MRI-based measurements. A lim-
ited number of studies reported the correlation between the
RAMRIS and DCE-MRI (semi)automated analysis. Results
of three studies (129 MRIs; 24,40,41) showed an overall
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poor-moderate level of agreement between DCE-MRI (semi)
automated measures and the RAMRIS (for synovitis and
BME); details are presented in Table 2. The correlation coeffi-
cient between the conventional ROl method and the DCE-MRI
(semi)automated analysis was presented in two studies includ-
ing 63 MRIs (14,39), with the ICC range of 0.31 to 0.92 for the
correlation between rate of enhancement (RE)/rate of early
enhancement (REE) and ME/IRE.

A few studies also presented the intrareader reliability of the
conventional ROl method, for REE and RE (two studies including
56 MRiIs; 14,42), and the RAMRIS (two studies including 26 MRIs;
24,42). Results showed that the ROl method (range of reported
ICC, 0.02-0.99) and the RAMRIS (range of reported ICC,
0.90-0.94) had comparable intrareader reliability when compared
with the computer-aided analysis of DCE-MRI (range of reported
ICC =0.989-0.99).

Correlation with clinical variables. The correlation between
DCE-MRI measures and clinical/histopathological findings were
assessed in four studies including 98 MRiIs (39,42-44). However,
the outcome measures were heterogonies across the included
studies. Overall, two studies reported a significant correlation
between DAS-28 and N-total measures with P values ranging
from 0.003 to 0.01 (42,43). A significant correlation between IRE
and clinical variables (including the number of swollen joints and
DAS-28) was reported by two studies (range of P values,
0.003-0.01). Only one study reported results of correlation
between histopathological findings and DCE-MRI (semi)auto-
mated measures (39).

Time needed to perform measurements. The time need to
perform computer-aided DCE-MRI analysis was estimated to be
4 minutes (range = 3-8) based on the results of two studies
(194 MRIs; 40,45), which was significantly shorter when com-
pared with the manual assessment of DCE-MRI (30-45 minutes)
and the RAMRIS (7-10 minutes).

DISCUSSION

The results from this research suggest an excellent intra- and
inter-reliability for computer-aided image analysis, and we
observed an excellent agreement between computerized and
manual MRI-based measurements. Computerized methods, in
particular for quantifying DCE-MRI parameters, potentially could
reduce the time needed to perform image assessment.
Computer-aided evaluation of imaging biomarkers of inflamma-
tory arthritis on non-CE MRI, CE-MRI, and DCE-MRI could be
considered as an efficient alternative to conventional observer-
based methods.

Our literature search revealed a few narrative review articles
about the role of computer-aided image analysis in patients with
inflamsnmatory arthritis (46-48). To the best of our knowledge, we
are the first study to perform a systematic review and meta-
analysis to assess the diagnostic value of computerized methods

by pooling available data and performing subgroup and meta-
regression analyses. By estimating the overall pooled results of
published literature and assessing potential biases, we could
determine areas with a lack of evidence and guide future research
on this topic.

In the first part of this research synthesis, we found an excel-
lent overall intra- and inter-reliability (r=0.82 to 0.99) for all
computer-aided methods that were comparable or even higher
when compared with the RAMRIS system and the ROI method
(5,49,50). These findings are in line with prior hypotheses that
computerized image analysis could improve the reproductivity of
imaging findings by minimizing the impact of a reader’s expertise.
The majority of included studies used semiautomatic methods,
which requires a reader to delineate regions of MRI that needs to
be assessed. Semiautomatic image analysis might still have some
limitations that are related to difficulties in determining the borders
of joint pathologies. This fact could be the main reason that semi-
automated methods had higher intrareader reliability (r=0.97 to
0.98) in comparison with inter-reader reliability (r=0.86 to 0.93).
A few studies have introduced fully automatic methods for
the assessment of BEV, SV, and perfusion parameters
(12,25,27,36,44,51); however, we could not pool that data and
compare the results of fully automated versus semiautomated
methods because of small sample size.

Regarding DCE-MRI, when manual observer driven assess-
ment is deployed, the size and position of the ROI will have signif-
icant impact on the diagnostic performance of this method
(62,53). This issue has been minimized by a fully automatic
voxel-based DCE-MRI data analysis with movement correction,
developed by Kubassova et al (9). It has also been suggested that
use of ROI optimizes the analysis as it allows to exclude large arti-
facts such as blood vessels (39,40). Larger studies are required to
address these questions regarding the reliability and potential
added value of fully automatic methods.

Furthermore, we assessed the possible impact of several
variables on the reliability of computerized methods; computer-
aided image analysis of BEV and SV were shown to have a
higher reliability in older patients at early stage of disease and
lower field strength of the MR scanner. It might be possible that
developed computer-aided methods were validated by low field
magnets and further investigation on high field scanner is
required. There was a lack of data for the reliability of BME vol-
ume, tenosynovitis, and several DCE-MRI parameters and ana-
lytic methods such as TIC shape categories; we could not
perform the pooled analysis based on the PRISMA protocol.
BME has been considered as the strongest imaging biomarker
for the prediction of disease worsening and development of
bony erosions (54-56). Only two studies reported the reliability
of computer-aided BME volume measurement, with the intrar-
eader reliability of 0.92 to 0.99 and inter-reader reliability of
0.46 10 0.99 (26,27). Finally, it should be noted that our findings
should be interpreted with caution, as there were only three to
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eight studies in most parts of the analysis with moderate-high
heterogeneity.

We evaluated the validity of computer-aided methods by
pooling results of correlation analysis between (semi)automated
measurements and manual measurements as well as clinical
outcomes. We observed an overall excellent correlation
(r=0.82-0.92) between (semi)automated BEV/SV and RAMRIS.
However, in studies of earlier disease, agreement between quan-
titative DCE-MRI perfusion parameters and RAMRIS (for synovitis)
is poor to moderate. It can be concluded that quantitative DCE-
MRI parameters might provide additional detailed information
about the histological synovial inflammation, which can be used
besides RAMRIS, especially for the diagnosis of early disease
changes. Regarding the clinical variables, only a few studies
reported the diagnostic value of (semi)automated measurements
in predicting disease activity/progression (29,31,35,36). We only
observed a moderate correlation between SV measures and
ESR level. More study is required to answer the unresolved ques-
tion regarding the role of (semijautomated image analysis in the
prediction of disease course. Regarding BME assessment, only
two studies focused on the validity of computer-aided BME vol-
ume measurement and reported the correlation coefficient of
these measures with RAMRIS (range = 0.72-0.87; 24,26).

Feasibility assessment in this study was limited to time
required to perform image analysis by the operator, and it is
important to note that this information was only available in a small
number of studies. Based on these limited results, we note that
when a manual delineation of joints is required, then computer-
aided BEV and SV measurements would require more time as
compared with radiological scoring with RAMRIS. Automation of
the segmentation of the erosion or perhaps even better segmen-
tation of the bone volume instead of the erosion volume might
be able to address this issue. In the majority of the assessed stud-
ies, manual segmentation of the erosion volume process was
deployed (24,28,29,31,32).

For DCE-MRI, computer-aided data analysis was signifi-
cantly faster when compared with manual methods (40,45). As
such, computer-aided analysis of DCE-MRI data provides
detailed information in a short time period. However, further vali-
dation and integration of the analysis method in a clinical working
environment is required as these results were obtained from a lim-
ited number of studies in research studies.

Finally, only a few studies assessed the correlation between
the imaging biomarkers (driven form computer-aided methods)
and histopathological findings (39), where future studies need to
clarify which imaging biomarker can accurately reflect the degree
of disease activity.

This systematic review has several limitations. First, although
we included 28 articles, a scant number of studies reported all
outcomes of interests, and we only included 3 to 8 studies in each
part of analysis. Second, a moderate-high level of heterogeneity
was observed. To address this issue, we performed subgroup

and meta-regression analyses based on several variables, which
could partly explain the partial impact of age, disease duration,
and strength of scanner on the observed heterogeneity. Third,
the funnel plot suggested presence of publication bias in a few
parts of the analysis. To address this issue, we performed the
Begg and Mazumdar test and the trim and fill method, and the
final adjusted ICC values were reported, which were not signifi-
cantly different from the crude estimates, enabling us to conclude
that the pooled results are not biased. Fourth, we do not have suf-
ficient evidence for the reliability and validity of several methods,
such as (semi)automated BME volume and TIC shape categories.

Furthermore, the utility of (semi)automated image analysis in
the assessment of disease progression, disease prediction, and
treatment response has not been comprehensively assessed.
For instance, Conaghan et al used computer-aided image analy-
sis of follow-up MRIs to evaluate the impact of tofacitinib on
progression of arthritis-related structural damages (57). The
research studies examined in this review suggest that quantitative
assessments allow for earlier separation of treatment groups from
placebo. Cimmino et al assessed performance of rituximab with
quantitative DCE-MRI to show that it can provide statistically sig-
nificant efficacy as early as 4 weeks even in a small number of
patients (42).

Fifth, non-English articles were excluded, which might result
in overlooking several reports. Sixth, the majority of included stud-
ies only focused on patients with established RA; there was a lack
of data on early RA and/or other types of inflammatory arthritis.
Seventh, studies focused on axial joints and other imaging modal-
ities such as ultrasonography, radiography, and CT scan have not
been included. Eighth, the reliability and validity of computer-
aided synovitis measurement has not been compared between
non-CE and CE MRI because of the lack of evidence. Despite this
limitation, however, this paper represents a robust examination of
the available data and underscores the need for further research.

Feasibility was limited to time taken for image analysis by the
operator and was only available in a small number of studies. Fea-
sibility includes a large number of parameters, costs of equip-
ment, training and calibration requirements as examples, and
the results of the feasibility analysis in this paper should be viewed
as limited to operator time.

In conclusion, computerized image analysis has excellent
reliability and validity when compared with existing manual scor-
ing methods such as RAMRIS in quantifying peripheral joint
pathologies on MRI of patients with inflammatory arthritis.

With the emergence of quantitative imaging methods for
assessment of scans acquired from patients with inflammatory
arthritis, we expect that the research community will be develop-
ing other artificial intelligence (Al)-driven approaches, such as the
ones based on deep learning algorithms. With the potential of
rapid and reliable data analysis by computerized methodologies,
the next step would be to explore their value in predicting disease
progression and detection of early disease, especially through a
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combination of imaging and clinical findings. Further studies are
required to improve the diagnostic performance of available
methods and define the optimal subgroup of patients who can
benefit the most from these assessments.
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