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Background: When quantitative magnetic resonance imaging (MRI) is used to assess the activity of Graves’
orbitopathy (GO), the examination is generally focused on a specific orbital tissue, especially the extraocular
muscles (EOMs). However, GO usually involves the entire intraorbital soft tissue. The aim of this study was
to use multiparameter MRI on multiple orbital tissues to distinguish the active and inactive GO.

Methods: From May 2021 to March 2022, consecutive patients with GO were prospectively enrolled at
Peking University People’s Hospital (Beijing, China) and divided into those with active disease and those
with inactive disease based on a clinical activity score. Patients then underwent MRI, including sequences
of conventional imaging, T1 mapping, T2 mapping, and mDIXON Quant. Width, T2 signal intensity ratio
(SIR), T'1 values, T2 values, and fat fraction of EOMs, as well as water fraction (WF) of orbital fat (OF),
were measured. Parameters were compared between the 2 groups, and a combined diagnostic model was
constructed using logistic regression analysis. Receiver operating characteristic analysis was used to test the
diagnostic performance of the model.

Results: Sixty-cight patients with GO (27 with active GO, 41 with inactive GO) were included in the study.
The active GO group had higher values of EOM thickness, T2 SIR, and T2 values, as well as higher WF of
OF. The diagnostic model, which included EOM T2 value and WF of OF, demonstrated a good ability to
distinguish between active and inactive GO (area under the curve, 0.878; 95% CI: 0.776-0.945; sensitivity,
88.89%; specificity, 75.61%).

Conclusions: A combined model incorporating the T2 value of EOMs and the WF of OF was able to
identify cases of active GO, potentially offering an effective and noninvasive method to assess pathological

changes in this disease.
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Introduction

Graves’ orbitopathy (GO) is an inflammatory autoimmune
disease. The remodeling of the orbit that occurs with this
disease can lead to a number of complications, including
photophobia, proptosis, eyelid retraction, and even vision
loss (1). GO is considered a biphasic disease (2). In the
active stage of the disease, an inflammatory reaction is
prominent, making the condition potentially responsive to
immunosuppressive therapy. However, the inactive stage of
the disease mainly manifests as fibrosis and fat deposition (3).

The activity of GO is usually assessed using a clinical
activity score (CAS) (4,5), which is recommended by the
European Group on Graves’ Orbitopathy (EUGOGO)
guideline (6), but it is mainly based on clinical symptoms
and is highly subjective (7). An accurate CAS assessment
requires the assessor to have extensive experience in this
specific field and access to specialist instruments, which may
be difficult to obtain in most hospitals (8). Furthermore,
the active phase of GO may be difficult to distinguish from
the inactive phase based on CAS criteria (9). The ability to
accurately and objectively distinguish between the active
and inactive GO is crucial to treatment decision-making for
patients with this condition (4).

Because magnetic resonance imaging (MRI) can provide
high-resolution soft tissue imaging, this modality is widely
used for the clinical diagnosis of GO. More specifically,
quantitative magnetic resonance (MR) technology such as
T1 mapping, T2 mapping, and mDIXON Quant sequences
can provide the information needed to differentiate among
various pathological processes. T'1 value is the spin-lattice
or longitudinal relaxation time of tissue; this value is
used to assess the deposition of fibrous tissue (10,11). T2
value is defined as the spin-spin or transverse relaxation
and is a time constant of transverse magnetization decay,
which reflects extraocular muscle (EOM) edema and
inflammation (12). In addition, fat fraction (FF) and water
fraction (WF) can be calculated by separating fat and water
signals on mDIXON Quant sequences (13). Research
has shown that decreased T1 values and elevated FFs are
associated with fat infiltration in EOMs, which is one
characteristic of chronic and inactive phase GO (14-16).

Previous imaging studies have mainly focused on this
association between inactive GO and fat infiltration in
EOMs. However, several studies have assessed orbital fat
(OF) tissues or lacrimal glands individually (17,18). These
studies were limited, however, in that GO may involve
all periocular and retrobulbar tissues, including lacrimal
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glands, conjunctiva, EOMs, and OF, thus leading to
complex changes in T'1 values, T2 values, and FFs.

In this study, we hypothesize that multiparameter
MRI-based diagnosis of GO activity would be more
accurate when considering the combined model with more
information of pathology and imaging. We present the
following article in accordance with the STARD reporting
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-22-814/rc).

Methods
Patients

This observational prospective study was approved by the
Ethics Review Committee of Peking University People’s
Hospital (No. 2022PHB123-001). Since this was a purely
observational study based on routine imaging examination,
individual consent was waived by the Ethics Review
Committee. The study was in compliance with the Health
Insurance Portability and Accountability Act (HIPAA) and
the Declaration of Helsinki (as revised in 2013).

From May 2021 to March 2022, consecutive patients
diagnosed with GO at Peking University People’s Hospital,
Beijing, China were considered for study inclusion based
on the following inclusion criteria: (I) pretreatment orbital
MRI was performed; (II) interval between GO diagnosis
and MRI examination was <1 week. (III) MR image quality
was adequate for further analysis. Exclusion criteria were
as follows: (I) disease duration was >18 months; (I) thyroid
function was uncontrolled; (III) history of glucocorticoid
therapy, radiotherapy, or surgical decompression; (IV)
patient’s vision was threatened. GO was diagnosed based
on Bartley’s diagnostic criteria (19). Two senior physicians
who were blinded to the MRI results (an endocrinologist
and an ophthalmologist both with >10 years of experience)
determined the 7-point CAS and severity for each eye
independently according to the EUGOGO atlas and
guidelines (6). The CAS included assessment of spontaneous
retrobulbar pain, pain on attempted upward or downward
gaze, redness of eyelids, redness of conjunctiva, swelling
of caruncle or plica, swelling of eyelids, and swelling of
conjunctiva (chemosis) (20). In cases of disagreement,
consensus was reached between the 2 physicians via
discussion of the CAS and severity. CAS >3 for either eye
was considered to indicate the presence of active GO. For
each patient, the eye with the higher CAS was used for the
analysis. Disease severity was classified as mild, moderate
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Table 1 Detailed scan parameters for all sequences used

Cheng et al. MRI Evaluation of GO

Parameters Repetition time/echo time (ms) Field of view (mm®%  Voxel (mm? Slice thickness/gap (mm) Plane
T2-weighted imaging 2,500/80 200x200 0.6x0.75 2.5/0.25 Axial/coronal
T2-weighted imaging 3,000/80 150x150 0.6x0.75 2.5/0.25 Sagittal
T1-weighted imaging 519/20 200x200 0.65%0.85 2.5/0.25 Axial

T1 mapping 21 200x200 2x2 2.5/0 Coronal
T2 mapping 1,017/n*9 200x200 2x2 2.5/0 Coronal
mDIXON Quant 6.3/1.07 200x200 2.07x2.07 2.5/-1.25 Coronal

to severe, or sight-threatening based on the EUGOGO
guidelines.

Demographic data, including patient sex, age, and disease
duration, were collected at the first clinical visit. Disease
duration was defined as the interval between the onset of
GO-associated clinical symptoms and the date of the MRI
examination. Information about history of Grave’s disease
(GD) (including duration and treatment) and smoking was
also recorded. Thyroid function was assessed by monitoring
serum thyroid-stimulating hormone, free triiodothyronine,
and free thyroxine levels. Thyrotropin receptor antibody
concentrations were also recorded.

MRI acquisition and processing

MRI examinations were performed on a 3.0 T system
(Ingenia, Philips Healthcare, the Netherlands) with a
16-channel head coil. Patients were required to lie in a
supine position with their eyes closed naturally. They were
also instructed to look forward and to keep their eyes still.
The scanning parameters of the MR sequences used are
shown in Table 1.

Conventional structural imaging included axial T1-
weighted imaging; axial T2-weighted imaging; and axial,
coronal, and oblique sagittal T2-weighted imaging with
fat-suppression sequences. The axial scanning line was
parallel to the auditory canthus, and the oblique sagittal
line was parallel to the optic nerve. In the cross-sectional
T2 weighted images, the largest slice of the internal and
external oblique muscle belly was selected to locate the
coronal scanning slices of T1 mapping, T2 mapping, and
mDIXON Quant sequences.

Image analysis

MRI data were evaluated separately by 2 senior radiologists
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(with >10 years of experience) who were blinded to the
clinical information, including CAS. Image data from
coronal T'1 mapping, coronal T2 mapping, mDIXON
Quant, and coronal T2-weighted imaging with fat
suppression were assessed using a postprocessing software
platform (IntelliSpace Portal, Philips Healthcare, the
Netherlands). On the T1 mapping, T2 mapping, and
mDIXON Quant images, a circular region of interest (ROI)
was manually drawn along the borderlines of the medial,
external, superior, and inferior rectus muscles of both
eyes. The mean values of T'1, T2, and FF for the 8 EOMs
of each patient were measured and recorded (Figure I).
Another ROI (about 10-15mm?) was manually drawn in
the lateral upper quadrant OF on mDIXON Quant images
of water and fat, and the average signal intensity (SI) in
the ROIs was measured. For the assessment of OF edema,
the WF of OF was calculated as SI,../(SL,r + SI;,) (18)
(Figure I). For coronal T2-weighted imaging with fat-
suppression sequences, 8 ROIs were placed as above, the
mean value of the measured SI was taken as SI;oy. An ROI
(about 10-15 mm®) was then placed in the temporal muscle,
and the mean SI of the ROI was recorded as SIporal muscle-
The SI ratio (SIR) was defined as SIuom/STiemporat musce (14)
(Figure I).

The maximum width or thickness of the EOMs was
measured on T2-weighted fat-suppression sequences.
Because the muscle belly of the superior rectus muscle
and the levator palpebrae muscle were relatively close
and difficult to distinguish, they were combined in
measurements as the “superior complex”. The maximum
thickness of the superior complex and inferior rectus
muscle was measured on oblique sagittal images, and the
maximum width of the internal and external rectus muscle
was measured on axial images. The measurements of width/
thickness for 8 EOMs in each patient were then averaged
and recorded (Figure 2).

Quant Imaging Med Surg 2023;13(5):3040-3049 | https://dx.doi.org/10.21037/qims-22-814



Quantitative Imaging in Medicine and Surgery, Vol 13, No 5 May 2023

3043

Figure 1 Images (coronal plane) from a 60-year-old woman with Graves’ orbitopathy. ROIs were placement of 8 extraocular muscles on T2-

weighted image with fat suppression (A), T1 mapping (B), T2 mapping (C) and mDIXON Quant sequences, including fat fraction (D), and
water (E) and fat (F) phases are shown (white solid circles). ROIs of WF of orbital fat (E,F) (red dotted circles) and temporal muscle (A) (white

dotted circle) were shown. ROIs, regions of interest; WE, water fraction.

Figure 2 Quantitative measurements of the width/thickness of 8 extraocular muscles on axial (A) and coronal (B) T2-weighted images with

fat suppression.

Statistical analysis

Categorical variables were described as number (n) and
percentage (%). Quantitative variables were reported as
mean + standard deviation (mean + SD) or median and
interquartile range [median (Q1, Q3)] based on normal
distribution analysis. To test the reproducibility of the
quantitative parameters, we calculated the interclass
correlation coefficients (ICCs). Differences in clinical

and imaging characteristics between patients with active
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GO and those with inactive GO were compared using
independent sample 7-tests, Mann-Whitney U tests, i tests,
or Fisher exact tests. Binary logistic regression was used
to select parameters and construct a combined model to
identify active GO. Receiver operating characteristic (ROC)
curves were calculated to assess sensitivity and specificity,
and the areas under the ROC curve (AUC) values for the
above parameters were also calculated to evaluate diagnostic
efficacy. DeLong’s test was used to evaluate the diagnostic
performance of different methods. All data were analyzed
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87 patients enrolled
May 2021 to March 2022

A

Inclusion criteria:
® Pretreatment orbital MRI
e Interval between GO diagnosis and MRI examination <1 week
* MR image quality adequated for further analysis

Patients excluded:
¢ Duration of GO more than 18 months (n=8)
e Uncontrolled GD (n=4)
¢ Very severe GO (n=5)

Y

Included patients (n=70)

Y

_ | Patients excluded:

¢ Unsatisfactory image quality (n=2)

Included patients (n=68)

|
v v

Active (n=27) Inactive (n=41)

Figure 3 Flow chart of patient enrollment. MRI, magnetic resonance imaging; MR, magnetic resonance; GO, Graves’ orbitopathy; GD,

Grave’s disease.

using IBM SPSS statistical version 25.0 and MedCalc
version 20. A P value <0.05 was considered statistically
significant.

Results
Demographics and clinical characteristics

A flow chart of patient enrollment is shown in Figure 3.
A total of 68 patients (25 men, 43 women; age, 43.5=
13.1 years; range, 20-83 years) were enrolled in this study.
Of these study patients, 27 (10 men, 17 women; age,
48.8+12.4 years) had active GO and 41 (15 men, 26 women;
age, 40.7£12.8 years) had inactive GO. The mean CAS
values were 3.22+0.58 in the active group and 1.24+0.80
in the inactive group. Ten of the 68 patients (14.7%) had
different CAS scores for each eye; of these patients, no
patient had disease classified differently in each eye (active/
inactive GO). Patients with GD had been treated with
methimazole (n=50), surgical resection (n=3), or "’'I therapy
(n=3). The remaining 12 patients had no history of GD.
There were no significant differences between the active and
inactive groups in terms of laboratory test results, severity of

GO, duration of GO/GD, and treatment history (7uble 2).

Comparison of MR quantitative measurements

The ICC values between the 2 radiologists were good
or excellent for each parameter and for all patients.
The thickness, SIR, T2 values, and FF of EOMs were
significantly higher in patients with active GO than in
those with inactive GO (Tuble 3). However, there was no
significant difference between the groups in T'1 values.

Utility of MRI parameters to identify active GO

Forward stepwise logistic regression analysis was performed,
using the T2 values of EOMs (P=0.02) and the WF of OF
(P=0.05) as independent factors to distinguish between
active and inactive GO. These 2 parameters were then
used in the combined model to identify active GO. Activity
and MRI diagnosis were shown in 7able 4. The combined
model demonstrated a favorable diagnostic performance in
identifying active GO (AUC =0.878, 95% CI: 0.776-0.945),
with a sensitivity of 88.89% and a specificity of 75.61%
(Table 4; Figure 4). There were significant differences in
AUCs between the combined model and models separately
assessing the 12 values of EOMs (P=0.02) or the WF of OF
(P=0.03).
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Table 2 Patient demographics for active and inactive GO groups
Variables Active GO (n=27) Inactive GO (n=41) P value
Age (year)* 48.8+12.4 40.7+12.8 0.01
Sex (M/F)* 10 (37.0)/17 (63.0) 15 (36.6)/26 (63.4) 0.05
Active smoker (y/n)* 1(3.7)/26 (96.3) 3(7.3)/38 (92.7) 1.00
Duration of GO (month)* 13.30+13.80 9.94+10.70 0.38
Duration of GD (month)* 16.62+31.20 17.57+28.10 0.90
Treatment for GD (y/n)* 20 (74.1)/7 (25.9) 36 (87.8)/5 (12.2) 0.17
Severity of GO (mild/moderate to severe)” 15 (55.6)/12 (44.4) 28 (68.3)/13 (31.7) 0.29
Proptosis (y/n)* 12 (44.4)/15 (55.6) 21 (51.2)/20 (48.8) 0.59
Eyelid retraction (y/n)* 10 (87.0)/17 (63.0) 7 (17.1)/34 (82.9) 0.07
Diplopia (y/n)* 7 (26.0)/20 (74.0) 6 (14.6)/35 (85.4) 0.25
Duction (y/n)* 10 (37.0)/17 (63.0) 8 (19.5)/33 (80.5) 0.11
Thyroid-stimulating hormone level (ulU/mL)" 1.49 (0.05, 4.47) 1.08 (0.08, 2.48) 0.38
Free triiodothyronine level (pmol/L)" 4.92 (4.44, 6.00) 4.94 (4.57, 5.33) 0.89
Free thyroxine level (pmol/L)" 16.54 (13.53, 18.00) 16.67 (14.02, 19.06) 0.57
Thyrotropin receptor antibody concentration (IU/L)" 5.47 (2.70, 12.35) 6.12 (2.48, 13.30) 0.81

*, mean + standard deviation; *, n (%); T, median (interquartile range). GO, Graves’ orbitopathy; y, yes; n, no; GD, Graves’ disease.

Table 3 MRI parameters in active and inactive GO groups

Parameters Active GO* Inactive GO* P value
Thickness of EOMs (mm) 5.46+1.28 4.60+1.15 0.02
T2 SIR of EOMs 2.64+0.45 2.17+0.60 0.004
T1 value of EOMs (ms) 1,514.30+158.91 1,439.70+126.15 0.06
T2 value of EOMs (ms) 88.73+9.30 77.78+6.98 <0.001
FF of EOMs 0.09+0.05 0.13+0.05 0.01
WF of OF 0.24+0.09 0.17+0.04 <0.001

*

intensity ratio; FF, fat fraction; WF, water fraction; OF, orbital fat.

Discussion

In this study, we found that a combined model including
the T2 values of EOMs and the WF of OF had favorable
accuracy in identifying active GO. The diagnostic
performance of this combined model was better than
the performance of either single-parameter model.
Furthermore, significant differences were observed between
active and inactive GO in terms of EOM thickness, SIR,
and FF.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

, mean + standard deviation. MRI, magnetic resonance imaging; GO, Graves’ orbitopathy; EOMs, extraocular muscles; SIR, signal

To our knowledge, this is the first study to offer a
combined model for identifying active GO in which MRI
quantitative parameters for multiple tissues (EOM and OF)
and multiple MRI sequences (T2 mapping and mDIXON
Quant) were included. As GO is a complex condition
involving nearly all of the tissues of the orbit, a combined
model may offer a more comprehensive assessment than
methods focusing on single orbital tissues, such as the CAS
score, which is mainly limited to the evaluation of symptoms
in the anterior part of orbit. It can provide objective and
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Table 4 Diagnostic performance for T2 value of EOMs, WF of OF, and a combined model in distinguishing between active and inactive GO

T2 value of EOMs WF of OF T2 value + WF
Category
Wrong Right > Pvalue Wrong Right %* Pvalue Wrong Right ' P value
CAS, n 14 54 23.119 <0.001 35 33 8552 0.003 34 34 27.087 <0.001
Active 13 14 8 19 3 24
Inactive 1 40 27 14 31 10

AUC (95% Cl) 0.745 (0.625-0.843)

Sensitivity (95% Cl) (%) 48.15 (28.70-68.10)

Specificity (95% Cl) (%) 97.56 (87.10-99.90)

0.760 (0.644-0.858) 0.878 (0.776-0.945)

70.37 (49.80-86.20) 88.89 (70.80-97.6)

73.17 (57.10-85.80) 75.61 (59.70-87.60)

CAS, clinical activity score; EOMs, extraocular muscles; WF, water fraction; OF, orbital fat; GO, Graves’ orbitopathy; AUC, area under the

curve; Cl, confidence interval.

100
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Figure 4 ROC analysis results for each MRI parameter and for the
combined model in identifying cases of active Graves’ orbitopathy.
MRI, magnetic resonance imaging; ROC, receiver operating

characteristic; WF, water fraction.

quantitative basis for the subjective CAS score, so as to be
more confident in the formulation of treatment strategies.
Then it could potentially provide biomarkers indicating
the need for immunosuppressive treatment in patients with
GO. Furthermore, MR-based quantitative indicators can be
compared before and after treatment, which is the basis for
curative effect.

The pathological characteristics of active GO mainly
involve inflammatory edema caused by glycosaminoglycan
deposition between EOM fibers and lymphocyte
infiltration (21). However, inactive GO generally involves

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

either orbital fibrosis and fat infiltration, which occur
in the chronic phase of the disease (2), or mild edema,
which occurs in the early stages of the disease. These
manifestations of inactive GO generally occur in the
absence of inflammatory edema. Because an increase
in water content may be reflected by an increase in T2
values (15), the value of T2 in patients with active GO
is expected to be higher than in patients with inactive
GO, which was confirmed in our study. A previous study
demonstrated that T2 values could be used to differentiate
between patients with GO and healthy controls and that
these values could also be used to evaluate the response
to immunosuppressive treatment (15). These and other
previous findings suggest that T2 mapping may be useful
in the evaluation of GO activity and in the assessment of
the inflammatory state of EOMs (15,22).

Redundant glycosaminoglycan may also be deposited
in other orbital tissues during the active phase of GO. In
a previous study, the T2-weighted imaging SIR of OF was
significantly positively correlated with CAS, indicating that
OF inflammation may reflect GO activity (17). Because
the T2 value of normal fat is obviously higher than that of
muscle, the high T2 signal in orbital would be contributed
more by fat than water (15). Then increased water content
in OF may not be reflected by an increase in T2 values.
In this study, the mDIXON Quant sequence was used to
provide separation of water and fat on the same image,
thus allowing us to observe a significant difference between
active and inactive GO in the WF of OF. This finding,
which reflected the inflammatory edema present in the OF,
is similar to results from a previous study (18). The WF of
OF was therefore selected as one of the parameters included
in the combined model for identifying active GO.
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EOM thickening is a common ocular manifestation
of GO. In Bynu’s research, volumes of several intraobital
structures, including EOM thickening could differentiate
active GOs from inactive GOs (23). However, there were
controversial results to use this parameter to distinguish
inflammatory activity in GO, as this thickening may also
be seen in patients with inactive GO (24). In our study, we
also found that the thickness of EOMs in active GO was
significantly higher than in inactive GO. This may have
occurred because the thickening of EOMs was uneven in
study patients, and we used the maximum value to expansion
the differences. In addition, most study patients had only
a short disease. Thus, the clinical manifestation of patients
with inactive GO were close to normal EOMs, which is
different with patients with chronic disease, representing
EOMs with fibrotic enlargement (25). Nevertheless,
thickening of EOMs has not been selected as the diagnosing
parameter, while T2 value compensated for its diagnostic
limitations with more sensitivity to present edema.

Some previous studies have used T1 mapping to
distinguish between active and inactive GO (14,16),
based on the principle that fat infiltration of the EOMs is
predominant in the chronic phase and that the T1 values
of fat are lower than those of normal muscle tissue. In our
study, we observed no significant difference in T'1 values
between cohorts. However, most patients in our study had
disease of short duration, suggesting that they were still in
the early stages of GO and that fat infiltration of the EOMs
had not yet occurred (2).

This study had several limitations. First, the sample
size of this study was relatively small, and all patients were
from single institution. then the generalizability of this
diagnosing method should be testified in the future. Second,
this was a cross-sectional study, then additional follow-up is
needed to confirm the validity of these results. Third, there
were significant differences between the active and inactive
GO cohorts in age. However, previous research has found
that demographic characteristics do not affect the disease
course of GO (8).

In conclusion, this study demonstrated that active phase
GO is associated with higher values of EOM thickness, SIR,
and T2 and with higher values of WF of OF. Furthermore,
the T2 value of EOMs and the WF of OF, when included
in a combined diagnostic model, were able to distinguish
between active and inactive GO in patients with disease of
short duration.
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