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Abstract

Background Thyroid eye disease is an extrathyroidal manifestation of Graves'disease and is associated with dry eye
disease. This is the first systematic review and meta-analysis to evaluate the role of magnetic resonance imaging lacri-
mal gland parameters in thyroid eye disease diagnosis, activity grading, and therapeutic responses prediction.

Methods Up to 23 August, 2022, 504 studies from PubMed and Cochrane Library were analyzed. After removing
duplicates and imposing selection criteria, nine eligible studies were included. Risk of bias assessment was done.
Meta-analyses were performed using random-effect model if heterogeneity was significant. Otherwise, fixed-effect
model was used. Main outcome measures include seven structural magnetic resonance imaging parameters (lacri-
mal gland herniation, maximum axial area, maximum coronal area, maximum axial length, maximum coronal length,
maximum axial width, maximum coronal width), and three functional magnetic resonance imaging parameters (diffu-
sion tensor imaging-fractional anisotropy, diffusion tensor imaging-apparent diffusion coefficient or mean diffusivity,
diffusion-weighted imaging-apparent diffusion coefficient).

Results Thyroid eye disease showed larger maximum axial area, maximum coronal area, maximum axial length, maxi-
mum axial width, maximum coronal width, diffusion tensor imaging-apparent diffusion coefficient/ mean diffusivity,
and lower diffusion tensor imaging-fractional anisotropy than controls. Active thyroid eye disease showed larger lac-
rimal gland herniation, maximum coronal area, diffusion-weighted imaging-apparent diffusion coefficient than inac-
tive. Lacrimal gland dimensional (maximum axial area, maximum coronal area, maximum axial length, maximum axial
width, maximum coronal width) and functional parameters (diffusion tensor imaging-apparent diffusion coefficient,
diffusion tensor imaging-apparent diffusion coefficient) could be used for diagnosing thyroid eye disease; lacrimal
gland herniation, maximum coronal area, and diffusion-weighted imaging-apparent diffusion coefficient for dif-
ferentiating active from inactive thyroid eye disease; diffusion tensor imaging parameters (diffusion tensor imaging-
fractional anisotropy, diffusion tensor imaging-mean diffusivity) and lacrimal gland herniation for helping grading
and therapeutic responses prediction respectively.

Conclusions Magnetic resonance imaging lacrimal gland parameters can detect active thyroid eye disease and dif-
ferentiate thyroid eye disease from controls. Maximum coronal area is the most effective indicator for thyroid eye
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disease diagnosis and activity grading. There are inconclusive results showing whether structural or functional
lacrimal gland parameters have diagnostic superiority. Future studies are warranted to determine the use of magnetic
resonance imaging lacrimal gland parameters in thyroid eye disease.

Keywords Thyroid eye disease, Thyroid-associated ophthalmopathy, Graves' ophthalmopathy, Graves' orbitopathy,
lacrimal gland, Magnetic resonance imaging, Systematic review, Meta-analysis

Introduction

Thyroid eye disease (TED), also known as thyroid-asso-
ciated ophthalmopathy (TAO), Graves’ ophthalmopathy
(GO), or Graves’ orbitopathy, is an autoimmune disorder
involving the orbital soft tissues, namely the extraocular
muscles (EOMs) and orbital fat (OF) [1]. It is an extrathy-
roidal manifestation of Graves’ disease (GD) [2]. In GD,
thyrotropin receptor (TSHr) autoantibodies (TRAbs)
and insulin-like growth factor-1 (IGF-1) receptor (IGF-
1r) autoantibodies attack their respective receptors on
orbital fibroblasts and EOMs, stimulating adipogenesis
and inflammation. The resultant increased volume of ret-
robulbar soft tissues within the limited space contributes
to various thyroid eye signs [3].

TED is a biphasic disease that begins with an active
phase with progressive inflammation, followed by an
inactive phase with stable fibrosis of orbital soft tissues
[4]. After the current clinical assessment of TED, its dif-
ferentiation of disease activity and severity is commonly
based on the European Group of Graves’ Orbitopathy
(EUGOGO) [5] classification system, in which the dis-
ease activity is assessed by the modified Clinical Activ-
ity Score (CAS), including spontaneous and gaze-evoked
orbital pain, eyelid swelling and erythema, conjuncti-
val erythema and chemosis, as well as inflammation of
caruncle. A cutoff score of three or above out of seven
items is defined as active ophthalmopathy; while less
than three is inactive. TED is then classified into mild,
moderate-to-severe, and sight-threatening [6]. This clas-
sification often guides TED management. However, the
different clinical presentations in Asian population would
raise questions whether implementing this Caucasian
based classification may delay and underestimate TED
diagnosis in this group, and whether there are any better
potential parameters to help in early TED diagnosis.

There is currently an increasing number of studies
supporting the correlation between LG dysfunction and
TED progress, ranging from LG enlargement clinically
[7], TSHr on LG and the involvement of TRAbs immu-
nologically [8], LG inflammation pathologically [9], to
increased proinflammatory cytokines and proteomic
changes in tear films molecularly [10-13]. Recently,
imaging has been acting as an adjunct to the clinical-
endocrinological assessment for the diagnosis, grading,
treatment, and monitoring of TED. With the established

role of LG in TED, imaging studies have been changing
their focus from the traditional retrobulbar soft tissues to
the structural and functional changes of LG. Previously,
computed tomography (CT) studies reported an increase
in LG dimensions and volume in TED patients. When
compared to CT, magnetic resonance imaging (MRI) has
higher soft tissue resolution without radiation.

Apart from the quantitative measurements of structural
parameters like dimensions [14-16] and LG herniations
[17-19], functional parameters like signal intensity ratio
(SIR) in T2-weighted imaging (T2WI) [16, 19], apparent
diffusion coefficient (ADC) in diffusion-weighted imaging
(DWTI) [15, 20], and fractional anisotropy (FA) [21, 22] and
ADC [21] or mean diffusivity (MD) [22] in diffusion tensor
imaging (DTI) were investigated in multiple studies. To the
best of our knowledge, there is no review on MRI parameters
of LG in TED patients. We would like to explore whether
this newer imaging modality (i.e. MRI), combined with LG
parameters could better aid the clinical management of TED.
Herein, this systematic review and meta-analysis review and
report the outcomes and clinical implications of different
MRI parameters on LG in TED patients.

Methodology

Our systematic review and meta-analysis followed the
PRISMA 2020 guidelines [23]. (PROSPERO registration
number: CRD42022335591).

Search strategy

On 23 August, 2022, we performed our literature search
on the following electronic bibliographic databases: Pub-
Med and the Cochrane Central Register of Controlled
Trials (issue 7 of 12, July 2022). We formulated sensitive
search strategies using keywords and Medical Subject
Heading (MeSH) terms stated in Table 1. No language
restrictions nor limitations on publication years were
applied. A total of 504 results were yielded (468 from Pub-
Med, 36 from the Cochrane Library). 15 duplicates were
identified, and 489 results were left for screening (Fig. 1).

Selection criteria

The search mainly focused on mapping existing literature
on MRI parameters on LG in TED. From the 489 results,
we included studies based on the following inclusion
criteria: 1) comparative studies including case—control
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Table 1 Search strategies used in PubMed and Cochrane Library

Search number Search terms

Graves Ophthalmopathy (MeSH Terms)
Graves'Ophthalmopathy (Title/Abstract)
Thyroid eye disease (Title/Abstract)

Thyroid Associated Ophthalmopathy (Title/Abstract)
Thyroid Associated Orbitopathy (Title/Abstract)
Graves' orbitopathy (Title/Abstract)

Graves'eye disease (Title/Abstract)

#1 or #2 or #3 or #4 or #5 or #6 or #7

Magnetic Resonance Imaging (MeSH Terms)
MRI (Title/Abstract)

Echo-Planar Imaging (Title/Abstract)

00 N OO L1 AW =

- = - ©
N — O

Magnetic Resonance (Title/Abstract)

w

Diffusion Tensor Imaging (Title/Abstract)
#9or#10or#11or#120r#13
#8and #14

o =

Records identified from:
PubMed (n = 468)
Cochrane (n = 36)

Total (n = 504)

Identification
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and cohort studies, 2) cases were TED patients based on
clinical diagnosis, 3) controls were healthy subjects or
GD patients without TED or patients with inactive TED
based on clinical diagnosis, 4) study focuses were on LG
findings on MRI, 5) study subjects were unrelated indi-
viduals from clearly defined populations, 6) clear MRI LG
results (or existing data adequate for calculation) in both
case and control groups were provided. Animal studies,
case reports, case series, reviews, abstracts, studies with-
out or with incomplete original data were excluded.

In our first review, the titles and abstracts were
screened by two independent reviewers (K.Y., and N.W¥.,)
after applying search strategy and eligibility criteria.
Disagreements were resolved after discussions with four
senior reviewers (K.C., FA., K.L., and Z.H.,). 475 irrel-
evant results were removed. Full text screening was then
performed on the remaining 14 eligible articles by two
independent reviewers (K.Y., and N.W.,). Disagreements
were resolved after discussions with four senior review-
ers (K.C, EA., K.L, and Z.H.,). After ensuring eligibility,

A 4

Records after removal of
duplicates (n = 489)

Screening
<

Records screened (n = 489)

v

Duplicate records removed (n = 15)

Irrelevant records removed (n = 475)

Full-text articles assessed for
eligibility (n = 14)

Eligibility

v

Full-text articles excluded (n = 5):

)

Studies included in review
(n=9)

Included

—

Fig. 1 PRISMA flow diagram of literature search and selection process

Case report (n = 2)
Case series (N =1)
Focus not on MRl and LG (n = 2)

v
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a total of nine qualified studies were included in our
review and meta-analysis (Fig. 1).

Data extraction

We adopted a pre-designed form to collect all the
extracted data, including the name of first author, year of
publication, country of study, ethnicity, definition of case
and control groups (thyroid status), CAS, age, sex, sam-
ple size, MRI parameters and their respective findings
(expressed as mean + standard deviation (SD) or median
(interquartile range (IQR)), and the purposes of the
parameters used (including disease activity, severity, or
therapeutic responses). We extracted and analysed data
on an eye-basis instead of a patient-basis. If results were
reported on a patient-basis, we estimated and converted
to eye-basis based on the assumption that all subjects
had two eyes. If no extractable MRI results were obtained
from an eligible study, or if there were confusions with
the data reported, we emailed the authors for the miss-
ing data and for verification. Two independent reviewers
(K.Y., and N.W.,) extracted data, and discrepancies were
resolved after discussions with four senior reviewers
(K.C.,EA., KL, and Z.H.,).

Risk of bias (quality) assessment

We adopted a modified Newcastle-Ottawa Scale (NOS)
for cross-sectional studies in the assessment of the
quality of each of the selected studies [24, 25]. We gave
scores based on the selection, comparability, and out-
come to each study. The number of scores were marked
in the same form for collecting extracted data. Any study
obtaining less than or equal to six out of ten scores was
considered as a high risk of inducing bias. Two inde-
pendent reviewers (K.Y, and N.W¥.,) were involved in the
quality assessment. Disagreements were resolved after
discussions with four senior reviewers (K.C., FA., K.L,
and Z.H.,).

Statistical analysis

Review Manager (RevMan, Version 5.4. The Cochrane
Collaboration, 2020.) was used to perform the meta-
analysis for outcome measures which were included in
two or more studies. We analyzed LG herniation (LGH),
LG dimensions (maximum axial area (MAA), maximum
coronal area (MCA), maximum axial length (MAL),
maximum coronal length (MCL), maximum axial width
(MAW), maximum coronal width (MCW)), DTI-FA,
DTI-ADC/MD and DWI-ADC as continuous variables.
As all outcomes in the included studies were measured
in the same scale, we used mean difference as the sum-
mary effect measure for all variables. Mean difference is
the difference between the mean of two groups [26]. It
is interpreted with P-value and 95% confidence interval
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(CI). If median and interquartile range were used in the
studies, mean and standard deviation (SD) were esti-
mated respectively as suggested by Wan et al. [27]. (See
Formula (1) and (2), Additional file 2) If the measurement
of right eye and left eye were grouped and reported sepa-
rately in the studies, we combined the two subgroups [26]
(See Formula (3), Additional file 2).

Heterogeneity was tested using Cochran’s Q-statistics
chi-square test and I*-statistic. If significant heterogene-
ity was found between the studies (P<0.1 or I>>50%), a
random-effect model was used for meta-analysis. Other-
wise, a fixed-effect model was used.

Results

From our literature search, we identified a total of 504
titles and abstracts, and retrieved 14 full texts for review.
We finally included nine studies in our systematic review
and meta-analyses [14—22].

Characteristics of included studies

Table 2 summarizes the characteristics of the nine
included studies. A total of 1012 eyes were included
in the nine studies, in which 693 were cases and 319
were controls. Seven studies were conducted in China
recruiting Chinese subjects [14-16, 18, 19, 21], while
the remaining two studies were conducted in Italy and
Egypt recruiting Italians [17] and North Africans sub-
jects [22] respectively. The age ranged from 33.5 [20]
to 54.1 [18], while the sample sizes ranged from 64 [17]
to 222 eyes [15]. Given that the CAS of a study [15, 17]
could not be retrieved, the CAS ranged from 1 [14, 16,
17] to 4.6 [21]. Around 78% (seven out of nine) studies
discussed diagnostic purposes [14—18, 20, 21], in which
four studies compared both active and inactive TED
with healthy controls (HCs) [14, 16, 20, 21], two studies
compared active TED with inactive TED [17, 18], while
one study used GD as control to make comparisons with
both active and inactive TED [15]. The other two stud-
ies focused on grading [22] and therapeutic purposes
[19] respectively; whilst the former compared mild and
moderate-to-severe TED with HCs, the latter compared
responsive to unresponsive group to glucocorticoid (GC)
therapy in patients with active and moderate-to-severe
TED. In terms of the MRI parameters used, three stud-
ies [14—16] looked into LG dimensions, among which
all three studies reported MCA, MCL, and MCW, while
only two studies [14, 16] reported MAA, MAL and
MAW. Two studies investigated LG herniation in T2W1I-
fat suppression (T2WI-FS) [17, 18], two studies explored
SIR in T2W1I [16, 19], and two studies studied DWI-ADC
[15, 20]. For the two studies that studied DTI-FA [21,
22], one study reported DTI-ADC [21], while the other
reported DTI-MD [22].
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The definitions of the MRI parameters are consistent
among the included studies. For structural parameters,
MCA is defined as LG area in the coronal image in which
the LG is the largest, as shown in Fig. 2. MCL is defined as
the distance between the superior tip and the inferior tip
of LG in the coronal cut where MCA is obtained. MCW
is defined as the widest distance perpendicular to the
length (MCL) within the LG. The same principle applies
to the axial parameters. MAA is defined as LG area in the
axial image in which the LG is the largest, as shown in
Fig. 3. MAL is defined as the distance between the ante-
rior tip and the posterior tip of LG in the axial cut where
MAA is obtained. MAW is defined as the widest distance
perpendicular to the length (MAL) within the LG. LGH
is defined as the distance between the anterior tip of LG
and the interzygomatic line as shown in Fig. 4. For func-
tional parameters, DWI-ADC, DTI-ADC (or MD) and
DTI-FA were obtained by first placing a region of inter-
est in the LG which has the largest cross-sectional area,
and then measuring the value of ADC, MA or FA of that
region of interest in DTI or DWI scan. In our paper, we
combine the findings of both DTI-ADC and MD together
since they both reflect the magnitude of water diffusion.

Risks of bias in included studies

Table 3 summarized the risk of bias assessment using
a modified scale adapted from the Newcastle-Ottawa
Scale (NOS) for cohort studies for all our nine selected
cross-sectional studies. For more in-depth details, see
Supplementary Table 1, Additional File 1.

Among the nine studies, except for one which scored
six [14], all of them scored seven or above, indicating
that they have a low risk of inducing bias [15-22]. Six
of them (67%) adopted convenience sampling by choos-
ing consecutive patients with TED [15, 17, 18, 20-22].
Two of them (22%) lacked detailed descriptions on the
recruitment method of subjects [14, 22]. In terms of
sample size, all studies did not justify nor show relevant
sample size calculation. They all lacked an explanation
on the expected sample size to provide a statistically
significant information [14—22]. For outcome assess-
ment, five of them (56%) involved more than one asses-
sor who were blinded to the clinical condition of subjects
to independently evaluate the MRI results. The intra- or
inter-observer variability were appropriately adjusted
using relevant statistical methods [15, 18, 19, 21, 22].
Two of them did not mention whether the assessors were
blinded or not [16, 17]; while one of them involved only
one blinded assessor and did not mention the correction
of intra-observer variability [20]. Otherwise, all studies
had satisfactory response rates and established character-
istics of the subjects, included CAS to ascertain the expo-
sure of subjects (i.e. the status of active or inactive TED),
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adjusted age and sex as confounders, and clearly stated
the appropriate statistical test for data analysis [14—22].

Outcome measures
i. Active vsinactive

Table 4 summarized the MRI parameters used in the
included studies to compare between active TED group
and inactive TED group.

We conducted a meta-analysis on eight MRI measure-
ments of active TED patients with inactive TED patients
as control group, including LG herniation, LG dimensional
parameters (MAA, MCA, MAL, MCL, MAW, MCW)
and DWI-ADC. The results are shown in Fig. 5, and the
summary is shown in Table 5. Two to three studies were
included in each outcome measures. In MAA, MAW and
DWI-ADC, there were statistically significant heterogeneity.

The active TED group showed a significant larger LG
herniation than the inactive TED group by 3.37 mm
(Fig. 5a). For LG dimensions, there was significant differ-
ence between the two groups only in MCA by 8.1 mm?
(Fig. 5¢). In contrast, there were no significant differences
in MAA (pooled mean difference: 8.3 mm? Fig. 5b), MAL
(pooled mean difference: 0.55 mm; Fig. 5d), MCL (pooled
mean difference: 0.19 mm; Fig. 5e¢), MAW (pooled mean
difference: -0.05 mm; Fig. 5f) and MCW (pooled mean
difference: 0.22 mm; Fig. 5g). The active TED group was
also associated with higher DWI-ADC than the inactive
TED group by 0.1 x 10~ mm?/s (Fig. 5h).

ii. TED vs control

Table 6 summarized the MRI parameters used in the
included studies to compare between TED group and
healthy control group.

We also conducted a meta-analysis on nine MRI measure-
ments of TED patients compared to control group, includ-
ing LG dimensional parameters (MAA, MCA, MAL, MCL,
MAW, MCW), DTI-FA, DTI-ADC/MD, and DWI-ADC.
All included studies used healthy subjects as control group
except Wu, who used Grave’s disease patients without TED as
control [15]. The results are shown in Fig. 6, and the summary
is shown in Table 7. Two to three studies were included in
each outcome measures. In MCA, MCL, MCW, DTI-FA and
DWI-ADC, there were statistically significant heterogeneity.

For LG dimensions, there was significant difference
between the TED group and the control group in MAA
(pooled mean difference: 23.28 mm? Fig. 6a), MCA (pooled
mean difference: 14.44 mm? Fig. 6b), MAL (pooled mean
difference: 1.88 mm; Fig. 6¢c), MAW (pooled mean differ-
ence: 1.45 mmy; Fig. 6e), and MCW (pooled mean difference:
1.00 mmy; Fig. 6f). There was no significant difference in MCL
(pooled mean difference: 0.37 mm; Fig. 6d). The TED group
was associated with lower DTI-FA than the control group
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Fig. 2 Definition of MCA, MCL and MCW. MCA =maximum coronal area; MCL =maximum coronal length; MCW =maximum coronal width

|

Fig. 3 Definition of MAA, MAL and MAW. MAA =maximum axial area; MAL =maximum axial length; MAW =maximum axial width
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Interzygomatic
Line
Fig. 4 Definition of LGH. LGH=lacrimal gland herniation
Table 3 Risk of bias summary
No. Author (year) Selection (max 5) Comparability Outcome (max 3) Total
(max 2) no. of
(1) (2) (3) Non- (4) (1) The subjects (1) Assessment (2)
Representativeness Sample respondents Ascertainment in different of the outcome Statistical
of the sample size of the exposure outcome test
(risk factor) groups are
comparable,
based on the
study design
or analysis.
Confounding
factors are
controlled
1 D.Huang (2014) - - ! 2 2 - ! 6
2 C Gagliardo - - ! 2 2 ! ! 7
(2020)
3 LChen(2021) - - ! 2 2 2 ! 8
4 D.Wu(2021) - - ! 2 2 2 ! 8
5  H.Hu(2016) 1 - ! 2 2 1 ! 8
6  Y.Gao (2022) - - ! 2 2 2 ! 8
7 A A Razek - - ! 2 2 1 ! 7
(2019)
8  H.Hu(2020) - - ! 2 2 2 ! 8
9  L.Rui(2021) - - ! 2 2 2 !

Details of criteria of each item could be found in supplementary materials. Max Maximum

by 0.04 (Fig. 6g), and higher DTI-ADC/MD by 0.05x1072
mm?/s (Fig. 6h). No significant difference in DWI-ADC was
found (pooled mean difference: 0.12x 10> mm?/s; Fig. 6i).

iii. Other MRI parameters

Table 8 summarized other MRI parameters used in the
included studies for grading or therapeutic purposes.

Discussion

This systematic review and meta-analysis focused on the
MRI measurement on LG of TED patients. Two to three
studies were included in the meta-analyses. Active TED

patient group has significantly larger LGH, larger MCA
and larger DWI-ADC value than inactive TED patients.
TED patient group was significantly larger in five dimen-
sional parameters (MAA, MCA, MAL, MAW, MCW)
and DTI-ADC/MD, and was significantly lower in DTI-
FA than health controls.

MRI LG parameters comparisons
i. Active TED vs. inactive TED

In the comparison between active TED patients and
inactive TED patients, we found that active TED patient
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Table 4 Summary of MRI parameters of Active TED group vs. Inactive TED group in included studies

Parameter No. Author (year) Sample size (eye) Outcome (Mean +SD OR Median (IQR))
Active Inactive Control Active Inactive
LG herniation (mm) #2  Gagliardo 2020 32 32 / RE: 10.1 (7.3-17) LE: 85 (6.6-13)  RE: 7 (0-13.4) LE: 5.8 (0-12)
#6  Gao 2022 29 43 / 15.5+3.25 12.21£2.09
T2WI-FS—SIR #5 Hu2016 26 40 48 2724051 2344036
Dimension
Maximum axial area (mm?) #1 Huang 2014 27 21 32 9429+17.29 79.92+14.86
#5 Hu2016 26 40 48 68.9+3149 68.63+20.97
Maximum coronal area (mm? ~ #1  Huang 2014 27 21 32 103.93+£2044 8932+17.36
#4  Wu 2021 142 56 24 75 (64, 92) 66 (57, 86)
#5 Hu2016 26 40 48 7036+29.74 6842+17.6
Maximum axial length (mm) #1 Huang 2014 27 21 32 18.64+3.09 18.28+2.35
#5 Hu2016 26 40 48 16.7+3.7 159+34
Maximum coronal length (mm) #1  Huang 2014 27 21 32 21.67+4.04 20.96+3.35
#4  Wu 2021 142 56 24 18.8(17.4,204) 189 (16.1,21.0)
#5 Hu2016 26 40 48 16.0+4.5 163+28
Maximum axial width (mm) #1 Huang 2014 27 21 32 7214139 6.44+1.41
#5 Hu2016 26 40 48 51+1.1 6.1+£38
Maximum coronal width (mm) ~ #1  Huang 2014 27 21 32 6.77+£1.48 6.61£1.3
#4  Wu 2021 142 56 24 58(4.9,65) 5.6(4.7,59)
#5 Hu2016 26 40 48 54+12 54+09
DTI-FA #3  Chen 2021 30 30 30 0.277+0.04 0.349+0.071
DTI-ADC (107 mm?/s) 1477 £0.342 1329+0.164
DWI-ADC (107> mm?/s) #4  Wu 2021 142 56 24 1007.08 (939.71, 1074.83) 955.89 (863.26, 1043.70)
#7  Razek 2019 48 40 40 1.83+0.08 1.69+0.04

group has significantly larger LGH, larger MCA and
larger DWI-ADC value. This implies that these three
parameters are potential parameters to differentiate
active TED patients from the inactive ones. Out of the
seven structural parameters, only LGH and MCA have
significant difference. In contrast to functional MRI
parameters, structural parameters measure physical LG
characteristics to indirectly reflect the degree of inflam-
mation, which is generally more severe in active TED.
As a result, structural MRI parameters may not be supe-
rior to differentiate active TED patients from inactive
ones, comparing with functional MRI parameters. Out
of the three parameters showing significant differences,
LGH (I=0%; Fig. 5a) and MCA (=16%; Fig. 5c) have
insignificant heterogeneity, while DWI-ADC (I*=93%;
Fig. 5h) has substantial heterogeneity. The high heteroge-
neity may affect the validity of the result.

ii. TED vs. control

In the comparison between TED patients and con-
trol, TED patient group was significantly larger in five
dimensional parameters (MAA, MCA, MAL, MAW,
MCW) and DTI-ADC/MD, and was significantly lower
in DTI-FA. This implies that these seven parameters are

potential parameters to differentiate TED patients from
healthy subjects. Five out of six structural parameters
(MAA, MCA, MAL, MAW, MCW) show significant
differences. As the difference in the severity of inflam-
mation between TED patients and control is larger
than that between active TED patients and the inactive
ones, structural parameters can also differentiate TED
patients from healthy subjects.

For dimensional parameters, all coronal parameters,
i.e., MCA (F*=85%; Fig. 6b), MCL (FF=81%; Fig. 6d)
and MCW (I’=59%; Fig. 6f), show significant het-
erogeneity. In contrast, all axial parameters, i.e., MAA
(P=0%; Fig. 6a), MAL (I?’=0%; Fig. 6c) and MAW
(P> =48%; Fig. 6e), show insignificant heterogeneity. The
study by Wu only measured coronal parameters [15]. It
is observed that the result of Wu’s study showed lower
mean differences consistently, accounting to the high
heterogeneity in coronal parameters.

iii. Structural parameters

Among the dimensional parameters, area parameters
perform better at differentiating active TED patients
from the inactive ones and TED patients from healthy
subjects than length and width parameters. Only MCA
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a. LG Herniation (in mm)

Active Inactive Mean Difference Mean Difference
or Subgrou Mean SD Total Mean SD Total Weight V. Fixed.95% Cl Year IV, Fixed, 95% CI
Gagliardo 2020 1042 6.08 32 637 928 32 10.8% 4.05[0.21,7.89] 2020
Gao 2022 155 3.25 29 1221 209 43 B89.2% 3.29[1.95,4.63] 2022 .
Total (95% CI) 61 75 100.0% 3.37[2.11,4.64] 2
ity: Chif= =1 (P=0.71) F= } I } i
Heterogeneity: Chi*=0.13, df=1 (P=0.71); F=0% 10 } 0 5 10

Test for overall effect Z=5.23 (P < 0.00001) Largerininactive Largerin active

b.  Maximum Axial Area (in mm?2)

Active Inactive Mean Difference Mean Difference
Study or Subgrou Mean SD_Total Mean SD_Total Weight IV, Random. 95% Cl_Year IV, 95% ClI
Huang 2014 94.29 17.29 27 79.92 14.86 21 56.9% 14.37[5.26,23.48] 2014
Hu 2016 63.9 31.49 26 68.63 2097 40 431% 0.27[13.47,14.01] 2016 i
Total (95% CI) 53 61 100.0% 8.30 [-5.39, 21.98] R el
T ) 3 2= 3 - . L} + + + +
Heterogeneity: Tau® = 64.05; Chi*= 2.81, df= 1 (P = 0.09); F= 64% _5'0 _2'5 2'5 5'0

Testfor overall effect: Z=1.19 (P = 0.23) Larger in inactive Larger in active

C. Maximum Coronal Area (in mm?)

Active Inactive Mean Difference Mean Difference
Study or Subgrou Mean SD_Total Mean SD_Total Weight IV, Fixed, 95% Cl _Year IV, Fixed. 95% CI
Huang 2014 103.93 20.44 27 89.32 1736 21 2289% 14.61([3.91,25.31] 2014 —
Hu 2018 7036 2974 26 68.42 178 40 16.4% 1.94[10.73,14.61] 2016 —
WWu 2021 77 2074 142 697 2148 56 B0.7% 7.30[0.72,13.88] 2021 i
Total (95% CI) 195 117 100.0% 8.10[2.97, 13.22] >

Heterogeneity. Chi*= 2.39, df= 2 (P = 0.30); F=16% y

+
-50 -25 1) 25 50
Testfor overall effect: Z= 3.10 (P = 0.002) Largerin inactive Larger in active

d. Maximum Axial Length (in mm)

Active Inactive Mean Difference Mean Difference
Study or Subgroup  Mean _ SD_Total Mean SD Total Weight IV, Fixed.95% Cl Year IV, Fixed. 95% C1
Huang 2014 18.64 3.09 27 1828 235 21 56.9% O036[1.18,1.90] 2014
Hu 2016 167 37 26 159 34 40 431% 0.80[0.97, 257] 2016
Total (95% CI) 53 61 100.0% 0.55[-0.61,1.71]
Heterageneity: Chi#= 0.14, df=1 (P=0.71); F= 0% 4 2 : 2 4

Test for overall effect: Z=0.93 (P = 0.35) Largerininactive Largerin active

e. Maximum Coronal Length (in mm)

Active Inactive Mean Difference Mean Difference
Study or Subgrouj Mean SD Total Mean SD Total Weight IV, Fixed,95% Cl Year

IV, Fixed. 95% C1
Huang 2014 2167 4.04 27 2096 3.35 21 1548% 071[1.38,280] 2014
Hu 2016 16 45 26 163 28 40 181% -0.30[-2.24,1.64] 2016
Wu 2021 189 22 142 187 36 56 B64% 020[0.81,1.21] 2021
Total (95% CI) 195 117 100.0% 0.19[-0.63, 1.01]
.2 t

Heterogeneity: Chi*= 0,48, df= 2 (P = 0.79); F= 0% 4 7 t

.
Testf Il effect: Z=0.45 (P = 0.65] o 2 4
est for overall effect: Z=0.45 (P = 0.65) Largerininactive Larger in active

| Maximum Axial Width (in mm)

Active Inactive Mean Difference Mean Difference
Study or Subgrouy Mean SD Total Mean SD Total Weight IV.Random,95% Cl Year IV, Random, 95% CI
Huang 2014 721 1.38 27 644 141 21 53.9% 0.77 [0.03,1.57] 2014
Hu 2016 51 14 26 61 3.8 40 461%  -1.00[-2.25,0.25] 2016
Total (95% Cl) 53 61 100.0% -0.05[-1.78, 1.68]

Heterogeneity: Tau®= 1.28; Chi*= 5.46, df=1 (P = 0.02); F= 82% t 2 5 2

=4

Testfor overall effect Z= 0.05 (P = 0.96) STaaR I NaEtis - Largasii setive
g. Maximum Coronal Width (in mm)
Active Inactive Mean Difference Mean Difference
Study or Subgroup _ Mean _SD Total Mean SD Total Weight IV, Fixed, 95% Cl _Year IV, Fixed, 95% CI
Huang 2014 677 148 27 681 13 21 10.2% 0.16[0.63,095 2014
Hu 2016 54 12 26 64 08 40 218% 000[054,054] 2016 . —
WU 2021 57 12 142 54 083 56 68.0% 0.30[0.01,061 2021 il
Total (95% CI) 195 117 100.0% 0.22[-0.03,0.47] >
Heterogeneity: Chi* = 0.93, df= 2 (P = 0.63); F= 0% 5 -+ s : iy

Test for overall effect Z=1.71 (P = 0.09) Larger in inactive Larger in active

h.  DWI-ADC (in 10 mm2/s)

Active Inactive Mean Difference Mean Difference
Study or Subgrouy Mean _SD Total Mean SD Total Weight IV, Random, 95%Cl Year IV, Random, 95% CI
Razek 2019 1.83 008 43 169 004 40 51.4% 0.14[011,017] 2019 -
Wiy 2021 1.007 01 142 0954 0134 56 486% 0.05([0.01,0.09] 2021 &
Total (95% CI) 190 96 100.0% 0.10 [0.01, 0.18] g

Heterogeneity: Tau®= 0.00; Chi*=13.41, df=1 (P = 0.0003); F=93%

Testfor overall effect Z= 2.25 (P = 0.02) o e a D

Largerininactive Largerin active

Fig. 5 Lacrimal gland parameters in active TED and inactive TED groups. SD=standard deviation; IV=inverse variance; Cl=confidence interval
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Table 5 Meta-analyses of MRI parameters of Active TED group vs. Inactive TED group

Parameter Pooled mean difference 95% Cl P-value Significant 12

difference?

LG herniation 337 mm [2.11, 4.64] <0.00001 Yes 0%

Dimension
Maximum axial area 83 mm? [-5.39,21.98] 0.23 No 64%
Maximum coronal area 8.1 mm? [2.97,13.22] 0.002 Yes 16%
Maximum axial length 0.55 mm [-0.61,1.71] 0.35 No 0%
Maximum coronal length 0.19 mm [-0.63,1.01] 0.65 No 0%
Maximum axial width -0.05 mm [-1.78,1.68] 0.96 No 82%
Maximum coronal width 0.22 mm [-0.03,0.47] 0.09 No 0%
DWI-ADC 0.1x107° mm?%/s [0.01,0.18] 0.02 Yes 93%

Cl Confidence interval

Table 6 Summary of MRI parameters of TED group vs. Healthy control group in included studies

Parameter No. Author (Year) Sample size (eye) Outcome (Mean +SD OR Median (IQR))
Active  Inactive  Control TED Control
T2WI-FS—SIR #5 Hu 2016 26 40 48 2494046 217+0.32
Dimension
Maximum axial area (mm?) #1 Huang 2014 27 21 32 88+17.64 65.8+11.56
#5 Hu 2016 26 40 48 68.74+25.40 43.73+£18.57
Maximum coronal area (mm?) #1 Huang 2014 27 21 32 97.54+20.33 7349+1261
#4 Wu 2021 142 56 24 74 (60, 87) 67 (58, 81)
#5 Hu 2016 26 40 48 69.18+22.97 54.96+19.11
Maximum axial length (mm) #1 Huang 2014 27 21 32 1848+2.77 16.97+2.12
#5 Hu 2016 26 40 48 16.2+3.5 140+19
Maximum coronal length (mm) #1 Huang 2014 27 21 32 2136+3.74 20.06+3.05
#4 Wu 2021 142 56 24 18.8(17.2,20.7) 19.7 (18.8,20.5)
#5 Hu 2016 26 40 48 16.2+3.5 153+27
Maximum axial width (mm) #1 Huang 2014 27 21 32 6.87+144 565+1.12
#5 Hu 2016 26 40 48 57+3.1 3.8+08
Maximum coronal width (mm) #1 Huang 2014 27 21 32 6.7+1.39 539+1.01
#4 Wu 2021 142 56 24 57 (4.9,63) 49 (44,5.8)
#5 Hu 2016 26 40 48 54+10 43+0.7
DTI-FA #3 Chen 2021 30 30 30 0313+£0.067 0.375+0.082
#9 Rui 2021 56 58 34 0.376+0.031 0.399+0.049
DTIFADC (107 mm?/s) #3 Chen 2021 30 30 30 1403+£0.276 1.289+0.172
DTI-MD (1073 mm?/s) #9 Rui 2021 56 58 34 1.39+0.08 1.34+0.04
DWI-ADC (1073 mm?/s) #4 Wu 2021 142 56 24 989.81 (915.00, 1063.27) 965.56 (88140, 1014.81)
#7 Razek 2019 48 40 40 1.73+0.08 1.52+0.04

can differentiate active TED patients from the inactive
ones (Fig. 5¢), while both MCA and MAA can differenti-
ate TED patients from healthy subjects (Fig. 6a and 6b).
Length and width parameters cannot differentiate active
TED patients from the inactive ones. The possible rea-
son is that areas are two-dimensional entities. The dif-
ferences between the groups are more prominent. Area
parameters are also more accurate as they reflect changes

in two dimensions. LG volume may be an even better
dimensional parameter because it is three-dimensional.
Among the nine included studies, only the study by Hu
(2016) measured LG volume [16]. Hu’s method for meas-
uring LG volume requires delineating LG in all slides to
obtain the areas, and then multiplying the sum of area
and slice interval to compute the volume [16]. It is much
more labour-intensive to measure volume than area, as it
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a) Maximum Axial Area (in mm2)

TED Control Mean Difference Mean Difference
Study or Mean SD_Total Mean SD _Total Weight IV, Fixed, 95% Cl _Year IV, Fixed, 95% Cl
Huang 2014 88 17.64 48 658 1156 32 61.4% 22.20(15.80,28.60] 2014
Hu 2018 68.74 254 66 43.73 1857 48 386% 25.01(16.94,33.08] 2016 =
Total (95% CI) 114 80 100.0% 23.28[18.27,28.30] L 4

Heterogeneity: Chi*= 0.29, df=1 (P = 0.59), F=0%

-50

Testfor overall effect Z= 8,10 (P < 0.00001) Lomerinconirol Lamgerinas)
b) Maximum Coronal Area (in mm?2)
TED Control Mean Difference Mean Difference
Study or Subgrouy Mean SD_Total Mean SD_Total Weight IV. Random. 95% Cl Year IV, Random, 95% CI
Huang 2014 97.54 20.33 48 7349 1261 32 336% 24.05[16.83,31.27 2014 e
Hu 2016 69.18 2297 66 5496 19.11 48 329% 14.22[6.48,21.96) 2016 S
Wu 2021 73.67 20 198 BBE7 17.04 24 334% 5.00[-2.36,12.36] 2021 T
Total (95% CI) 312 104 100.0% 14.44 [3.44, 25.44] e
Heterogeneity: Tau®= 80.06; Chi*= 13.11, df= 2 (P = 0.001); F= 85% sn 25 2*5 5=n
Test for overall effect: Z= 2.57 (P = 0.01) Larger in control Larger in TED
C) Maximum Axial Length (in mm)
TED Control Mean Difference Mean Difference
Study or Mean SD Total Mean SD Total Weight IV, Fixed.95% Cl Year IV, Fixed, 95% CI
Huang 2014 18.48 2.77 48 16.97 212 32 46.5% 1.51[0.44,2.58] 2014
Hu 2016 162 35 66 14 19 48 535% 220[1.20,3.20] 2016 —a—
Total (95% Cl) 114 80 100.0% 1.88[1.15,2.61] -
Heterogeneity: Chi*= 0.85, df=1 (P=0.36); F= 0% '4 'Z ﬁ "t
Test for overall effect Z= 5.03 (P < 0.00001) Largerin control Larger in TED
d) Maximum Coronal Length (in mm)
TED Control Mean Difference Mean Difference
Study or Subgrou Mean SD Total Mean SD Total Weight IV.Random.95%Cl Year IV, Random. 95% CI
Huang 2014 2136 374 48 2006 3.05 32 28.4% 1.30(-0.20,2.80] 2014 T =
Hu 2016 162 35 B6 153 27 48 32.9% 0.80[-0.24, 2.04] 2016 T
Wu 2021 189 259 198 1967 1.26 24 387% -077[1.39,-0.15] 2021 =
Total (95% Cly 312 104 100.0% 0.37[-1.04, 1.77] ’
Heterogeneity: Tau? = 1.23; Chi*= 10.70, df= 2 (P = 0.005); = 81% — g G 3 4
Test for overall effect Z= 0.51 (P =0.61) Larger in controlLarger in TED
€)  Maximum Axial Width (in mm)
TED Control Mean Difference Mean Difference
Study or Subgarou Mean SD Total Mean SD Total Weight IV.Fixed.95% Cl Year IV, Fixed, 95% Cl
Huang 2014 6.87 1.44 48 565 1.12 32 659% 1.22[066,1.78] 2014
Hu 2018 57 31 66 38 08 48 341% 1.90[1.12,268] 2016 -
Total (95% Cl) 114 80 100.0% 1.45[1.00,1.91] >
Heterageneity: Chi*=1.92, df=1 (P=0.17); F= 48% '4 ?2 é i
Test for overall effect Z= 6.23 (P < 0.00001) Largerin control Largerin TED
f)  Maximum Coronal Width (in mm)
TED Control Mean Difference Mean Difference
Study or Subgrou Mean SD Total Mean SD Total Weight IV.Random.95% Cl Year IV, Random. 95% CI
Huang 2014 6.7 1.39 48 539 1.01 32 27.0% 1.31[0.78,1.84] 2014 =
Hu 2016 5.4 1 66 43 07 48 40.9% 1.10[0.79,1.41] 2018 &
Wu 2021 563 104 198 503 1.04 24 321% 0.60[0.16,1.04] 2021 &
Total (95% Cly 312 104 100.0% 1.00 [0.62, 1.38] >
Heterogeneity: Tau?= 0.07, Chi*= 4.89, df=2 (P = 0.09); F=59% 52 _5 15 t
Test for overall effect Z=5.16 (P < 0.00001) Larger in controlLargerin TED
g) DTI-FA
TED Control Mean Difference Mean Difference
Study or Mean _ SD Total Mean  SD Total Weight IV.Random.95%Cl Year IV, Random. 95% Cl
Chen 2021 0.313 0.067 B0 0375 0.082 30 428% -0.06[0.10,-0.03] 2021 =
Rui 2021 0376 0031 114 0399 0049 34 572% -0.02[-0.04,-0.01] 2021 -+
Total (95% CI) 174 64 100.0% -0.04[-0.08,-0.00]
Heterageneity. Tau®= 0.00; Chi*= 4.02, df= 1 (P = 0.04); F= 75% o2 + + Dlz

Test for overall effect: Z= 2.06 (P = 0.04)

h)  DTI-ADC/MD (in 102 mm2/s)

Mean Difference
IV, Fixed, 95% CI _Year

-01 0.1
Largerin control Larger in TED

Mean Difference
IV, Fixed, 95% CI

TED Control
Study or Subgrou Mean SD_Total Mean SD_Total Weight
Rui 2021 138 008 114 134 004 34 0956%
Chen 2021 1.403 0.276 60 1.288 0172 30 4.4%
Total (95% Cl) 174 64 100.0%

Heterogeneity: Chi*=1.74, df=1 (P=0.19); F= 42%
Test for overall effect: Z= 5.32 (P < 0.00001)

i)  DWI-ADC (in 10 mm?/s)
TED Control

0.06[0.03,0.07] 2021
0.11[0.02,0.21] 2021

0.05 [0.03, 0.07]

*

Mean Difference

Study or Subgroup _Mean _SD_Total Mean SD Total Weight IV, Random,95% Cl Year

02 01 01 02
Larger in control Largerin TED

Mean Difference

Razek 2019 1.73 0.08 88 152 004 40 506%
Wiu 2021 0989 011 198 0954 0.089 24 49.4%
Total (95% CI) 286 64 100.0%

Heterogeneity: Tau® = 0.02; Chi*= 52.60, df=1 (P < 0.00001); F=98%
Testfor overall effect Z=1.41 (P=0.16)

Fig. 6 Lacrimal gland parameters in TED and control groups. SD=standard deviation; IV=inverse variance; Cl=confidence interval

021[0.18,0.23) 2019
0.04 [0.01,0.08] 2021

0.12[-0.05, 0.30]

IV, Random, 95% CI
|

05 025 0 025 05

Largerin control  Largerin TED
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Table 7 Meta-analyses of MRI parameters of TED group vs. Healthy control group
Parameter Pooled mean difference 95% Cl P-value Significant 12
difference?
Dimension
Maximum axial area 23.28 mm? [18.27,28.30] <0.00001 Yes 0%
Maximum coronal area 1444 mm? [3.44, 25.44] 0.01 Yes 85%
Maximum axial length 1.88 mm [1.15,2.61] <0.00001 Yes 0%
Maximum coronal length 0.37 mm [-1.04,1.77] 0.61 No 81%
Maximum axial width 145 mm [1.00,1.91] <0.00001 Yes 48%
Maximum coronal width 1.00 mm [0.62, 1.38] <0.00001 Yes 59%
DTI-FA -0.04 [0.00, 0.08] 0.04 Yes 75%
DTI-ADC/MD 0.05x 107 mm?/s [0.03,0.07] <0.00001 Yes 42%
DWI-ADC 0.12x107 mm?%/s [-0.05, 0.30] 0.16 No 98%

Table 8 Summary of other MRI parameters for grading or therapeutic purposes

Sequence— No. Author (year) Sample size (eye)

Purpose (diagnostic/  Outcome (Mean +SD)

Parameter

grading/

Group 1 Group 2 therapeutic) Group 1 Group 2

T2WI-FS—LG hernia-  #8  Hu 2020 Responsive: 58 Unresponsive: 36 Therapeutic: respon-  11.12+2.15 9.89+2.54
tion (mm) sive vs unrespon-

sive to IV steroid

after 6 months
T2WI-FS—SIR #8  Hu 2020 Responsive: 58 Unresponsive: 36 Therapeutic: respon-  SIR-max:3.35+0.88  344+094

SIVE VS unrespon- SIR-mean: 2.42+0.55 242+0.76

sive to IV steroid )

after 6 months SIR-min: 1.43+0.44 148+0.53
DTI-FA #9  Rui 2021 Moderate to Severe: Mild: 22 Grading (EUGOGO): 0.370+0.03 0.386+0.031
DTI-MD 35 moderate to severe 1 474008 137£008

(10A-3 mmA2/s)

vs mild

is required to delineate LG in all slides. In clinical prac-
tice, it is more difficult to manually measure LG volume
for all patients. Measuring maximum area is easier and
more practical.

Among the six dimensional parameters, the best
parameter is MCA and the worst parameter is MCL.
MCA can differentiate active TED patients from the
inactive ones (Fig. 5c), and TED patients from healthy
subjects (Fig. 6b). In contrast, MCL cannot differentiate
both (Figs. 5e and 6d).

iv. Functional parameters

Substantial heterogeneity was observed in DWI-ADC
of both comparisons (I?=93% in active TED vs. inactive
TED, Fig. 5h; P=98% in TED vs control, Fig. 6i). It is
observed that DWI-ADC value in Wu'’s study is generally
lower than that in Razek’s study [15, 20]. Wu’s method
of measuring DWI-ADC value involved delineating the
largest coronal area in T2 weighted sections, and then
measuring the ADC value of that area in DW1I sequence.
The most hyperintense spot, which represents the area
of most severe inflammation, may not be hit. In contrast,

Razek’s method involved placing region of interest
directly in DWI sequence and measuring the ADC value.
The difference in the method of measuring DWI-ADC
value is a possible reason for the generally low DWI-ADC
values in Wu'’s study, and thus the high heterogeneity in
the meta-analyses. Another possible reason is ethnicity
difference. Wu’s study recruited Chinese subjects while
Razek’s study recruited Egyptians [15, 20].

xxii. Structural vs. functional parameters

In evaluating the inflammatory activity, functional MRI
parameters may be better than structural MRI parame-
ters as functional parameters reflect directly on the level
of metabolic activity. However, in both comparisons (i.e.,
active TED vs inactive TED and TED vs healthy control),
structural and functional MRI parameters show compa-
rable results in differentiating between two groups. Two
(i.e., LGH and MCA) out of seven structural parameters,
and one (i.e., DWI-ADC) out of one functional parame-
ter can differentiate active TED patients from the inactive
ones. Five (i.e., MAA, MCA, MAL, MAW and MCW)
out of six structural parameters, and two (i.e., DTI-FA
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and DTI-ADC/MD) out of three functional parameters
can differentiate TED patients from healthy subjects.
The result of this meta-analyses showed that functional
MRI parameters has no superiority than structural MRI
parameters, and vice versa. Computed tomography (CT)
is another imaging modality that can measure structural
parameters. With comparable results between functional
and structural MRI parameters, CT may be comparable
to functional MRI in diagnosing TED. However, a study
by Lee showed the sensitivity of CT and MRI for detect-
ing active inflammation in TED is 50% and 100% respec-
tively, despite limited validation of the ability of MRI
in the study [28]. As a result, there was an inconclusive
result in evaluating the superiority between structural
and functional MRI parameters.

Clinical implications
i. Clinical diagnosis of disease activity

Out of the nine included studies, seven studies (78%)
were conducted on Chinese patients (Table 2). This
could possibly be accounted by the more difficult diag-
nosis and management based on the clinical manifes-
tations of Chinese patients with TED, where Lim et al.
concluded that East Asians generally had fewer exoph-
thalmos, upper eyelid retractions and edema than Cau-
casian patients, leading to more research interests in
finding alternatives (e.g. imaging modalities) for earlier
detection or diagnosis of TED [29]. While five [14-16,
18, 21] out of these seven studies, plus two studies done
in Italy [17] and Egypt [20], looked into the different LG
parameters to aid the diagnosis of TED, we are the first
study to do a meta-analysis on the data provided in all
these studies. We have found that the LG parameters,
both structural and functional, generally provide a more
significant diagnostic value in differentiating TED from
disease-free patients than in differentiating active from
inactive TED patients. To be more precise, LG dimen-
sional parameters including MAA, MCA, MAL, MAW,
MCW (Fig. 6a-c, e, ), as well as LG functional param-
eters including DTI-FA and DTA-ADC/MD (Fig. 6g, h)
could possibly be used in clinical practices for differenti-
ating TED from disease-free patients. This is compared
to the fewer parameters, i.e., LG herniation, MCA, and
DWI-ADC (Fig. 5a, ¢, h), that could possibly be used
to differentiate active from inactive TED patients. This
implies that we might take these LG MRI parameters
into account when diagnosing TED in the future along
with the traditional modified CAS. The possibility of
creating a new scoring system for TED activity diagno-
sis incorporating LG MRI parameters may also be con-
sidered, especially among the Asian population.
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ii. Grading of disease severity

Among all the nine included studies, only a Chinese
study by Rui et al. [22] took a step further to compare
mild to moderate-severe TED patients and investigate
the use of DTI parameters for grading TED severity.
Thus, we could not perform a meta-analysis regarding
this perspective. Based on the findings by Rui et al. [22],
moderate-severe TED group had significantly lower
DTI-FA, especially of medial rectus (MR) (P=0.017),
and higher DTI-MD (P=0.021) than mild TED group.
It also concluded that DTI parameters, especially FA, of
MR were sensitive indicators that could help in the dif-
ferentiation between mild and moderate-severe TED.
From this result, we could see the potential role of LG
DTI parameters in guiding the grading of TED sever-
ity and hence the management plan of TED patients
more accurately. However, it is obvious that more stud-
ies need to be carried out to draw a more statistically
significant conclusion.

ili. Prediction of therapeutic responses and progno-
sis

Similar to the above, among all the nine included
studies, only a Chinese study by Hu et al. [19] com-
pared the LG parameters, i.e., LG herniation and SIR
(SIR-max, SIR-mean, SIR-min), of active and moderate-
severe TED patients responsive to intravenous (IV) ste-
roidal therapy after six months to those unresponsive
patients. Thus, a meta-analysis regarding the thera-
peutic responses was not performed. Based on the sole
results by Hu et al. [19], it is found that those responsive
to IV steroids had a significantly larger LG herniation
than those unresponsive (P=0.019), while there were
no statistically significant differences in SIR (SIR-max,
SIR-mean, SIR-min) between the two groups (P=0.514,
0.776 and 0.642 respectively). It summarized that the
larger LG herniation could possibly be used to distin-
guish treatment responsive and unresponsive group.
This could then possibly allow a wiser allocation of
treatment plans, i.e., glucocorticoid therapy for respon-
sive patients, and immunotherapies for unresponsive
patients. With more studies investigating this aspect,
a more accurate conclusion could then be drawn, and
hence more targeted treatment plans could be made for
patients to improve their disease prognosis.

Use of (LG) imaging in managing other orbital/
inflammatory diseases

Apart from the LG parameters studied in our system-
atic review and meta-analysis for the diagnosis, grad-
ing, and prediction of therapeutic responses in TED, in
fact, different LG parameters have gained an emerging
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role in the assessment of other orbital or inflammatory
diseases. For instance, one of the differential diagnoses
of dry eyes is primary Sjogren’s syndrome (pSS), which
is an autoimmune disease affecting the salivary and
LGs, causing dryness of mouth and eyes [30]. However,
its clinical diagnosis is difficult due to its non-specific
signs and symptoms [31]. While the current diagnostic
criteria related to the orbit involves Schirmer’s test and
ocular dry scores [32, 33], discomfort to patients and
uneasy interpretation arises respectively [31]. Hence,
different studies have tried to look for different LG
parameters by non-invasive imaging to aid pSS diagno-
sis. For example, the change in LG size and enhanced
signal intensity with accelerated fat deposition in MRI
could predict pSS stages [34]; the significantly lower
DWI-ADC of LG may suggest LG abnormalities in
pSS patients [35]; the lower 11C-MET uptake by LG
in PET-CT scan has found to have positive correla-
tion with reduced tear flow [36]. Another example of
LG-related orbital disease is IgG4-related disease
(IgG4-RD), which is a fibroinflammatory disease with
lymphoplasmacytic IgG4-positve plasma cells infil-
tration to multiple organ tissues that could involve
the orbit, in case of IgG4-related ophthalmic disease
(IgG4-ROD) [37]. Its current diagnosis is based on the
typical organ dysfunctions or structural changes (i.e.,
swelling), high serum IgG4 titer, and histopathological
results from biopsy which is invasive, while imaging
could also serve as a non-invasive tool to aid the diag-
nosis [38]. For instance, it is found that the hypoin-
tense and enlarged LG on T2W MRI [39], and the
higher uptake of 68 Ga-FAPI in PET-CT by LG could
aid the diagnosis and assessment of IgG4-RD [40].
While both pSS and IgG4-RD could result in enlarged
L@, the infraorbital nerve enlargement (IONE) in MRI
could act as a specific MRI sign of IgG4-ROD [41].
Besides, IONE could also help differentiate IgG4-
ROD from other lymphoproliferative orbital diseases,
including lymphoma, reactive lymphoid hyperpla-
sia, and idiopathic or other orbital inflammation [42].
From these examples, we could see an increasingly
important role of non-invasive imaging techniques,
as well as the rising role of LG parameters on differ-
ent imaging to aid the diagnosis of various orbital or
inflammatory diseases in which ophthalmologists are
of particular interests.

Limitations

There were few limitations in our systematic review.
First, only two to three studies were included under each
outcome measures. The pooled sample sizes may not be
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large enough to draw a clinically significant conclusion
due to random sampling error. Secondly, if heterogene-
ity was found to be significant by Cochran’s Q-statistics
chi-square test and I’-statistic, subgroup analysis can-
not be performed as each subgroup would consist of
one to two studies only. As a result, heterogeneity may
be significant and may affect the validity of the result of
meta-analysis. Further investigations may be needed to
explore the reasons behind the high heterogeneity, such
as ethnicity differences and scanner dependent differ-
ences. Thirdly, the few numbers of included studies also
reflects that the field of MRI on lacrimal gland in thy-
roid eye disease requires further studies.

Out of the nine included studies, seven studies were
written by Chinese authors and recruited Chinese
subjects [14—16, 18, 19, 21, 22]. Care in application of
results to other ethnicities should be considered. Pre-
vious studies have demonstrated that differences in
clinical manifestations of TED exist between East Asian
and Caucasian patients [29, 43]. Radiological differ-
ences can arise between different ethnicities, affecting
the representativeness of this meta-analysis as most
included patients are Chinese.

Future insights

This is the first systematic review and meta-analysis on
the use of MRI LG parameters in TED patients. MRI
is a non-invasive imaging modality that can effectively
guide the management of TED patients. While the cur-
rent number of studies on MRI LG parameters is lim-
ited, where only two to three studies focus on each
parameter, more studies with larger sample sizes and
from a wider range of ethnicities would be warranted.
The potential LG imaging markers for TED, espe-
cially in the aspects of disease grading and therapeutic
responses prediction are still under investigations. The
use of MRI, which is non-invasive, safe, highly sensi-
tive, could possibly be a rising trend for the diagnosis of
TED or other orbital diseases.

Conclusions

The systematic review and meta-analyses suggest that
lacrimal gland herniation, maximum coronal area, and
DWI-ADC are able to detect TED patients with active
diseases. Maximum axial area, maximum coronal area,
maximum axial length, maximum axial width, maxi-
mum coronal width, DTI-FA, and DTI-ADC/MD are
able to differentiate TED patients from healthy con-
trols. Further studies on the use of MRI on lacrimal
gland in the field of thyroid eye disease are warranted
to confirm our results.
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Abbreviations

TED Thyroid eye disease

GD Graves'disease

DED Dry eye disease

MRI Magnetic resonance imaging

LG Lacrimal gland

LGH Lacrimal gland herniation

MAA Maximum axial area

MCA Maximum coronal area

MAL Maximum axial length

MCL Maximum coronal length

MAW Maximum axial width

MCW Maximum coronal width

SIR Signal intensity ratio

T2WI T2-weighted imaging

ADC Apparent diffusion coefficient

DWI Diffusion-weighted imaging

FA Fractional anisotropy

MD Mean diffusivity

DTl Diffusion tensor imaging

TAO Thyroid-associated ophthalmopathy
GO Graves'ophthalmopathy

EOMs Extraocular muscles

OF Orbital fat

TSHr Thyrotropin receptor

TRAbs Thyrotropin receptor autoantibodies
IGF-1 Insulin-like growth factor-1

IGF-1r Insulin-like growth factor-1 receptor

EUGOGO  European Group of Graves' Orbitopathy
CAS Clinical Activity Score

DON Dysthyroid optic neuropathy
cT Computed tomography,
MeSH Medical Subject Heading

SD Standard deviation

IQR Interquartile range

NOS Newcastle-Ottawa Scale

@] Confidence interval

HCs Healthy controls

GC Glucocorticoid

pSS Primary Sjogren’s syndrome
IgG4-RD  IgG4-related disease

IgG4-ROD  IgG4-related ophthalmic disease
IONE Infraorbital nerve enlargement
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