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Three-dimensional architecture characteristics
and diffusion properties of masticatory
muscles assessed with diffusion tensor
imaging and diffusion spectrum imaging:

a pilot study of differences, reproducibility
and sensitivity to microenvironment changes
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Abstract

Background Diffusion spectral imaging (DSI) could overcome the inherent limitation of diffusion tensor imaging
(DTI), but its outcomes in masticatory muscle fiber-tracking have not been well-established. Therefore, the objective
of this prospective study conducted in China was to evaluate and compare the performance of DTl and DSl in human
masticatory muscles.

Methods The differences and reproducibility of architecture characteristics and diffusion properties derived from
DTl and DSI were evaluated in the masticatory muscles of healthy volunteers (n=25). The quality of tracked fiber was
analyzed based on anatomical information. To assess the sensitivity of DTI and DSI to muscular microenvironment
changes, the architecture characteristics and diffusion properties of the masticatory muscles in patients with
temporomandibular joint disorders (TMDs) (n=25) between different subgroups according to the course of diseases
were explored. The paired-samples t-test or Wilcoxon signed-rank test, Student’s t-test or Mann-Whitney U test, one-
way ANOVA or the Kruskal-Wallis test, and the post-hoc multiple comparisons with false discovery rate adjustment
were performed. Bland-Altman plots, within-subject coefficient of variation (CV), and relative absolute difference
(RAD) were used to evaluate the reproducibility.

Results In the healthy group, DSI generated significantly more fibers in all masticatory muscles (all P<0.001) and
fewer low-quality fibers in most masticatory muscles (P <0.050) than DTl did. Moreover, higher values of mean
diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD) were found in DSI (all P<0.001). Satisfactory coefficient
of variation (< 10%), relative absolute difference (< 10%), and agreement exhibited by the Bland-Altman analysis were
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masticatory muscles of TMDs patients.

muscles in TMDs patients.

Temporomandibular joint disorders

found between two scans in both DTl and DSI. Compared with DTI, DSI found additional significant changes in the

Conclusions Although both DTl and DSl allowed reproducible assessment of masticatory muscles, significant
differences existed between them. DSI was more sensitive to the microenvironment changes of the masticatory

Keywords Diffusion tensor imaging, Diffusion spectrum imaging, Masticatory muscles, Reproducibility,

Background

Masticatory muscles, the primary anatomical compo-
nents responsible for mastication, exhibit a complex
architecture with a multipennate structure [1-3]. Mor-
phological changes and microstructural impairments
in these muscles are closely associated with masticatory
dysfunction in humans, resulting in temporomandibular
joint disorders (TMDs) or maxillofacial pain [4, 5]. TMDs
affect up to 34% of the general population [6], regarded
as the most common oral and facial pain condition [7].
Consequently, an accurate assessment of the pathophysi-
ological status of these muscles is crucial for enhancing
our understanding of the etiology and severity of these
diseases. Furthermore, the effectiveness of TMDs thera-
pies may be associated with the disease course. Previous
studies demonstrated early treatment could improve the
outcomes and prevent irreversible injury or decelerate
its progression [8, 9]. Therefore, a timely and accurate
description of the morphology and microstructure of
masticatory muscles is of great clinical value.

Currently, clinical diagnosis of TMDs relies on a combi-
nation of patient history, physical examination, imaging,
and even the assistance of the machine learning algo-
rithm [10, 11]. While conventional magnetic resonance
imaging (MRI) has become an increasingly powerful
tool for diagnosing TMDs, it can only detect gross struc-
tural changes and lacks sensitivity to early microstruc-
tural alterations of the masticatory muscles [12]. In the
last decade, diffusion tensor imaging (DTI) has gained
increasing popularity as a non-invasive method to char-
acterize the morphological features and internal archi-
tectural arrangement of the masticatory muscles [13, 14].
Moreover, DTI can detect musculoskeletal changes in
earlier stages of the disorders compared to conventional
MRI techniques [15]. However, DTI also presents some
limitations, including model assumption and relatively
low direction resolution (three main directions), which
make it insufficient to reveal the complex pathological
state and multipennate fiber-bundle structure of mastica-
tory muscles [16—18].

It is well-recognized that diffusion spectrum imaging
(DSI) can resolve multiple individual diffusion vectors
per voxel thanks to advanced data-acquisition techniques
and excellent angular resolution; whereas DTI can only

provide a single composite vector per voxel [19]. Recent
attempts to employ DSI in muscle imaging have dem-
onstrated its promising ability to resolve complex fiber
anatomy [20-22]. Despite these promising findings, the
role of DSI in masticatory muscle evaluation remains to
be further determined, and comparisons between the
results of DTT and DSI in the assessment of these muscles
have not been fully explored. More critically, the results
of these comparisons may help select the appropriate
technique to optimize the microstructural assessment of
masticatory muscles and enhance their evaluation.

Thus, this prospective study aimed to evaluate and
compare the performance of DTT and DSI in human mas-
ticatory muscles, in terms of differences, reproducibility,
and sensitivity to muscular microenvironment changes.
We hypothesized that DSI may provide different and
preferable results of masticatory muscle microstructural
characterization.

Methods

The study was approved by the Institutional Review
Board of the First Affiliated Hospital of Fujian Medi-
cal University (MRCTA, ECFAH of FMU [2021] 674),
and written informed consent was obtained from each
participant.

Participants

Between January 2023 and January 2024, 25 healthy vol-
unteers were prospectively enrolled in the study. The
inclusion criteria for the healthy volunteers were: (1)
with no history of maxillofacial muscle injury or dis-
ease, (2) no clinical symptoms of TMDs, and (3) normal
occlusion. To assess the sensitivity to muscular micro-
environment changes, 25 patients with TMDs were also
collected. The Diagnostic criteria for temporomandibu-
lar disorders (DC/TMD) for clinical and research appli-
cations as recommended by the International Original
Research Diagnostic Criteria for TMD (DC/TMD)
Consortium Network and Orofacial Pain Special Inter-
est Group was applied [23]. The inclusion criteria for
patients with TMDs were as follows: (1) pain in the tem-
poromandibular region, (2) joint clicking, popping, and/
or snapping noise during jaw movements, (3) maximum
assisted opening (passive stretch) movement, including
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vertical incisal overlap, < 40 mm and (4) no head or neck
treatment before MRI examination [13].

MRI protocols

All participants were scanned with a 3.0-T MRI system
(MAGNETOM Prisma, Siemens Healthcare, Erlangen,
Germany) using a 64-channel combined head-and-neck
coil. The masticatory muscle images were acquired using
the following sequences: three-dimensional multiple
echo-time T1-weighted volume-interpolated breath-hold
examination sequence with Dixon-based water-fat sepa-
ration for anatomical reference; axial DTI and DSI with
single spin-echo refocusing for fiber architecture recon-
structions; and b0 maps with reversed phase-encoding
polarities for correction of susceptibility-induced distor-
tion. The imaging parameters of the reversed b0 maps
aligned with the respective DTI or DSI sequences, except
for variations in the b-value and phase-encoding direc-
tion. Additionally, the oblique-sagittal and coronal pro-
ton density-weighted fast spin echo with fat saturation
and T1-weighted fast spin-echo were performed in the
closed and open mouth positions in the TMDs group.
The details of the MRI protocols are presented in Table
S1. The healthy participants were scanned twice within 7
days to assess the reproducibility of DTI and DSL
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Muscle segmentation

Prior to muscle segmentation, co-registration of
T1-weighted images (first echo time) with the corre-
sponding acquired b0 maps was performed using the
Advanced Normalization Tools software (http://stnava
.github.io/ANTs/). Subsequently, the regions of intere
st were manually drawn on T1-weighted images using
ITK-SNAP (Version 3.8.0, http://www.itksnap.org/) by a
radiologist specialized in head and neck anatomy (with
6 years of experience in muscle anatomy and geometry
assessment). The temporalis muscle was not investi-
gated in this preliminary study, considering the scan time
and specific spatial resolution requirement constraints.
Therefore, the masticatory muscles were then defined as
follows: left and right lateral pterygoid muscles (L- and
R-LPM, respectively), left and right medial pterygoid
muscles (L- and R-MPM, respectively), and left and right
masseter muscles (L- and R-MM, respectively) (Fig. 1).

Diffusion data preprocessing

The geometric deformation caused by noise and eddy
currents can substantially impact the image quality;
therefore, all diffusion datasets in this study underwent
a three-stage preprocessing. First, the raw diffusion data
were denoised using the MRtrix3 tool (https://github.c
om/MRtrix3/mrtrix3). Subsequently, the susceptibility

Fig. 1 Masticatory muscle segmentation (a, upper plane; b, intermediate plane; ¢, lower plane) and three-dimensional volume representation of the
regions of interest (d)


http://stnava.github.io/ANTs/
http://stnava.github.io/ANTs/
http://www.itksnap.org/
https://github.com/MRtrix3/mrtrix3
https://github.com/MRtrix3/mrtrix3

Lin et al. BMC Musculoskeletal Disorders (2025) 26:407

artifacts were estimated using reversed phase-encoding
b0 maps via TOPUP from the Tiny FSL package (http://
github.com/frankyeh/TinyFSL). This package represents
a recompiled version of the FSL. TOPUP (Oxford Cen-
tre for Functional MRI of the Brain, Oxford University,
Oxford, UK) with multithread support. The susceptibil-
ity-induced distortion was corrected using the integrated
interface in DSI Studio (http://dsi-studio.labsolver.org).
Ultimately, motion correction during data acquisition
was automatically implemented using DSI Studio.

Image analysis

Masticatory muscle fiber tracking was performed in DSI
Studio using anisotropy and angular thresholds of 0.02
and 30°, respectively [24]. Fibers shorter than 10 mm or
longer than 300 mm were excluded. A total of 5,000,000
seeds were drawn for fiber tracking. Before fiber tracking,
the registration of T1-weighted images and diffusion data
were carefully checked and manually adjusted with DSI
Studio if necessary.

In the healthy volunteers, the tracked fibers of the mas-
ticatory muscles of each participant were categorized
into high- and low-quality fibers. This categorization was
based on anatomical knowledge and fiber-processing
functions provided by DSI Studio. The low-quality fibers
were defined as fibers that extended beyond the muscle
boundary by a distance greater than or equal to 5 pixels
[25]. Representative results for the total and high- and
low-quality fiber classifications are illustrated in Fig. 2.

Muscle volume

Segmentation

Total fibers
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All patients with TMDs were reviewed by two radiolo-
gists (with 6 and 30 years of experience in head and neck
MRI diagnosis). According to the status of disc displace-
ment, TMDs patients were categorized into three sub-
groups: (1) normal disc position (NP), (2) anterior disc
displacement with reduction (ADWR), and (3) anterior
disc displacement without reduction (ADWOR).

Subsequently, in both healthy volunteers and TMDs
patients, the following architecture characteristics and
diffusion properties were extracted for each muscle in
each participant, including track number (Ty), track
mean length (T,;), track volume (Ty), quantitative
anisotropy (QA), fractional anisotropy (FA), mean diffu-
sivity (MD), axial diffusivity (AD), and radial diffusivity
(RD).

Statistical analysis

The following measures for each masticatory muscle
were compared between the two diffusion techniques
in each healthy volunteer: (1) percentage of low-quality
fibers within the total number of fibers for each muscle;
(2) architecture characteristics and diffusion properties,
including Ty, Ty, Ty FA, MD, AD, and RD, obtained
from the DTI and DSI datasets; and (3) reproducibility of
the architecture characteristics and diffusion properties
between the two scans of each sequence, for each muscle.
The architecture characteristics and diffusion properties
were compared between healthy and TMDs groups, and
among TMDs subgroups defined by the status of disc
displacement. The reproducibility analysis included all

Low-quality fibers

+

High-quality fibers

Fig. 2 Low- and high-quality fiber identification. Identification of fibers that extended beyond the muscle boundary by a distance greater than or equal
to 5 pixels, which may be caused by the artifacts and incorrect tracking process. The pink area indicated the region of masticatory muscle, and the pe-

ripheral line illustrated the limiting boundary
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fibers. And other comparisons were limited to the archi-
tecture characteristics and diffusion properties of the
high-quality fibers to avoid the influence of the incorrect
fibers on the results of the masticatory muscle fiber anal-
ysis and to facilitate the clinical application.

All statistical analyses were performed using the online
application software SPSSAU (version 23.0; https://ww
w.spssau.com, SPSSAU, Haidian, China), and GraphPad
Prism 9 (version 9.0.0, https://www.graphpad.com/).
The Shapiro-Wilk test was used to analyze the data dis-
tribution. Differences with P<0.05 were considered sta-
tistically significant. The differences between the two
diffusion sequences were evaluated using either the
paired-samples ¢-test or the Wilcoxon signed-rank test,
as appropriate. The reproducibility of the two sequences
was assessed with Bland-Altman plots, within-subject
coefficient of variation (CV) [26], and relative abso-
lute difference (RAD). The Bland-Altman plots were
obtained with the Origin software (Version 2023b; http
s://www.originlab.com, Origin Lab, Northampton, MA,
USA). The CV was calculated as the ratio of the standard
deviation of the paired differences to the mean and a CV
value < 10% was considered indicative of good reproduc-
ibility. The RAD was calculated as follows [27]:

first metric — second metric

RAD = x 100%

(first metric 4+ second metric) + 2

The difference between healthy and TMDs groups was
analyzed with Student’s t-test or Mann-Whitney U
test, or Chi-square test, as appropriate. The differences
among TMDs subgroups were evaluated with one-way
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ANOVA or the Kruskal-Wallis test. The Post-hoc mul-
tiple comparisons with false discovery rate adjustment
were employed to further explore the difference between
TMDs subgroups.

Results

Initially, 25 healthy volunteers and 25 TMDs patients
were included in our study. However, one healthy vol-
unteer did not undergo the second scan, and for another
healthy volunteer, the MRI data for one of the scans were
insufficient. Therefore, the sample size was reduced to 23
for the evaluation of the DTI and DSI reproducibility.

Comparison between DTl and DSI

The percentage of low-quality fibers was significantly
lower in DSI in all masticatory muscles, except for the
LPMs (all P<0.05 [paired-samples t-test]) (Table S2,
Fig. 3). In contrast, in the later muscles, DTI and DSI
yielded similar results (P=0.548[paired-samples t-test]
for the L-LPM, P=0.353 [paired-samples t-test] for the
R-LPM).

Regarding the architecture characteristics, DSI tracked
significantly more fibers in each muscle than DTI (all
P<0.001 [paired-samples t-test and Wilcoxon signed-
rank test]) (Table 1). The T,,; obtained with DSI was also
significantly shorter in the R-LPM and bilateral MMs (all
P<0.05 [paired-samples t-test and Wilcoxon signed-rank
test]). Furthermore, smaller T, values were observed
with DSI in the bilateral MMs (P<0.01 [paired-samples
t-test]). As for the diffusion properties, the values of MD,
AD, and RD were consistently higher in DSI compared
with DTI data (all P<0.001 [paired-samples t-test]).
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Fig. 3 Paired comparison between the percentage of low-quality fibers tracked with DTl and DSl in each masticatory muscle. L-LPM, left lateral pterygoid
muscle; R-LPM, right lateral pterygoid muscle; L-MM, left masseter muscle; R-MM, right masseter muscle; L-MPM, left medial pterygoid muscle; R-MPM,
right medial pterygoid muscle; DTI, diffusion tensor imaging; DSI, diffusion spectral imaging
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Table 1 Comparison of architecture characteristics and diffusion properties between DTl and DS

Tractname  Metrics Left side Right side

DTl (n=25) DSI (n=25) P-value DTl (n=25) DSl (n=25) P-value

LPM Ty (X107 5144117 19.13+461 <0.001* 543467579 1839[16.59,2343]  <0.001°
Ty (Mmm) 20.79+1.59 19.92+3.04 0.103° 22644230 20574262 <0.0012
T, (x10° mm?) 10294212 10324215 0.924° 10.56+1.73 10.774£2.19 0421°
FA 0.27[0.25,0.27] 0.26 [0.25,0.28] 0.221° 0.27+0.02 0.26+0.02 0.290°
MD (103 mm?%/s)  1.70+0.16 229+0.19 <0.001* 1.69+0.15 229+025 <0.001°
AD (107> mm?/s)  2.14+0.21 2.92+0.22 <0.001®  2.15+0.19 2.92+0.29 <0.0012
RD (x1073mm?/s)  147+0.14 197+0.18 <0.001* 146+0.13 197+0.23 <0.0012

MM Ty (X10°) 24.03+6.05 96.24+21.42 <0.001® 23224550 9352+21.10 <0.001°
Ty (Mmm) 29.501[28.09,32.39]  27.44[24.14,33.17]  0.009® 3357[3092,35.73]  30.66[29.07,3443]  0.014°
T, (x10° mm?) 38.78+9.17 37.27+845 0.007° 37.14+776 35524772 0.001°
FA 0.27+0.02 0.27+0.03 03912 027+0.02 0.26+0.03 0.149 2
MD (1073 mm?%/s)  161+0.10 1.82+0.15 <0.001* 161+008 1.82+0.15 <0.001?
AD (X103 mm?/s)  2.07+0.12 234+0.15 <0.001* 206+009 233+0.15 <0.001°
RD (1073 mm?%s)  1.38+009 156+0.15 <0.001* 138+008 156+0.15 <0.001°

MPM Ty (x10%) 6.52+145 25784583 <0.001* 676+184 24134624 <0.0012
Ty (mm) 22594255 21514278 007172 22.89+3.62 21174336 0.050°2
T, (x10°> mm?) 12644257 13.23+3.04 0.069° 12.87+2.89 12.66+339 0.485°
FA 0.27+0.02 0.26+0.02 0.104° 0.26+0.02 0.26+0.02 0.150°
MD (1073 mm?%/s)  1.56+0.10 196+0.14 <0.001* 159+0.11 1.98+0.16 <0.001°
AD (x1073 mm?/s)  1.99+0.14 249+0.17 <0.001* 202+0.13 251+0.19 <0.001?
RD (103 mm?%s)  135+0.09 169+0.13 <0.001* 137+0.10 1714015 <0.001°

Note: L-LPM, left lateral pterygoid muscle; R-LPM, right lateral pterygoid muscle; L-MM, left masseter muscle; R-MM, right masseter muscle; L-MPM, left medial
pterygoid muscle; R-MPM, right medial pterygoid muscle; Ty, track number; Ty, , track mean length; T,, track volume; FA, fractional anisotropy; MD, mean diffusivity;

AD, axial diffusivity; RD, radial diffusivity; DTI, diffusion tensor imaging; DSI, diffusion spectral imaging

Bold type indicated P<0.05. The superscript letter “a” indicates the use of the paired-samples t-test, while the superscript letter “b” denotes the use of the Wilcoxon

signed-rank test

However, no significant difference was found in the FA
values between DTI and DSI (P=0.104-0.391 [paired-
samples t-test and Wilcoxon signed-rank test]).

Reproducibility of DTl and DSI

Most of the CV values for architecture characteristics
and diffusion properties of the two scans were within
the acceptable range (i.e., < 10%) in both DTI and DSI
sequences, with the exception of the slight over-range in
the Ty of the L-LPM (CV=11.46%) and the QA of the
R-LPM in DSI (CV =10.50%) (Table 2).

Additionally, the RADs of the DTI- and DSI-derived
metrics were relatively low (within +10%) (Table 2).
However, significant relative differences were noted
between the two scans, including in the Ty of the R-LPM
(RAD=6.50%) and T of the L-MM (RAD=3.15%) in
DTI, and Ty (RAD=3.06%), MD (RAD=2.99%), AD
(RAD =2.30%), and RD (RAD=3.51%) of the L-MPM in
DSI (P<0.05 [paired-samples t-test]). No statistically sig-
nificant relative differences were observed for the other
metrics obtained by both diffusion models.

The Bland-Altman plots also showed satisfactory
agreement between the two scans for all architecture
characteristics and diffusion properties obtained with
both DTI and DSI (Fig. 4). In most cases, the differences
between the two measurements were within the limit

of agreement. A representative case of the DTI and DSI
fiber-tracking results between two scans is shown in
Fig. 5.

Baseline characteristics of healthy volunteers and patients
Table S3 summarizes the baseline characteristics of
patients and healthy controls. There were no significant
differences in sex, age, and body mass index between the
two groups (all P> 0.05 [Student’s t-test, Mann-Whitney
U test, Chi-square test]).

Sensitivity to microenvironment changes

Compared with the healthy volunteers, in LPMs, DTI
showed that TMDs patients had lower T, (P=0.010
[Student’s t-test]), RD (P=0.025 [Students t-test]),
and increased FA (P=0.003 [Mann-Whitney U test]).
Whereas DSI, in addition to showing lower T+, (P=0.033
[Student’s t-test]) and RD (P=0.006 [Student’s t-test]),
MD (P=0.005 [Student’s t-test]) and AD (P=0.006 [Stu-
dent’s t-test]) were also found to be significantly lower
in the TMDs group. In MMs, both DTI and DSI showed
that TMDs patients had smaller Ty, than healthy vol-
unteers (DTI: P=0.011 [Student’s t-test]; DSI: P=0.004
[Student’s t-test]) and increased AD (DTI: P=0.009
[Mann-Whitney U test]; DSI: P=0.016 [Student’s t-test]).
Additionally, the DSI showed significant differences
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Table 2 Variability, accuracy of consecutive DTl and DSI measurements
Tract Metrics DTI DSI
name Scan 1(n=23) Scan 2 (n=23) CV RAD Scan1(n=23) Scan 2 (n=23) cv RAD
(%) (%) (%) (%)
L-LPM Ty (x10%) 6154155 589+1.22 549 332 2285+506 2140+588 11.46 7.9
Ty (Mm) 2198[2091,2301]  2225[20.15,2353] 350 -165 2130+3.07 20104242 638 541
T, (10> mm?) 1230[10.97,1449]  11.98[11.02,1376] 461 193 1299[11.30,1369] 1140[1036,1346] 962 751
FA 0.27+0.02 0274002 390 -0.04 0.26[0.25,0.28] 0.26 [0.25, 0.28] 395 147
MD (x107> mm?/s)  1.71+0.16 1714022 457 071 2334021 234+0.29 423 010
AD (1072 mm?%/s)  2.17+0.20 2.16+0.26 418 076 299+0.25 298+0.34 378 054
RD (1073 mm?/s)  149+0.14 148+0.20 492 068 201+019 202+0.27 464 023
QA - - - - 0.06+0.01 0.06+0.01 996 6588
R-LPM Ty (X10%) 6474103 6.10+1.19 591 6.50 2404+485 2382+669 983 362
Ty (mm) 23894235 22894230 421 429 2185+252 2170£3235 534 116
T, (10> mm?) 13264215 12.86+240 387 346 13284275 1243+3.14 960 787
FA 0.27+0.02 0274002 437 201 026+002 0.26+0.02 483 000
MD (x1073 mm?/s)  1.71+0.15 1.73+0.17 283 -085 235[2.22,243] 2.271[1.98,2.49] 385 285
AD (1072 mm?%/s)  2.18+0.19 2.19+0.20 250 -0.16 2.96[2.83,3.13] 2,96 [2.55, 3.18] 317 277
RD (107> mm?/s)  147+0.13 150+0.16 318 -135 200+0.20 1944026 439 292
QA - - - - 0.06+0.01 0.05+0.01 10.50 7.0
L-MM Ty (X10%) 27474614 26.75+6.10 333 290 1021742007 10240+19.72 595  -030
Ty (mm) 30434395 31314468 480 -254 2851+481 28234351 511 033
T, (10> mm?) 45794938 44484944 276 3.15 4090+9.26 39234930 545 451
FA 0.27+0.02 0274002 248 046 0274003 0.27+0.02 384 207
MD (x107> mm?2/s)  1.60+0.09 1634013 301 -1.73 1.86[1.74,1.93] 1.7511.68,1.91] 371 264
AD (1072 mm?%/s)  2.06+0.12 209+0.15 280 -169 237+0.15 232+0.18 331 232
RD (x1073mm?/s)  1.37+0.09 139+40.12 347 -176 1.60[1.46,1.66] 147 [1.42,1.66] 412 285
QA 0.05+0.01 0.05+0.01 803 288
R-MM Ty (X10%) 28.26+6.06 27554573 430 250 103.97+2353 103.57+20.23 557  -021
Ty (mm) 35.171[3200,3697]  3323[31.08,3640] 514 142 3162+369 3147+4.26 400 068
Ty (10> mm?) 47144875 46.17+883 280 229 41824872 40484945 622 3.90
FA 0.27+0.02 0.2840.02 317 -134 0264003 0.27+003 334 317
MD (x107> mm?2/s)  1.59+0.08 1614013 233 -103 185+0.15 1824017 323 185
AD (1072 mm?%/s)  2.05+0.09 209+0.15 219 -152 2374015 235+0.18 277 107
RD (x1073 mm?/s)  1.36+0.08 138+0.12 261 -066 1.59+0.15 155+0.17 364 244
QA - - - - 0.05 [0.04, 0.05] 0.04 [0.04, 0.05] 863 230
L-MPM Ty (X10%) 8.26+181 8.10+2.29 694 437 31064692 30.12+6.65 734  3.06
Ty (mm) 24614315 24914392 588 -070 2334[2172,2455] 2225[2147,2407) 527 -162
Ty (10> mm?) 1743[15.75,1939]  17.50[15.19,2065] 565 382 16.69[1506,1892] 15.18[1350,1890] 7.28  7.87
FA 0.2810.28,0.29] 0.28 [0.27,0.29] 334 081 0274002 0.27+0.02 322 199
MD (x107> mm?2/s)  1.58+0.09 159+0.15 296 -033 1.99+0.13 194+0.17 257 299
AD (107> mm?%/s)  2.03+0.13 2.04+0.19 261 020 255+0.16 2.50+0.19 213 230
RD (107> mm?/s)  1.35+0.08 136+0.13 330 042 1724012 166+0.15 303 3.51
QA - - - - 0.05+0.01 0.05+0.01 745 450
R-MPM Ty (X10%) 7.87(7.02,9.21] 7.70 (649, 9.04] 686 561 1499[1336,17.80] 1438[12.82,1843] 844 302
Ty (mm) 2405+373 24334341 507 -135 2208+357 21224299 607 349
Ty (10> mm?) 17724351 17.12+363 511 385 1638+484 15.78+3.77 748 265
FA 0.27+0.02 0.27+0.02 333 -009 0.26+0.02 0.26+0.02 390 073
MD (x10~> mm?2/s)  1.60+0.09 1614015 335 -044 201+0.17 197+0.19 300 224
AD (1072 mm?%/s)  2.05+0.11 207+0.17 312 051 256+0.20 2514021 236 194
RD (x1073mm?/s)  1.38+0.09 139+0.14 357 -038 1.73+0.15 169+0.19 358 249
QA - - - - 0.05+0.01 0.05+0.01 730 344

Note: L-LPM, left lateral pterygoid muscle; R-LPM, right lateral pterygoid muscle; L-MM, left masseter muscle; R-MM, right masseter muscle; L-MPM, left medial
pterygoid muscle; R-MPM, right medial pterygoid muscle; Ty, track number; T, , track mean length; T, track volume; FA, fractional anisotropy; MD, mean diffusivity;
AD, axial diffusivity; RD, radial diffusivity; QA, quantitative anisotropy; DTI, diffusion tensor imaging; DSI, diffusion spectral imaging; CV, coefficient of variation; RAD,
relative absolute difference

Bold type indicated CV larger than 10% or statistically significant difference between RAD and zero
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Fig. 4 Bland-Altman plots of the DSI-derived (a) and DTl-derived (b) diffusion properties and fiber-tracking metrics per muscle. The 95% confidence
interval (limit of agreement) and the mean of the paired difference are indicated by dashed and solid blue lines, respectively. L-LPM, left lateral pterygoid
muscle; R-LPM, right lateral pterygoid muscle; L-MM, left masseter muscle; R-MM, right masseter muscle; L-MPM, left medial pterygoid muscle; R-MPM,
right medial pterygoid muscle; Ty, track number; T, , track mean length; T, track volume; FA, fractional anisotropy; MD, mean diffusivity; AD, axial diffusiv-
ity; RD, radial diffusivity; QA, quantitative anisotropy; DSI, diffusion spectral imaging; DTl, diffusion tensor imaging

in Ty (P=0.002 [Student’s t-test]) and MD (P=0.040
[Student’s t-test]) between the TMDs patients and the
healthy volunteers. Compared with healthy volunteers’
MPMs, DTI (P=0.001 [Mann-Whitney U test]) and DSI
(P<0.001 [Mann-Whitney U test]) found the decreasing
Ty in TMDs patients. However, only DSI found signifi-
cant differences in Ty (P=0.006 [Student’s t-test]), MD
(P=0.043 [Mann-Whitney U test]), and RD (P=0.040
[Mann-Whitney U test]) of the MPMs between TMDs
patients and healthy volunteers. (Table 3)

According to the status of disc displacement, the
included 50 temporomandibular joints were further
divided into three subgroups: NP (n=20), ADWR
(n=16), and ADWOR (n=14) (Table 4). There was no
significant difference in any diffusion properties of DTI
among TMDs subgroups, except for the smaller Ty, in

the ADWOR subgroup compared to the NP (LPMs:
P=0.004; MMs: P=0.009 [one-way ANOVA followed
post-hoc multiple comparisons]) and ADWR subgroups
(LPMs: P=0.016 [one-way ANOVA followed post-hoc
multiple comparisons]) (Table 4; Fig. 6). For LPMs,
DSI found significantly smaller Ty, (P=0.036 [one-way
ANOVA followed post-hoc multiple comparisons]), lower
QA (P=0.029 [one-way ANOVA followed post-hoc mul-
tiple comparisons]), increased FA (P=0.010 [one-way
ANOVA followed post-hoc multiple comparisons]) in the
ADWOR subgroup than ADWR subgroup, and smaller
Ty in the ADWOR subgroup than the NP subgroup
(P=0.019 [one-way ANOVA followed post-hoc multiple
comparisons]) (Table 4; Fig. 6). Smaller T\, of the MMs
was also found by DSI in the ADWOR subgroup com-
pared with the NP subgroup (P=0.011 [one-way ANOVA
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DTI DSI

Fig. 5 Fiber tracking of the masticatory muscles on twice measurements with DTl and DSI. The tracking results of two scans of both DTl and DSI are
similar, indicating satisfactory reproducibility. ROI, region of interest; DTI, diffusion tensor imaging; DS, diffusion spectral imaging

followed post-hoc multiple comparisons]). In MPMs,
DSI also detected smaller Ty, in the ADWOR subgroup
than in the ADWR (P=0.016 [one-way ANOVA followed
post-hoc multiple comparisons]) and NP (P=0.016 [one-
way ANOVA followed post-hoc multiple comparisons])
subgroups, which was not found by DTT (Table 4; Fig. 6).

Discussion

The present study aimed to evaluate and compare the
performance of DTT and DSI in human masticatory mus-
cles, in terms of differences, reproducibility, and sensitiv-
ity to muscular microenvironment changes. Although the
results demonstrated both DTI and DSI allowed repro-
ducible assessment of masticatory muscles, the quality
of tracked fiber, architecture characteristics, and diffu-
sion properties, was significantly different between them.
And our results indicate that DSI could provide a more
powerful ability to detect and quantify the changes in the
muscular microenvironment in patients with TMDs.

It is increasingly recognized that incorrect fiber recon-
structions are unavoidable during fiber tracking [28].
Our results suggest that DSI provides a more accurate
depiction of the masticatory muscle fibers, as shown by a
higher proportion of high-quality fibers and a lower per-
centage of low-quality fibers compared with DTI. These
results are consistent with those of a previous study com-
paring the tracking accuracy of the motor and language
tracts using DTI and DSI, which demonstrated that DSI
provided significantly better performance in fiber-track-
ing [16]. The relatively small volume of the masticatory
muscles, compared with other skeletal muscles, in con-
junction with magnetic field inhomogeneity induced by
the air cavities, increases the difficulty of microstructure

imaging with DTI and DSI. The multiple b values and
multi-directional diffusion encoding of DSI can directly
reflect the fiber orientation without model assumptions
or overfitting limitations [16, 29]. In addition, DSI fiber
tracking is based on QA, which defines the fiber orien-
tation at the individual fiber level, whereas DTI uses
FA at the voxel level [30]. As a result, DSI fiber tracking
reduces the influence of the partial volume effect, which
can affect the fiber orientation distribution and generate
false fibers [30, 31]. Given these advantages, DSI seems
to offer greater reliability than conventional DTI for the
imaging of skeletal muscle fiber bundles, especially in
small muscles and under suboptimal imaging conditions.

The number of traced fibers significantly influences
the accurate characterization of the overall muscle archi-
tectural properties, such as fiber length [32]. A smaller
number of fibers may lead to larger errors in the charac-
terization of the overall muscle architectural properties.
Our results showed that DSI could track more mastica-
tory muscle fibers than DTI. Significantly, DSI detected
the changes of Ty in the MMs for the TMDs patients,
which were not found by DTI. Upon this view, DSI may
lower the risk of incorrect representation of the global
muscle architecture.

Additionally, DSI showed shorter T, and smaller T,
than DTI in MMs. A previous study reported that the
fiber length decreased as the number of diffusion sam-
pling directions increased [33], indicating that neigh-
boring fibers may be misconnected as a single fiber
and resulting in an overestimation of the fiber length
by applying an imaging modality with a low diffusion
direction resolution (e.g. DTI). And our results showed
that DSI, rather than DTI, could depict the microscopy
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Table 4 Comparison of architecture characteristics and diffusion properties among TMDs subgroups with DTl and DSI

Tract Metrics DTI DSI
name NP (n=20) ADWR (n=16) ADWOR P-value NP (n=20) ADWR ADWOR P-
(n=14) (n=16) (n=14) value
LPM TN (x10% 5511[3.69,6.71] 5.11[4.09,6.03] 3.84[2.91,5.17] 0.069 19.76+9.20 19.00+6.31 17.40+6.31 0672°¢
Ty (mm) 21.69[18.12, 20,93 [20.04, 20311649, 0.649° 2239[17.99, 21.83[1929, 19.71[17.25 0.662F
24.33] 22.86] 23.69] 24.11] 23.29] 23.90]
Ty x10°mm3)  10.11+2.77 9.56+2.04 761£212 0.013¢ 10.29+293 9.89+257 777+233 0.024¢
FA 0.28 [0.26,0.30] 0.28[0.27,0.29] 0.281[0.26,0.29] 0.849 0.27+0.02 0.25+0.02 0.28+0.03 0.018¢
MD (x10~3 1.62[1.46,1.77] 1.64[1.59,1.73] 1.59[1.54,1.73] 0.588f 2.16+£0.22 2.22+024 2.09+0.20 0311¢
mm?/s)
AD (x1073 2.021[1.89,2.30] 213[2.03,2.211  206[1.95,222] 0581°F 2.78+0.27 2.82+0.26 2.72+0.25 0.561 ¢
mm?/s)
RD (x1073 141 [1.25,1.53] 1411[1.35149] 136[1.33,146] 0455° 1.86+0.20 1.92+0.23 1.78+0.19 0.206 ¢
mm?/s)
QA - - - - 0.06+0.01 0.06+0.01 0.05+0.01 0.042¢
MM Ty (x10%) 25.11+£7.19 23.52+5.01 19.72+6.50 0.059°¢ 91.32+2238 8346+1799 87.94+2474 0.565°¢
Ty (mm) 33.69 [26.92, 3299 [31.76, 28832497, 0460 34103192, 33.73[30.08, 3137[2866, 0.169f
36.53] 34.81] 36.40] 36.88] 36.55] 34.05]
Ty (x10°mm?®  37.33+882 32.83+66]1 2896+8.12 0.015¢ 3476+786  3193+709 2748+577  0.019¢
FA 0.28+0.03 0.28+0.02 0.27+0.03 0.357°¢ 0.27+£0.02 0.26+0.02 0.26+0.02 0.139°¢
MD (x10~3 1.62+0.11 1.64+0.13 1.694+0.09 0.200 © 1.86+0.17 1.89+0.16 1.90+0.12 0.755 ¢
mm?/s)
AD (x1073 2.12+0.16 2.14+0.16 2.19+0.15 0444 ¢ 240£0.21 243+0.19 243+0.16 0.905 ©
mm?/s)
RD (x1073 1.36 [1.30, 1.44] 139[1.28,1.51] 145[143,148] 0075F 1.60[1.47, 167 [1.51, 1.65 [1.54, 0469
mm?/s) 1.70] 1.73] 1.68]
QA - - - - 0.05+0.01 0.05+0.01 0.04+0.01 0.053°¢
MPM Ty (x10% 6.18+2.28 6.33£1.50 4844224 0.102¢ 21514549 2250+5.57 2051+7.27 0670°¢
Ty (Mm) 2242117.70, 2272 [21.23, 21.01 [16.46, 0.253f 2140+4.06 22.57+2.31 19.90+3.83 0.128 ¢
23.63] 24.65] 23.75]
Ty x10°mm?)  11.34+3.04 10.66+243 899+2.79 0.059 ¢ 11.26+248 11.27+3.06 9.12+2.27 0.043¢
FA 0.27[0.26,0.29] 0.28[0.27,0.29] 0.28[0.26,0.30] 0.630 f 0.25+0.02 0.25+0.02 0.25+0.02 0.929 ¢
MD (x1073 154+0.14 1.65+0.15 1.58+0.10 0.085 € 201+0.18 206+0.19 202+0.14 0.696 €
mm?/s)
AD (x1073 1.91 [1.84, 2.06] 2.09[2.01,2.29] 200[1.88,217] 0.054° 2.511[243, 2601[241, 2.55[251, 0405
mm?2/s) 2.62] 2.82] 2.70]
RD (x10-3 1.32+0.10 141+£0.13 1.35+0.07 0.060 © 1.75+0.16 1.79+£0.18 1.75+0.14 0.748 ¢
mm2/s)
QA - - - - 0.04+0.01 0.05+£0.01 0.04£0.01 0.049¢

Note: LPM, lateral pterygoid muscle; MM, masseter muscle; MPM, medial pterygoid muscle; Ty, track number; Ty, , track mean length; T, track volume; FA, fractional
anisotropy; MD, mean diffusivity; AD, axial diffusivity; RD, radial diffusivity; QA, quantitative anisotropy; DTI, diffusion tensorimaging; DSI, diffusion spectral imaging;
NP, normal disc position; ADWR, anterior disc displacement with reduction; ADWOR, anterior disc displacement without reduction

Bold type indicated P<0.05. The superscript letter “e
test

change of T, of MPMs among TMDs subgroups. TMDs
may be associated with atrophy of masticatory muscle
fibers [34, 35], resulting in smaller Ty. Thanks to the
higher angle resolution and superior accuracy in fiber-
tracking, DSI may be more sensitive to the change in
architecture characteristics of masticatory muscle.

The diffusion properties (MD, AD, and RD) derived
from DSI were significantly different from DTI in the
present study. Diffusion properties correlate with the
changes in muscle microstructure [36]. A prior study
showed that the diffusion properties were signifi-
cantly altered in the LPMs of patients with TMDs when

" indicates the use of the one-way ANOVA, while the superscript letter “f” denotes the use of the Kruskal-Wallis

compared with healthy volunteers. And the diffusion
properties of LPMs also varied among different disc
displacement statuses [13]. Consistent with this previ-
ous study, both DTT and DSI could depict the alteration
of RD in LPMs and AD in MMs with TMDs. However,
extra changes of the AD and MD in the LPMs, MD in the
MMs, MD and RD in the MPMs were discovered with
DSI in TMDs patients. It may indicate the results of DSI
are more comprehensive and more consistent with the
results of previous studies.

Our results showed that, compared to two other
TMDs subgroups, the ADWOR group exhibited more
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Fig. 6 Multiple comparisons of the architecture characteristics and diffusion properties among TMDs subgroups. TMDs, temporomandibular joint disor-
ders; T, track volume; FA, fractional anisotropy; QA, quantitative anisotropy; NP, normal disc position; ADWR, anterior disc displacement with reduction;
ADWOR, anterior disc displacement without reduction; DTI, diffusion tensor imaging; DS|, diffusion spectral imaging; LPM, lateral pterygoid muscle; MM,

masseter muscle

pronounced changes in masticatory muscles, including
smaller Ty, and lower QA and FA. The potential reasons
may be that: (1) the changes in the masticatory muscles
have been regarded as subsequent changes in the later

stage of TMDs (ADWOR) rather than the early stage (NP
and ADWR) [37]; the ADWOR status may lead to atro-
phy and fiber microstructure injury, which demonstrated
as the decrease of Ty, and increase in the QA and FA.
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Most architecture characteristics and diffusion prop-
erties exhibited good reproducibility; however, a few
metrics yielded relatively high variability for both DTI
and DSI. The potential reasons for these variations may
include (1) different scanning positions between the two
sessions, possibly amplifying structural differences due to
the limited spatial resolution (1.7 mm x 1.7 mm x 3 mm)
and small muscle volumes, and (2) the influence of neigh-
boring air on diffusion-weighted echo-planar imaging
stability, despite standard corrections.

Limitations

This study has some limitations. First, the study popula-
tion was relatively small. However, the satisfactory repro-
ducibility and statistical performance of the comparison
between DTT and DSI metrics supported our hypothesis.
Therefore, this prospective and preliminary study can
provide an essential reference basis for other research-
ers. In our future research, more samples will be included
to strengthen our results. Another limitation is that the
precise mechanisms underlying the different diffusion
and fiber-tracking metrics between DTI and DSI have
not been well clarified. However, our results suggested
that DSI is more sensitive to the muscular microenviron-
ment changes in masticatory muscle with TMDs, and
previous studies on skeletal muscles of animals and the
central nervous system have confirmed the superior per-
formance of DSI compared to DTI [16, 22, 38]. Thirdly,
TMDs may involve myogenic and arthrogenic etiolo-
gies. Relying solely on disc position for patient classi-
fication may represent an oversimplification, as it fails
to account for potential confounding effects from other
etiological factors on masticatory muscles. Future works
should incorporate standard TMDs diagnostic proto-
cols to better elucidate the intrinsic pathological mecha-
nisms underlying masticatory muscle alterations. Finally,
the scanning time of DSI is almost double that of DTI.
And the relatively complex post-precessing process also
impedes the wide clinical application of it. Therefore,
accelerated MRI acquisition techniques (e.g. simulta-
neous multi-slice imaging), and more convenient and
fast post-precessing software are urgently needed in
the future to promote subsequent research and clinical
applications.

Conclusions

In conclusion, although both DTI and DSI allow repro-
ducible assessment of masticatory muscles, the archi-
tecture characteristics and diffusion properties were
significantly different between them. DSI could provide a
more powerful ability to detect and quantify the muscu-
lar microenvironment changes of masticatory muscles in
patients with TMDs.
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Abbreviations
AD Axial diffusivity

ADWOR  Anterior disc displacement without reduction
ADWR Anterior disc displacement with reduction
v Coefficient of variation

Dsl Diffusion spectrum imaging

DTl Diffusion tensor imaging

FA Fractional anisotropy

LPMs Lateral pterygoid muscles

MD Mean diffusivity

MMs Masseter muscles

MPMs Medial pterygoid muscles

MRI Magnetic resonance imaging

NP Normal disc position

QA Quantitative anisotropy

RAD Relative absolute difference

RD Radial diffusivity

TMDs Temporomandibular joint disorders
TML/n Track mean length

TN/n Track number

TV Track volume
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