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Objective: To prospectively compare single-shot (SS) echo-planar imaging (EPI) and field-of-view optimized and
constrained undistorted single-shot multiplexed sensitivity-encoding (FOCUS MUSE) for diffusion-weighted imaging (DWI)
in evaluating thyroid-associated ophthalmopathy (TAO).

Materials and Methods: SS EPI and FOCUS MUSE DWIs were obtained from 39 patients with TAO (18 male; mean + standard
deviation: 48.3 + 13.3 years) and 26 healthy controls (9 male; mean + standard deviation: 43.0 + 18.5 years). Two radiologists
scored the visual image quality using a 4-point Likert scale. The image quality score, signal-to-noise ratio (SNR), contrast-to-
noise ratio (CNR), and apparent diffusion coefficient (ADC) of extraocular muscles (EOMs) were compared between the two
DWIs. Differences in the ADC of EOMs were also evaluated. The performance of discriminating active from inactive TAO was
assessed using receiver operating characteristic curves. The correlation between ADC and clinical activity score (CAS) was
analyzed using Spearman correlation.

Results: Compared with SS EPI DWI, FOCUS MUSE DWI demonstrated significantly higher image quality scores (P < 0.001),
a higher SNR and CNR on the lateral rectus muscle (LRM) and medial rectus muscle (MRM) (P < 0.05), and a non-significant
difference in the ADC of the LRM and MRM. Active TAO showed higher ADC than inactive TAO and healthy controls with both
SS EPI and FOCUS MUSE DWIs (P < 0.001). Inactive TAO and healthy controls did not show a significant ADC difference with
both DWIs. Compared with SS EPI DWI, FOCUS MUSE DWI demonstrated better discrimination of active from inactive TAO (AUC:
0.925 vs. 0.779; P = 0.007). The ADC was significantly correlated with CAS in SS EPI DWI (r = 0.391, P < 0.001) and FOCUS
MUSE DWI (r = 0.645, P < 0.001).

Conclusion: FOCUS MUSE DWI provides better images for evaluating EOMs and better performance in diagnosing active TAO
than SS EPI DWI. The application of FOCUS MUSE will facilitate the DWI evaluation of TAO.
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INTRODUCTION autoimmune inflammatory disease involving extraocular
muscles (EOMs) and causing orbital fat expansion [1]. The
Thyroid-associated ophthalmopathy (TAQ) is an active phase of TAO presents as EOM swelling, while the
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inactive phase presents as fibrosis [2]. Active TAO is treated
with hormonal/anti-inflammatory drugs or radiotherapy,
while inactive TAO is treated with surgical decompression
[2]. Therefore, accurate staging of TAQ is important to
guide clinical treatment selection.

TAQ activity is typically assessed using the clinical activity
score (CAS), which is user-friendly; however, it depends
on clinician experience and only inspects superficial
anterior orbital structures [3]. The CAS does not evaluate
deep posterior orbital structures, such as EOMs, which
are significantly affected by TAO, and this could impact
diagnostic accuracy. Mourits et al. [4] found that 36.0% of
inactive TAO cases diagnosed with CAS responded to drug
treatment, indicating a potential lack of sensitivity of the
CAS. Therefore, using quantitative techniques to assess TAO-
related structures may be beneficial for TAO staging.

Magnetic resonance imaging (MRI) aids in quantifying
TAO, with diffusion-weighted imaging (DWI) analyzing
water molecule diffusion [5-8]. Some studies [5,8-10]
have used DWI to assess TAO-affected EOMs. The apparent
diffusion coefficient (ADC) of EOMs was higher in patients
with inflamed TAO than in healthy controls [5,8-10].

The commonly used DWI sequence employs single-shot
(SS) echo-planar imaging (EPI) because it is fast and
relatively insensitive to motion artifacts [11]. However,
susceptibility distortions in the posterior orbits due to
complex cave-bone-tissue organization can affect SS EPI
DWI, impacting the visualization of EOMs, which in turn
affects TAO evaluation. To mitigate the effects of magnetic
field inhomogeneity, Ritchie et al. [7] used a half-Fourier
SS fast spin-echo acquisition technique for DWI to reduce
these susceptibility distortions. Fu et al. [12] reported
that turbo gradient and spin echo BLADE DWI could
improve EOM image quality for characterizing TAO activity.
However, the partial-Fourier technique decreases signal-
to-noise ratio (SNR) and limits field-of-view (FOV) and
slice thickness because of the short-duration and high-
amplitude gradient pulses [13], while BLADE DWTI is time-
consuming and imposes a high specific absorption rate
[14]. Improved EPI-based imaging techniques may reduce
susceptibility artifacts, maintain sufficient SNR, and provide
high resolution with a relatively short scan time.

Reduced FOV DWI is an SS EPI-based technique that
selectively excites a localized region using a two-
dimensional tilted excitation, reducing imaging FOV and
susceptibility artifacts [15,16]. It is commercially available
as FOV optimized and constrained undistorted single-shot
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(FOCUS), ZOOMit, and ZOOM in GE, Siemens, and Philips
systems. Previous studies have applied it to the spinal cord
[17], prostate [18], breast [19], head and neck [20], and
rectum [21]. Compared with SS EPI DWI, reduced FOV DWI
reduces susceptibility artifacts, provides better anatomical
detail, and improves lesion assessment [17-21].

Multiplexed sensitivity-encoding (MUSE) is another
advanced EPI-based DWI technique that uses multiple
excitations to correct field inhomogeneity-induced phase
errors, resulting in a high SNR, high resolution, and reduced
susceptibility artifacts [22]. Compared with SS EPI DWI,
MUSE minimizes susceptibility artifacts and improves
image quality for detecting lesions in the brain [22],
bowel [23], liver [24], breast [25], and rectum [26]. Bai
et al. [27] integrated the reduced FOV technique with MUSE
and evaluated the performance of FOCUS MUSE for pancreas
DWI. Thus, this prospective study aimed to compare FOCUS
MUSE and SS EPI for DWI in evaluating TAOQ.

MATERIALS AND METHODS

Study Population

This prospective study was performed in line with the
principles of the Declaration of Helsinki. Approval was
granted by the Ethics Committee of our hospital (IRB No.
82170858). Before the MRI examination, all participants
provided written informed consent by signing a consent form.

Inclusion criteria for patients with TAO were 1) age >18
years, and 2) no other orbital diseases and no history of
orbital trauma. Exclusion criteria were 1) contraindications
to MRI, 2) severe motion artifacts in the images, and 3)
other orbital diseases, such as tumors in the orbit. Inclusion
criteria for healthy controls were 1) age-matched individuals,
2) no history of orbital diseases, and 3) no abnormalities
on orbital MRI. Finally, 39 patients clinically diagnosed
with TAO (18 male; age: mean + standard deviation: 48.3
13.3 years) and 26 healthy controls (9 male; age: mean +
standard deviation: 43.0 + 18.5 years) were between from
April 2023 and August 2023. The study population flow
chart is shown in Figure 1.

Clinical Assessment

Experienced endocrinologists scored each patient with
TAO based on the CAS [2]. The scoring criteria included
1) spontaneous orbital pain, 2) eye pain when looking
up/down, 3) eyelid congestion, 4) bulbar conjunctival
congestion, 5) swelling of the lacrimal caruncle/fold,
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68 subjects (42 TAO patients and 26 healthy controls) were
initially recruited between April and August 2023

3 TAO patients were excluded due to severe
motion artefacts in the FOCUS MUSE DWI image

A

65 subjects were finally involved

\4 Y

Healthy controls (n = 26) ‘

‘ TAO patients (n = 39) ‘

A4

A

Active TAO patients (n = 22) ‘

‘ Inactive TAO patients (n = 17) ‘

Fig. 1. Study population flow chart. TAO = thyroid-associated ophthalmopathy, FOCUS MUSE = field-of-view optimized and constrained
undistorted single-shot multiplexed sensitivity-encoding, DWI = diffusion-weighted imaging

6) eyelid edema, and 7) bulbar conjunctival edema.
Participants with a CAS of >3 and <3 were diagnosed as
having active and inactive TAQ, respectively [2].

MRI Acquisition

All MRI examinations were performed on a 3T MRI scanner
(SIGNA Premier; GE Healthcare, Milwaukee, WI, USA) using
a 21 channel head-and-neck combined coil. Participants,
in supine position, were instructed to keep their eyes
closed. The imaging region covered the entire orbit and
optic chiasm using SS EPI and FOCUS MUSE DWIs, alongside
T2-weighted imaging with short tau inversion recovery
(T2WI-STIR) imaging for anatomical reference. The imaging
parameters are shown in Table 1.

Visual Image Quality Assessment

Before imaging analysis, all DWI images were anonymized
and presented in random order by one radiologist. Next, two
other radiologists with 10 (reader 1) and 15 (reader 2) years
of experience in head and neck radiology independently
assessed the image quality. They were blinded to participant
and image information. As shown in Table 2, susceptibility
artifacts, sharpness of boundaries, geometric distortion,
and overall image quality were visually assessed using a
4-point Likert scale (Supplementary Fig. 1) [27,28]. After a
one-month washout, reader 1 re-assessed the visual image
quality using the same method.

kjronline.org https://doi.org/10.3348/kjr.2024.0177

Table 1. Scanning parameters
FOCUS MUSE

DWI SS EPI DWI T2WI-STIR
TR, ms 4500 4500 4427
TE, ms 58.7 58.3 85
Field-of-view, cm 20.0x 12.0  20.0x20.0  20.0 x 20.0
Matrix size 140 x 84 140 x 140 320 x 240
Slice thickness, mm 2.0 2.0 2.0
Number of slices 19 19 19
b-values, s/mm? 0, 800 0, 800 -
NEX 2, 4 2,4 2
Excitation mode FOCUS Selective Selective
Number of shots 2 1 2
Total scan time 2min 15sec 1 min8sec 1 min 15 sec

FOCUS MUSE = field-of-view optimized and constrained undistorted
single-shot multiplexed sensitivity-encoding, DWI = diffusion-
weighted imaging, SS EPI = single-shot echo-planar imaging, T2WI-
STIR = T2-weighted imaging with short tau inversion recovery, TR =
repetition time, TE = echo time, NEX = number of excitations

Quantitative Image Quality Assessment and ADC
Measurement

All quantitative objective image quality assessments were
independently carried out by another two radiologists with
three (reader 3) and eight (reader 4) years of experience in
head and neck MRI. They were blinded to image and patient
information. The SNR and contrast-to-noise ratio (CNR) of
EOMs were used to evaluate DWI image quality. Regions of
interest (ROIs) were manually defined on the DWI using
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Table 2. Visual image quality scoring criteria

Susceptibility artifacts
1. Heavy artifacts that severely affect structural display
2. Moderate artifacts, which affect the structural display to
some extent
3. Mild artifacts that do not affect the structural display
4. No artifacts
Sharpness of boundaries
1. Anatomical structures are difficult to show
2. The anatomical structure has a clear outline and blurred
edges
3. The anatomy shows well, the edges are less sharp
4. The anatomy is very clear, and the edges are sharp
Geometric distortion
1. Severe distortion and poor anatomical consistency with the
geometry of the T2 sequence
2. Moderate distortion, good consistency with the geometric
anatomical structure of T2 sequence
3. Mild distortion and high consistency with the geometric
anatomy of the T2 sequence
4. No distortion
Overall image quality
1. Poor image quality and non-diagnostic
2. Image quality is average, diagnostic quality is slightly
reduced
3. The image quality is good, and the diagnostic quality is
barrier-free
4. Excellent image quality

the vendor-provided workstation (AW4.7; GE Healthcare),
with T2WI-STIR used as a reference for delineation. ROIs
of bilateral lateral rectus muscles (LRMs) and medial
rectus muscles (MRMs) were drawn at the muscle belly’s
maximum cross-section, covering the central two-

thirds of the area to mitigate the partial volume effect
(Supplementary Fig. 2A-C). The ROIs were moved slightly
to avoid artifacts at the belly of the EOMs. For EOMs
that were severely distorted or incompletely visible, the
adjacent slice was selected and the ROIs were delineated
in the same manner (Supplementary Fig. 2D-G). Reader

3 re-evaluated all quantitative measurements after a one-
month washout. The average and standard derivation (SD)
of signal intensity (SI) within the EOM ROI were recorded as
STrom and SDeom, respectively. ROIs of the bilateral temporal
muscle (TM) were manually drawn on the same section as
EOMs to obtain the average (SIw) and standard deviation
(SDmm) of SI. The SNR and CNR were calculated using the
following formula [29-31]:
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SNR = STeon/SDi
CNR = (SIEOM - Slrm)/J (SDgom)Z + (SDTm)2

An ADC map was calculated by fitting the DWI data
using a mono-exponential function on the vendor-provided
workstation (AW4.7; GE Healthcare). ADC was measured
in both MRM and LRM, and the ROIs of EOMs defined
above were copied to the ADC map. Reader 3 re-measured
ADC values after a one-month washout. Then, the ADC
values measured in MRMs from both eyes were used as
representative measurements for each participant (i.e., two
values per patient) for further analysis for the following
reason. In clinical practice, according to the European
Group on Graves’ Orbitopathy, the left and right eyes are
assessed separately [1,10,32]. The MRMs are more likely
to be involved than the LRMs [33]. Therefore, this study
used both of the participants’ bilateral MRMs to distinguish
TAO activity (i.e., the analysis was per muscle instead of
per patient). All results other than intra- or inter-reader
reliability were presented using data from the first pass by
reader 3.

Statistical Analysis

Statistical analysis was performed using SPSS (version
25.0; IBM Corp., Armonk, NY, USA) and MedCalc (version
22.0; Mariakerke, Belgium). Normality was checked using
the Kolmogorov-Smirnov test. Differences in age and sex
between healthy controls and patients with TAO were
compared using t-test and chi-square test. The inter-
and intra-rater reliability for the image quality score,
quantitative image quality parameters, and ADC were
evaluated using kappa (k) statistics, interclass correlation
coefficient (ICC), and ICC, respectively. The x and ICC values
were interpreted as: <0.40, poor; 0.41-0.60, moderate;
0.61-0.80, good; and >0.81, excellent. The Wilcoxon signed
rank test compared the image quality scores, SNR, CNR,
and ADC between the FOCUS MUSE and SS EPI DWIs. The
Kruskal-Wallis H test was used to compare the difference in
EOM ADC among groups, and the Dunn-Bonferroni post hoc
test was performed for significant pairwise comparisons.
The correlation between the ADC and CAS of participants
with TAO was analyzed using Spearman’s coefficient.
Receiver operating characteristic (ROC) curves evaluated the
diagnostic performance of the ADC in differentiating active
from inactive TAQ, with the Delong test comparing two DWI
sequences. P < 0.05 was considered statistically significant.
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RESULTS

Sixty eight participants were initially recruited; however,
three patients with TAO were excluded because of severe
motion artifacts in FOCUS MUSE DWI. Therefore, 39 patients
with TAO and 26 healthy controls were included for analysis.
According to the CAS, 22 patients were diagnosed as having
active TAO and 17 as having inactive TAO. No statistically
significant difference in age (P = 0.204) and sex (P = 0.606)
was observed between patients with TAO and healthy
controls.

Both readers confirmed that the image quality of FOCUS
MUSE DWI was better than that of SS EPI DWI (P < 0.001),
presenting with fewer susceptibility artifacts and geometric
distortion, better sharpness of boundaries, and an improved
overall image quality (Table 3, Fig. 2). Both SS EPI and
FOCUS MUSE DWIs demonstrated good to excellent inter-/
intra-rater agreement (Table 3, x > 0.7).

The SNR and CNR of EOMs for SS EPI and FOCUS MUSE
DWIs presented with good to excellent intra-/inter-rater
reliability, with ICC values ranging from 0.784 to 0.980 and
from 0.846 to 0.959, respectively. The intra-/inter-rater

Table 3. Intra-rater and inter-rater agreement in visual image
quality scoring in the extraocular muscles

Visual score (n = 65) K value
Reader 1 Reader 1* Reader 2 fntra- Inter
rater rater
Susceptibility artifacts
FOCUS MUSE DWI 3 (3-4) 3 (3-4) 3(3-4) 0.948 0.813
SS EPI DWI 2(2-3) 2(2-3) 2(2-3) 0.858 0.739
P <0.001 <0.001 <0.001 = =
Sharpness of boundaries
FOCUS MUSE DWI 3 (3-4) 3 (3-4) 3 (3-4) 0.911 0.881
SS EPI DWI 2(2-3) 2(2-3) 2(2-3) 0.764 0.763
P <0.001 <0.001 <0.001 - -
Geometric distortion
FOCUS MUSE DWI 3 (3-4) 3 (3-4) 3(3-4) 0.936 0.793
SS EPI DWI 2(2-2) 2(2-3) 2(2-3) 0.883 0.713
2 <0.001 <0.001 <0.001 = =
Overall image quality
FOCUS MUSE DWI 4 (3-4) 4 (3-4) 4 (3-4) 0.974 0.871
SS EPI DWI 2(2-3) 2(2-3) 2(2-3) 0.836 0.750
P <0.001 <0.001 <0.001 = =

Data are reported as median (interquartile range).

*Reader 1's second-time score.

FOCUS MUSE = field-of-view optimized and constrained undistorted
single-shot multiplexed sensitivity-encoding, DWI = diffusion-
weighted imaging, SS EPI = single-shot echo-planar imaging
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reliability of the ADC value presented good to excellent
reliability for SS EPI (ICC: 0.827-0.937) and FOCUS MUSE
DWIs (ICC: 0.819-0.956) (Supplementary Table 1).

The SNR (13.60 [10.83-16.52] vs. 8.91 [7.48-11.47]; P <
0.001) and CNR (2.20 [1.32-3.17] vs. 1.37 [0.52-2.13]; P <
0.001) of LRM were significantly higher in FOCUS MUSE DWI
than in SS EPI DWI. Similarly, MRM presented significantly
higher SNR (14.68 [12.01-18.27] vs. 12.20 [9.39-15.26];
P < 0.001) and CNR (2.95 [1.70-3.87] vs. 2.71 [1.83-3.64];
P =0.031) in FOCUS MUSE DWI (Table 4). No significant
difference in ADC was observed (Table 4, P > 0.05).

FOCUS MUSE DWTI had a significantly higher representative
ADC than SS EPI DWI in active TAO (P = 0.001); however,
no significant difference in ADC was observed between the
two techniques in healthy controls (P = 0.566) and inactive
TAO (P = 0.427) (Table 5). SS EPI DWI showed that the
ADC in patients with active TAO (1.59 [1.49-1.72]) was
significantly higher than that in patients with inactive TAO
(1.42 [1.34-1.50]; P < 0.001) and healthy controls (1.39
[1.27-1.50]; P < 0.001). Similarly, patients with active
TAO (1.69 [1.60-1.77]) demonstrated significantly higher
ADC than those with inactive TAO (1.39 [1.31-1.47]; P <
0.001) and healthy controls (1.42 [1.34-1.50]; P < 0.001)
in FOCUS MUSE DWI (Table 5, Fig. 3). No significant ADC
difference was observed between patients with inactive TAO
and healthy controls (Fig. 3; P > 0.05).

Table 6 and Supplementary Figure 3 demonstrate that
SS EPI and FOCUS MUSE DWIs could distinguish active
from inactive TAO (P < 0.001). Compared with SS EPI
DWI, FOCUS MUSE DWI demonstrated significantly better
diagnostic performance (AUC: 0.925 vs. 0.779; P = 0.007)
than SS EPI DWI. The ADC cut-off value for SS EPI DWI was
1.530 x 10°mm?/s, with a sensitivity of 63.6% (28/44),

a specificity of 88.2% (30/34), and an accuracy of 74.4%
(58/78). The ADC cut-off value for FOCUS MUSE DWI was

1.476 x 10°mm?/s, with a sensitivity of 100% (44/44),

a specificity of 79.4% (27/34) and an accuracy of 91.0%
(71/78).

The ADC of EOMs was significantly correlated with CAS for
SS EPI DWI (r = 0.391, P < 0.001) and FOCUS MUSE DWI (r =
0.645, P < 0.001) (Fig. 4).

DISCUSSION

Our results revealed that the image quality of FOCUS
MUSE DWI was superior to that of SS EPI DWI in terms of
susceptibility artifacts, geometric distortions, sharpness
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T2WI-STIR FOCUS MUSE DWI SS EPI DWI

Healthy control

Inactive TAO
(CAS=2)

Inactive TAO
(CAS=2)

Active TAO
(CAS =3)

Active TAO
(CAS=3)

Fig. 2. Images from representative healthy controls and patients with inactive and active TAO. A: Middle image shows mild optic nerve
distortion (yellow arrows) and clearly depicts LRMs (yellow dotted arrows). However, right image shows moderate optic nerve distortion (red
arrows) and unclear LRMs (red dotted arrows). B: Middle image shows clear optic nerves (yellow arrows), and the LRM is delineated (yellow
dotted arrow). Conversely, right image shows a blurry optic nerve (red arrows) and indistinct LRM (red dotted arrow). C: Middle image
shows clear optic nerves (yellow arrows), and the LRM is displayed intact (yellow dotted arrow). In contrast, right image shows unclear
optic nerves (red arrows) and an incomplete LRM (red dotted arrow). D: Middle image has no artifacts (yellow dotted arrows), whereas
right image shows moderate artifacts in the MRMs (red dotted arrows). E: Middle image has no artifacts or distortions (yellow dotted
arrow), while right image shows mild artifacts and distortion (red dotted arrow) in the MRM. The numbers within each diffusion-weighted
image represent the visual image quality score of susceptibility artifacts, sharpness of boundaries, geometric distortion, and overall image
quality. To clarify the structures marked by arrows in the DWI maps, T2WI-STIR images were referenced. Thus, the yellow and red arrows
in FOCS MUSE DWI and SS EPI DWI match the structures indicated by white arrows in T2WI-STIR images, while the yellow and red dotted
arrows correspond to the structures shown by white dotted arrows in T2WI-STIR images. TAO = thyroid-associated ophthalmopathy,
LRM = lateral rectus muscle, MRM = medial rectus muscle, T2WI-STIR = T2-weighted imaging with short tau inversion recovery, FOCUS
MUSE = field-of-view optimized and constrained undistorted single-shot multiplexed sensitivity-encoding, DWI = diffusion-weighted
imaging, SS EPI = single-shot echo-planar imaging, CAS = clinical activity score

of boundaries, SNR, and CNR. FOCUS MUSE DWI exhibited deposition [2]. ADC is higher in patients with active TAO
superior diagnostic performance compared to SS EPI DWI than in those with inactive TAO [8,9,32,34], which is
regarding the distinction between active and inactive TAO, consistent with our results. Nevertheless, patients with
and a stronger correlation between ADC and CAS. active TAO do not consistently exhibit significantly higher
DWI can detect water proton motion, with ADC increasing ~ ADC than patients with inactive TAO [5,12,35]. This
in inflammatory tissues and decreasing in tissues with discrepancy is attributed to various factors, including the
fat and fiber accumulation [5,9]. Active TAO is marked b-value used [5,12,35]. Yu et al. [10] and Liu et al. [9]
by inflammatory cell infiltration of orbital tissues, while reported that the ADC is significantly higher in patients

inactive TAO presents with interstitial fibrosis and collagen with active TAO than in healthy controls. This is consistent
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Table 4. Comparisons of SNR, CNR, and ADC between FOCUS MUSE and SS EPI DWI

FOCUS MUSE DWI SS EPI DWI P

LRM (n = 130 muscles)

SNR 13.60 (10.83-16.52) 8.91 (7.48-11.47) <0.001

CNR 2.20 (1.32-3.17) 1.37 (0.52-2.13) <0.001

ADC, x10°mm?/s 1.51 (1.39-1.61) 1.48 (1.40-1.63) 0.674
MRM (n = 130 muscles)

SNR 14.68 (12.01-18.27) 12.20 (9.39-15.26) <0.001

CNR 2.95 (1.70-3.87) 2.71 (1.83-3.64) 0.031

ADC, x10°mm?/s 1.44 (1.34-1.53) 1.42 (1.32-1.54) 0.166

Data are reported as median (interquartile range).
SNR = signal-to-noise ratio, CNR = contrast-to-noise ratio, ADC = apparent diffusion coefficient, FOCUS MUSE = field-of-view optimized

and constrained undistorted single-shot multiplexed sensitivity-encoding, SS EPI = single-shot echo-planar imaging, DWI = diffusion-
weighted imaging, LRM = lateral rectus muscle, MRM = medial rectus muscle

Table 5. Comparison of ADC (x10°mm?/s) in MRMs between the two DWI techniques in healthy controls, active, and inactive TAO patients

Healthy controls (n = 52) Active TAO (n = 44) Inactive TAO (n = 34) P
FOCUS MUSE DWI 1.40 (1.31-1.46) 1.69 (1.60-1.77) 1.39 (1.31-1.47) <0.001
SS EPI DWI 1.39 (1.27-1.50) 1.59 (1.49-1.72) 1.42 (1.34-1.50) <0.001
P 0.566 0.001 0.427

Data are reported as median (interquartile range).
ADC = apparent diffusion coefficient, MRM = medial rectus muscle, DWI = diffusion-weighted imaging, TAO = thyroid-associated
ophthalmopathy, FOCUS MUSE = field-of-view optimized and constrained undistorted single-shot multiplexed sensitivity-encoding, SS EPI =

single-shot echo-planar imaging

Il Healthy controls [ Active TAO [ Inactive TAO Il Healthy controls [ Active TAO [ Inactive TAO
2.5 7 ns 2.5 7
ns
* *
* *
0.2 4 0.2
X K X e 3
£ 3 - £ —_—
E e I E - '
o 154 : o E.E o 154
Q . — b= 1
< <
1.0 1.0
0.5 0.5
SS EPI DWI FOCUS MUSE DWI

Fig. 3. Comparison of ADC values measured in the medial rectus muscles among healthy controls, patients with active TAO, and those
with inactive TAO. *P < 0.001. ADC = apparent diffusion coefficient, TAO = thyroid-associated ophthalmopathy, SS EPI = single-shot echo-
planar imaging, DWI = diffusion-weighted imaging, ns = no significant difference, FOCUS MUSE = field-of-view optimized and constrained
undistorted single-shot multiplexed sensitivity-encoding

Table 6. Diagnostic performance of DWI for differentiating active from inactive TAO patients

AUC Cutoff, x10°mm?/s Sensitivity, %* Specificity, %* Accuracy, %*
FOCUS MUSE DWI 0.925 1.476 100 (44/44) 79.4 (27/34) 91.0 (71/78)
SS EPI DWI 0.779 1.530 63.6 (28/44) 88.2 (30/34) 74.4 (58/78)

TAOQ affects both eyes simultaneously or sequentially. Compared to the LRMs, the MRMs is more likely to be affected. Therefore, our study
included the ADC values from bilateral MRMs to evaluate the diagnostic performance of DWIs in distinguishing the activity of TAQ.

DWI = diffusion-weighted imaging, TAO = thyroid-associated ophthalmopathy, LRM = lateral rectus muscle, ADC = apparent diffusion
coefficient, MRM = medial rectus muscle, AUC = area under curve, FOCUS MUSE = field-of-view optimized and constrained undistorted
single-shot multiplexed sensitivity-encoding, SS EPI = single-shot echo-planar imaging
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Fig. 4. Correlation between the ADC value measured in medial rectus muscles and CAS. ADC = apparent diffusion coefficient, CAS = clinical
activity score, SS EPI = single-shot echo-planar imaging, DWI = diffusion-weighted imaging, FOCUS MUSE = field-of-view optimized and

constrained undistorted single-shot multiplexed sensitivity-encoding

with the results in our study. Kilicarslan et al. [8] and Liu et
al. [9] demonstrated that patients with inactive TAQ have
significantly higher ADC than healthy controls, which was not
observed in our study. This may be because the b-value used
in our study was 800 s/mm?, while 1000 s/mm?® was used in
their studies. Our study and previous studies indicated that
DWTI is valuable for characterizing TAO; however, appropriate
selection of b-value should be considered.

The CAS is the “gold standard” to grade TAO activity [36].
Quantitative evaluation using ADC correlates well with
TAO activity [37]. Feeney et al. [34] and Politi et al. [5]
demonstrated that the ADC of EOMs was significantly
correlated with CAS. Similarly, our findings indicated a
significant correlation between ADC and CAS, unlike the
studies conducted by Kilicarslan et al. [8] and Liu et al. [9].
This could be attributed to the potential impact of
subjective assessment and the b-value used [8,9].
Therefore, using DWI to quantitatively grade TAO activity
appears feasible, and the optimal b-value should be
considered, as mentioned above.

Several studies [5,8-10,32,34], including our study,
have demonstrated the usefulness of DWI in characterizing
TAO. However, SS EPI DWI presents a challenge for orbital
imaging due to the intricate organization of cave-bone-
tissue, leading to susceptibility distortion artifacts and
signal loss [7,12,35]. Our study assessed the feasibility
of FOCUS MUSE, an improved EPI-based DWI technique,
to address limitations and found that FOCUS MUSE DWI
outperformed SS EPI DWI in reducing distortion and
improving SNR and CNR. This can be attributed to its
integration of the advantages of reduced FOV and multi-
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shot techniques [27]. The increased image quality resulted
in clearer depiction of EOMs. In addition, Besson et al. [11]
showed that the correction of susceptibility distortions can
increase the accuracy of ADC quantification. Iima et al. [38]
illustrated that the low SNR of DWI can underestimate ADC
and in turn affect the diagnostic performance. Therefore,
the significant improvement in diagnostic performance

with FOCUS MUSE DWI and its better correlation with CAS
were likely attributable to reduced image distortion and
enhanced SNR in our study.

Moreover, Hu et al. [32], using readout segmented EPI
DWI, found that the moderate performance might be due to
residual distortion and blur in EOMs, which could contribute
to measurement variation. Turbo gradient and spin-echo
BLADE acquisition is slower than EPI-based DWI and suffers
from low SNR and image blurring [14]. To achieve sufficient
image SNR, Fu et al. [12] selected a small b-value (600 s/mm?),
which may have had an impact on differentiating between
active and inactive TAO. FOCUS MUSE is an EPI-based DWI, and
it inherited the advantages of reduced FOV and multi-shot
techniques. Our results illustrated a significant improvement
in the differentiation of active and inactive EOMs in TAO
and a strong correlation with CAS. This makes it a promising
technique to obtain high resolution, high SNR, and less
distorted DWI images for accurately characterizing TAO.
Although FOCUS MUSE demonstrated significantly better
performance than SS EPI, it doubled the scan time. This
increase in scan time could potentially lead to an increase
in motion artifacts, making the longer imaging time of
FOCUS MUSE a limitation, compared to that of SS EPI. This
limitation may be addressed by using advanced techniques,
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such as deep learning reconstruction, to accelerate the
acquisition without sacrificing SNR [39].

ADC quantitatively evaluates the diffusion process of water
molecules and can reflect inflammation in tissues [5]. Our
results showed that, with a b-value of 800 s/mm?, the ADC
cut-off values to discriminate active from inactive TAO
were 1.476 x 10°mm?/s and 1.530 x 10 mm?/s for FOCUS
MUSE and SS EPI DWIs, respectively. Abdel Razek et al. [40]
reported that the ADC cut-off value was 1.690 x 10°mm?/s
using SS EPI DWI with a b-value of 500 s/mm?. However,
the ADC cut-off values were 1.444 x 10°mm?/s and 1.780
x 10°mm?/s in the studies by Kilicarslan et al. [8] and Liu
et al. [9] with a higher b-value of 1000 s/mm?. Our study
and previous studies suggested that DWI was valuable in
distinguishing active from inactive TAO. However, the ADC
cut-off values varied among the studies mentioned above
owing to the small sample size and different DWI acquisition
techniques and b-values used. Further studies should be
conducted to determine the optimal b-value for a specified
DWI acquisition technique using a large sample size and to
establish a reference ADC cut-off value for clinical practice.

This study had some limitations. First, the sample size
in this prospective study was small. The effectiveness
of FOCUS MUSE DWI requires further validation in larger
clinical cohorts. Second, this study did not investigate
whether FOCUS MUSE DWI was better than CAS in predicting
treatment response. This is mainly due to the long
follow-up time. We will conduct this study once follow-
up data collection is completed. Third, the axial view was
selected to acquire DWI images, which is inappropriate for
visualizing the superior and inferior rectus muscles, thereby
challenging ROI definition. In future studies, the coronal
view will be used to assess the performance of the ADC of
all EOMs in discriminating inactive from active TAQ.

In conclusion, compared with SS EPI DWI, FOCUS MUSE
significantly improved the image quality of orbital DWI,
demonstrated significantly better performance in diagnosing
active TAO, and was better correlated with CAS. Our study
suggests that the application of FOCUS MUSE DWI would be
beneficial for evaluating patients with TAQ.
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