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KEYWORDS Abstract Background/purpose: Idiopathic condylar resorption (ICR), a subset of temporo-

Dynamic contrast mandibular disorders (TMDs), presents an unclear relationship between structural changes in
enhanced magnetic the mandibular condyle and alterations in masticatory muscle perfusion. This study aimed
resonance imaging; to investigate the correlation between mandibular condyle structural changes and masticatory

Idiopathic condylar muscle perfusion in patients with ICR using dynamic contrast-enhanced (DCE) magnetic reso-
resorption; nance imaging (MRI).

Mandibular condyle; Materials and methods: From July 2018 to August 2022, patients with ICR from hospital-based

Masticatory muscles; TMD clinics underwent conventional and DCE MRI examinations. The patients were categorized

Temporomandibular on the basis of the degree of temporomandibular joint (TMJ) condylar resorption into grade
joint disorders 0 (normal), grade 1 (mild to moderate), and grade 2 (severe). DCE MRI parameters of mastica-

tory muscles responsible for mouth closing (masseter [MA] and medial pterygoid [MP]) and
opening (lateral pterygoid [LP]) were examined.

Results: Among 79 patients (158 TMJs), 41 % were assigned to the grade 0 group, 29 % were
assigned to the grade 1 group, and 30 % were assigned to the grade 2 group. No significant dif-
ferences in demographic or physical parameters were observed between the groups. In cases
of severe condylar resorption (grade 2), the LP muscle exhibited a marked increase in plasma
volume; none of the other muscles exhibited significant variations in plasma volume.
Conclusion: Increased plasma volume perfusion of the LP muscle is correlated with the
severity of TMJ condylar resorption, indicating a specific correlation between muscle function
and ICR severity. DCE MRI is useful for exploring muscular adaptation in patients with ICR and
TMDs.
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Introduction

Idiopathic condylar resorption (ICR) is a progressive disor-
der of the temporomandibular joint (TMJ), characterized
by the loss of condylar height and structural deforma-
tion."? This condition predominantly affects female in-
dividuals during their developmental stage, particularly
around puberty, and is associated with facial pain, maloc-
clusion, and aesthetic changes.®™ Diagnosing ICR is a
complex process that requires the exclusion of other
mandibular diseases and the differentiation of ICR from
various systemic, local, and developmental conditions.®”

In clinical settings, diagnosing ICR and other temporo-
mandibular disorders (TMDs) relies on a combination of
patient history, clinical findings, and radiological assess-
ments. Although traditional radiography can provide initial
insights, its usefulness is limited because it only has the
capability of taking two-dimensional images. Consequently,
more advanced imaging techniques, such as ultrasonogra-
phy, cone beam computed tomography (CBCT), and mag-
netic resonance imaging (MRI), have been developed.
Although CBCT has improved the understanding of TMJ
bone pathology,® MRI remains the modality of choice for
examining the soft tissue components of TMJs.”"'% Dynamic
contrast-enhanced (DCE) MRI represents a major advance-
ment that offers quantitative evaluations of perfusion
patterns in soft tissues.

Previous studies have indicated the value of DCE MRI in
evaluating synovitis and retrodiscal tissues in TMJs."' "
However, a major gap remains in understanding how
changes in masticatory muscles correlate with morpholog-
ical alterations in the condylar structure of patients with
ICR. In this study, to address this gap, we used DCE MRI to
examine the correlations between condylar changes and
alterations in the perfusion of masticatory muscles in pa-
tients with ICR.

Materials and methods
Study design

This prospective cross-sectional study was conducted from
July 2018 to August 2022 and was approved by the Institu-
tional Review Board of our hospital (IRB No.
201712100RINB). Written informed consent was obtained
from all participants prior to enrollment. Patients were
referred by a specialist in TMJ disorders (Y.J.C.) from
hospital-based TMJ disorder clinics for MRI evaluation.
The inclusion criteria were as follows: (1) age between
15 and 55 years; (2) both male and female patients; (3)
radiographic evidence of TMJ condylar contour changes
observed during orthodontic assessment; (4) presence of
anterior open bite or mandibular retrusion; (5) severe
limitation in maximal mouth opening; or (6) TMJ pain

unresponsive to conservative treatments. Exclusion criteria
included: (1) age above 55 years, to minimize the potential
confounding effects of age-related TMJ osteoarthritic
changes; (2) history of orthognathic surgery; and (3) prior
head and neck plastic surgery.

Data acquisition

Imaging was performed using a 1.5-T MRI scanner (MAG-
NETOM Aera; Siemens Healthineers, Erlangen, Germany)
equipped with a 20-channel head/neck coil. Images of
closed-mouth neutral positions were captured, with the
sagittal view oriented perpendicular to the condylar long
axis. The following MRI protocol was implemented: (1)
sagittal T1—weighted images with defined parameters
(repetition time [TR] = 542 ms, echo time [TE] = 10 ms,
flip angle = 150°, slice thickness = 3 mm, field of view
[FOV] = 12 x 12 cm), (2) sagittal gradient echo
T2—weighted images with set parameters (TR = 479 ms,
TE = 23 ms, flip angle = 35°, slice thickness = 2 mm,
FOV = 12 x 12 cm), and (3) DCE MRI with gadobutrol
(Gadovist; Bayer AG, Barmen, Germany) administered at a
rate of 2 mL/s at 0.1 mmol/kg body weight. DCE MRI images
were captured as T1-weighted oblique coronal images of
bilateral TMJs in the FOV with the following parameters:
TR/TE = 3.1/1.2 ms, flip angle = 12°, slice
thickness = 4 mm, FOV = 24 x 24 cm. Temporal resolution
was set at 2.4 s (0.13 s/section, with 18 consecutive sec-
tions for 2.4 s). The first five scans (12 s) were set as the
baseline for precontrast, and gadobutrol was administered
from the 6th to the 55th scan (13—144 s) for postcontrast
imaging, with a temporal resolution of 2.4 s.

Imaging analysis

In accordance with previous studies, mandibular condylar
deformities were graded 0 (normal), grade 1 (mild-to-
moderate), and grade 2 (severe) resorption.'>'® These
grading evaluations were conducted by two radiologists,
namely Y.C.W. and T.F.S., who had 7 and 32 years of
experience, respectively, in musculoskeletal imaging. DCE
MRI imaging data were analyzed using MIStar (Apollo Med-
ical Imaging Technology, Melbourne, Australia). Arterial
input function was determined by placing a region of in-
terest (ROI) on the right carotid artery bifurcation. Manual
demarcations were made on DCE MRI image slices with an
appropriate cross-sectional area for three pairs of masti-
catory muscles, namely the masseter (MA), medial ptery-
goid (MP), and lateral pterygoid (LP), with care taken to
exclude non-muscular structures and visible vessels. To
determine interobserver variability, two radiologists
(Y.C.W. and H.C.Y.) with independently drew the ROIs, and
their measurements were compared.

Two-compartment Tofts model analysis was conducted
to facilitate the calculation of pharmacokinetic
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parameters.'” Quantitative parameters such as the volume
transfer constant between blood plasma and the extravas-
cular extracellular space (EES, Kians in min~'), the rate
constant between the EES and blood plasma (ke in min~"),
the volume of the EES per unit volume of tissue (ve in %),
and blood plasma per unit volume of tissue (v, %) were
automatically derived.

Statistical analysis

Interobserver variability was evaluated using a two-way
mixed-effects model, with intraclass correlation co-
efficients (ICC) and 95 % confidence intervals calculated.
The chi-square test was conducted to determine differ-
ences in sex proportions and TMJ laterality between
different condylar morphology groups. The Kruskal—Wallis
test was used to examine age, body mass index (BMI), and
median differences in all DCE MRI biomarkers across various
osseous condylar resorption groups. Pairwise comparisons
within the Kruskal—Wallis test were adjusted using Bon-
ferroni’s correction. Statistical significance was established
at P- value < 0.05 for both the Kruskal—Wallis and chi-
square tests. All statistical analyses were conducted using

85 patients
170TMJs

IBM SPSS Statistics version 26.0 for Windows (released in
2019; IBM, Armonk, NY, USA).

Results

Study participants

A total of 85 patients were initially enrolled in the study.
One patient was excluded due to technical failure during
the DCE-MRI acquisition, and five patients aged over 55
years were excluded according to the predefined criteria. A
flowchart summarizing the participant selection process is
presented in Fig. 1.

Ultimately, 79 patients (158 temporomandibular joints,
TMJs) met the eligibility criteria and were included in the
imaging analysis. Based on MRI-assessed condylar
morphology, the TMJs were categorized into three groups:
grade 0 (normal; 64 TMJs, 41 %), grade 1 (mild to moderate
resorption; 46 TMJs, 29 %), and grade 2 (severe resorption;
48 TMJs, 30 %) (Fig. 2).

Patient demographic characteristics, including age, sex,
BMI, and TMJ laterality, are summarized in Table 1. No

A 4

\ 4

One patient was excluded due
to failure of dynamic contrast
enhancement imaging.

84 patients
168 TMJs

A 4

A 4

Five patients were excluded due
to older than 55-years-old.

79 patients

158 TMJs
\ 4 A \ 4
Condyle: grade 0 Condyle: grade 1 Condyle: grade 2

Right: 29 TMJs
Left: 35 TMJs

Right: 22 TMJs
Left: 24 TMJs

Right: 28 TMJs
Left: 20 TMJs

DCE MRI ROIs were measured by two independent
radiologists in three pairs of muscles: MA, MP and LP.

Figure 1

Patient selection criteria.
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Figure 2 Grading of osseous deformities in mandibular condyle on sagittal MRI images. Upper series (a—c) depicts sagittal
T1—weighted MRI scans, and lower series (d—f) depicts gradient echo T2—weighted MRI scans. Osseous changes in mandibular
condyle are categorized as grade 0 for normal (a, d), grade 1 for mild-to-moderate (b, e), and grade 2 for severe (c, f).

Table 1

Patient demographic characteristics and TMJ laterality in each severity group.

Condyle grade 0 Condyle grade 1 Condyle grade 2 P-value
Median/N (%)  (Q1, Q3) Median/N (%)  (Q1, Q3) Median/N (%)  (Q1, Q3)

TMJ numbers 64 (41 %) 46 (29 %) 48 (30 %)
TMJ side: left/right  35/29 24/22 20/28 0.371
Age, year-old 29.3 (24.4, 40.5) 31.2 (25.3, 39.2) 32.4 (24.7, 36.7)  0.695
Sex

Men-no. 7 (10.9 %) 6 (13.0 %) 7 (14.6 %) 0.913

Women-no. 57 (89.1 %) 40 (87.0 %) 41 (85.4 %)
BMI 20.4 (18.1, 23.1)  19.6 (18.5, 21.2)  19.3 (17.9, 21.1)  0.265

BMI: body mass index.
Side and sex = chi-squared test.
Age and BMI: Kruskal—Wallis test.

statistically significant differences were found in age, BMI,
or sex distribution among the three condyle groups.

Interobserver variability in DCE MRI analysis

Fig. 3 illustrates the selection of representative images and
three ROIs of masticatory muscles. High interobserver
variability (with an ICC coefficient of >0.9) was observed
for DCE parameters in all pairs of masticatory muscles
(Table 2).

Quantitative analysis of DCE MRI biomarkers

Table 3 presents the medians of quantitative DCE MRI bio-
markers calculated using the Tofts model. The

Kruskal—Wallis test revealed a significant difference in
plasma volume (vp) in the LP muscle between groups
(P = 0.032). Pairwise comparisons adjusted with Bonfer-
roni’s correction (Fig. 4) revealed that the median plasma
volume for condyle grade 2 (v, = 58.2) was significantly
higher (P = 0.031) than that for condyle grade
0 (v, = 26.1). No significant differences in Krans, Kep, OF Ve
were observed between the medians of different quanti-
tative DCE MRI biomarkers in the MA and MP muscles.

Discussion

In this study, we discovered a significant increase in the
plasma volume value (v,) of the LP muscle in TMJs with
severe condylar resorption (grade 2) in comparison with
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Figure 3  Selection of images and manual tracing of ROIs in three masticatory muscle pairs on DCE MRI images. Upper series (a—c)
depicts coronal T1—weighted MRI scans after contrast administration, and lower series (d—f) depicts corresponding color-coded
DCE MRI images (Kirans). ROIs are demarcated in MA (a, d), MP (b, e), and LP (c, f) muscle pairs. (For interpretation of the ref-

erences to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 2 Interrater reliability expressed as ICC coefficient (95 % confidence interval).

Muscle Side Ktrans kep Ve Vo

Lateral pterygoid Left 0.97 (0.953, 0.981) 0.973 (0.957, 0.983) 0.979 (0.968, 0.987) 0.992 (0.987, 0.995)
Right 0.988 (0.981, 0.992) 0.985 (0.977, 0.99) 0.943 (0.912, 0.964) 0.986 (0.979, 0.991)

Masseter Left 0.901 (0.845, 0.936) 0.913 (0.864, 0.944) 0.995 (0.992, 0.997) 0.997 (0.995, 0.998)
Right 0.99 (0.985, 0.994) 0.993 (0.99, 0.996) 0.974 (0.959, 0.983) 0.999 (0.998, 0.999)

Medial pterygoid Left 0.983 (0.973, 0.989) 0.99 (0.984, 0.993) 0.942 (0.909, 0.963) 0.989 (0.983, 0.993)
Right 0.985 (0.977, 0.99) 0.987 (0.979, 0.992) 0.975 (0.961, 0.984) 0.995 (0.992, 0.997)

Kerans: transfer constant between blood plasma and the extravascular extracellular space (min~").
kep: rate constant between the extravascular extracellular space and blood plasma (min™").

Ve: volume of the extravascular extracellular space per unit volume of tissue (%).
Vp: blood plasma per unit volume of tissue (%).

Table 3 Medians (interquartile ranges) of quantitative DCE MRI biomarkers in each muscle group.
Muscle Condyle Ktrans (1/min/1000) P-value ke, (1/min/1000) P-value v (1/1000)  P-value v, (1/1000) P-value
Grade
Lateral 0 163.4 (146.9) 0.122  1158.1 (943.6) 0.179  191.6 (130.9) 0.863  26.1 (61.1) 0.032*
pterygoid 1 204.3 (147.5) 1427.5 (1012.6) 178.2 (126.9) 40.1 (55.9)
2 167.2 (151.7) 1119 (872) 199.8 (150.1) 58.2 (103.9)
Masseter 0 149.5 (103.2) 0.277  1095.2 (600.2) 0.092 147.9 (66.8) 0.330 38.6 (66.1) 0.356
1 156.5 (108.2) 1076.3 (752.4) 151.9 (65.1) 32.6 (60.8)
2 140.6 (94.3) 900.7 (621.2) 166.1 (97.7) 51.9 (80.1)
Medial 0 149.7 (83.9) 0.170  1246.6 (670.1) 0.256 132.4 (72.2) 0.989 35.7 (44.8) 0.349
pterygoid 1 157.9 (72.5) 1389.2 (637.6) 132.1 (47) 43.8 (45.1)
2 141.4 (92.2) 1224.3 (627.2) 140.2 (58.4) 51.6 (76.3)

*Kruskal—Wallis test (P-value <0.05).
K,..: transfer constant between blood plasma and the extravascular extracellular space (min~").

trans®

kep: rate constant between the extravascular extracellular space and blood plasma (min~").
Ve: volume of the extravascular extracellular space per unit volume of tissue (%).
Vp: blood plasma per unit volume of tissue (%).
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Figure 4 Medians of blood plasma per unit volume of tissue
(vp) with DCE MRI values across different condyle grades in LP
muscle. Pairwise comparisons with Kruskal—Wallis test
adjusted using Bonferroni’s correction: condyle grade 0 versus
grade 1 (P 1.000), condyle grade 0 versus grade 2
(P = 0.031), and condyle grade 1 versus grade 2 (P = 0.213).

normal condyle (grade 0). However, no significant differ-
ences of v, values were found in the MA or MP muscles.
Similarly, changes in the vascular permeability parameters
(Ktrans and kep) were not significant in the MA, MP, or LP
muscles. Additionally, the unique anatomical attachment
of the LP muscle to the TMJ capsule suggests a potential
correlation between increased LP muscle perfusion and
bony condylar resorption.

The LP muscle plays a pivotal role in mastication and is
implicated in the pathophysiology of TMDs. Morphological
changes in the LP muscle, such as muscle hypertrophy, are
observable on MRI and are associated with various TMD
manifestations, including anterior disk displacement
without reduction, condylar arthrosis and joint effu-
sion.'®' Hypertrophy of the LP muscle correlates with
painful TMDs accompanied by migraines.?’ These findings
suggest a compensatory response to mechanical overload or
hyperactivity within the masticatory system.?""?? By
contrast, muscle atrophy often accompanies degenerative
TMJ conditions*® and follows procedures such as artificial
TMJ replacement,” suggesting muscle detachment and
subsequent functional impairment. In an animal model,
Lemos et al.?®> discovered that TMJ arthritis reduced the
area and diameter of masticatory muscle fibers, particu-
larly in the LP muscle. They reported a unique anatomical
and functional aspect in the LP muscle as the only masti-
catory muscle that directly inserts into the TMJ.

Several studies have used MRI to examine signal changes
within the LP muscle in patients with TMDs. For instance,
Kuroda et al.?® used fluid-attenuated inversion recovery
images of the LP muscle and reported a positive correlation
between signal intensity ratio and pain score. Soydan
et al.”’ identified a correlation between signal intensity
ratio on T1-and T2-weighted images and the extent of disk
displacement. Similar findings were reported by Yesiltepe
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et al.," who observed a higher signal intensity in proton
density images of the superior LP muscle in patients with
anterior disk displacement without reduction compared
with those with reduction. These morphological and muscle
signal changes emphasize the clinical importance of the LP
muscle, reflecting its anatomical connectivity to the
condyle, disk, and glenoid cavity and its pivotal role in TMD-
associated pain. These findings confirm the distinctive role
of the LP muscle in TMD pathology and provide quantifiable
insights into the disease’s morphological manifestations.
They also confirm the presence of increased perfusion in
the LP muscle in patients with ICR.

We also observed a considerable increase in plasma
volume in the LP muscle in patients with severe condylar
resorption (grade 2) of the TMJ. This pattern was not
observed in the MA or MP muscles. Being anatomically
distinct, the LP muscle is the only masticatory muscle that
directly inserts into the mandibular condyle.?®3° This
unique relationship indicates that the observed increase in
plasma volume may be a consequence of bone—muscle in-
teractions. Although studies on TMDs and ICR have primarily
focused on intrajoint dynamics,®®3"*2 particularly the
relationship between discs and joints, the complex inter-
play between musculature and jawbone changes has not
been comprehensively examined. In a study on
muscle—bone interactions, Ishizuka et al.>* reported a
direct correlation between muscle deformation and bone
volume with the progression of TMJ osteoarthritis in a
mouse model. This correlation was evidenced by an in-
crease in temporal muscle deformation positively corre-
lating with mandibular head volume and a negative
correlation with retromandibular connective tissue. Xu
et al.>* examined how musculature alterations affect sub-
chondral bones and discovered that subchondral bone
changes and cartilage degeneration occurred as results of
quadriceps muscle atrophy in osteoarthritic rats. Similarly,
Moverman et al.>® reported a correlation between rotator
cuff muscle atrophy and glenoid bone deformity in shoulder
osteoarthritis. These findings are consistent with ours,
emphasizing the key role of muscle—bone interactions,
particularly augmented perfusion in the LP muscle and
condylar resorption, in understanding the mechanisms un-
derlying TMDs and ICR.

In DCE MRI examinations, plasma volume is commonly
regarded as an indicator of microvascular density.3®
Elevated inflammation levels stimulate bone resorption.>’
In an animal study involving DCE MRI, Qi et al.*® examined
denervated skeletal muscles and discovered an increase in
Kirans @and v, values in these muscles. This increase occurred
before electromyography abnormalities and conventional
MRI signal intensity changes. These findings indicate that
DCE MRI has the potential to serve as an early and sensitive
diagnostic tool. Overall, these studies and concepts
corroborate our findings, indicating the crucial role of
muscle—bone interactions in patients with ICR and TMDs.

Multiple studies have focused on treatments targeting
the LP muscle in patients with TMDs. For instance, in a
randomized clinical study, Rezazadeh et al.*° examined the
effects of botulinum toxin A injection on the LP muscle in
patients with painful TMDs. In a randomized controlled
trial, Olbort et al.*° explored the efficacy of LP muscle
training for patients with painful TMDs. Overall, our study
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provides valuable insights into potential treatments for
TMDs, specifically focusing on LP muscle changes in DCE MRI
biomarkers.

This study has several limitations. First, we predomi-
nantly focused on masticatory muscles and their connection
with condylar resorption in patients with ICR. ICR is a
multifaceted condition that involves various anatomical
structures, including bone, muscle, TMJ disks, and retro-
discal tissues, and the coordination of adjacent anatomical
elements. Our exclusive focus on masticatory muscles may
limit the overall understanding of the broader muscular and
skeletal alterations in ICR and TMDs. Second, DCE MRI pa-
rameters may yield different results with various post-
processing models, image acquisition protocols, and
potential confounding variables, such as patient movement
and imaging artifacts. These elements may limit the
generalizability and clinical applicability of our findings. In
this study, we used the quantitative Tofts model to provide
universally consistent data on vascular kinetics and in-
crease the popularity of DCE MRI among different users.
Third, this study lacked data on additional potential
contributing clinical factors, such as joint loading patterns,
occlusal parameters, and inflammatory processes. Future
research should include these clinical factors to achieve
more comprehensive results. Fourth, our sample size was
relatively moderate. A larger sample size would enable a
more robust analysis and a deeper exploration of the
relationship between muscles and bones within the TMJ.
Fifth, our study was cross-sectional in nature, which
inherently prevented establishing a causal relationship
between muscle perfusion alterations and condylar
resorption. Longitudinal studies with follow-up assessments
are required to obtain valuable insights into the temporal
dynamics and progression of these changes.

This study established a link between increased micro-
circulation in the LP muscle and TMJ condylar resorption
severity in patients with ICR. It also provides valuable in-
sights into the interactions between masticatory muscles
and condylar resorption in patients with ICR and the efficacy
of utilizing DCE MRI in TMD evaluations. Overall, our findings
lay the foundation for future research seeking to develop
therapeutic approaches for patients with TMDs and ICR.
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