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Abstract: Temporal muscle thickness (TMT) was investigated as a novel surrogate marker on
MRI examinations of the brain, to detect patients who may be at risk for sarcopenia. TMT was
analyzed in a retrospective, normal collective cohort (n = 624), to establish standard reference values.
These reference values were correlated with grip strength measurements and body mass index (BMI)
in 422 healthy volunteers and validated in a prospective cohort (1 = 130) of patients with various
neurological disorders. Pearson correlation revealed a strong association between TMT and grip
strength (retrospective cohort, o = 0.746; p < 0.001; prospective cohort, o = 0.649; p < 0.001). A low or
no association was found between TMT and age (retrospective cohort, R? correlation coefficient 0.20;
p < 0.001; prospective cohort, p = —0.199; p = 0.023), or BMI (retrospective cohort, o = 0.116; p = 0.042;
prospective cohort, ¢ = 0.227; p = 0.009), respectively. Male patients with temporal wasting and
unintended weight loss, respectively, showed significantly lower TMT values (p = 0.04 and p = 0.015,
unpaired f-test). TMT showed a high correlation with muscle strength in healthy individuals and in
patients with various neurological disorders. Therefore, TMT should be integrated into the diagnostic
workup of neurological patients, to prevent, delay, or treat sarcopenia.
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1. Introduction

Sarcopenia is a generalized skeletal muscle disease with a progressive course, commonly found
in older individuals or systemic disease [1,2]. Based on the updated recommendations in 2018 of
the European Working Group on Sarcopenia in Older People (EWGOP), the definition of sarcopenia
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comprises three different diagnostic features: (1) muscle strength; (2) muscle quantity; and (3) physical
performance [2]. Muscle strength, represented by hand-grip strength, is reported to be currently the
most reliable assessment of muscle function, due to its simplicity and its low cost [2]. Although the
awareness of the importance of the diagnosis and care for patients suffering from sarcopenia is high due
to the associated increased individual and socioeconomic burden, the evaluation of the loss of muscle
strength and muscle quantity or quality is still not integrated into the routine clinical workflow [3-7].
This may be due to the fact that the assessment of skeletal muscle mass and function is based on
additional examinations that result in a higher radiation dose for the patient, in additional health care
costs, or in prolonged clinical examinations. Thus, a quantitative and objectively assessable tool that
can provide an overview of the skeletal musculature status, which can be easily included in the routine
clinical setting, is urgently needed. Methods that estimate muscle quantity comprise, among others,
magnetic resonance imaging (MRI) and computed tomography (CT) scans of the lumbar muscles
obtained on abdominal CT scans [8-17]. However, in the case of brain tumors or other neurological
diseases, radiological images of the abdomen are most commonly not routinely available. Recently,
TMT, obtained on routinely performed MR images, has been shown to be able to estimate skeletal
muscle mass [18]. Therefore, it has been proposed to be a potential parameter by which to identify
patients who suffer from sarcopenia.

The purpose of this study was to further evaluate the anatomical-functional relationship between
TMT, obtained on routinely performed cranial MR images, and muscle strength, provided by grip
strength measurements, to gain information about muscle quantity and quality of a patient from one
single parameter. Furthermore, we aimed to provide the first normal collective database, including sex-
and age-related TMT standard values, which will form an important part of the diagnostic pathway.
The general aim is to supply healthcare professionals with an independent measure based on routinely
assessed, clinically indicated cranial MR images, particularly in patients with neurological disorders
who are at risk of sarcopenia, to provide an initial overview of skeletal muscle mass and function.
In patients with TMT values below those of the normal collective, further diagnostic examinations will
prove or rule out the presence of sarcopenia.

2. Methods

2.1. Study Cohorts

The study is based on two different study cohorts. The retrospective study cohort consisted
of two MRI repositories: The Enhanced Nathan Kline Institute-Rockland Sample (NKI-RS); and the
Designed Database of MR Brain Images of Healthy Volunteers (MIDAS) [19,20]. Imaging and clinical
data from healthy Caucasian individuals were collected and further used to build the retrospective
normal collective.

The results of the retrospective cohort of the healthy volunteers were validated in a prospective,
single-center cohort comprising sequentially included Caucasian patients with clinically indicated
MRI examinations of the brain, between September 2018 and February 2019, at the Department of
Biomedical Imaging and Image-Guided Therapy, Medical University of Vienna, Austria. These patients
were subdivided into five sub-cohorts with different disease entities (1. neuro-oncological patients,
2. patients with cerebrovascular disease, 3. patients with demyelinating disorders of the central
nervous system, 4. patients with psychiatric disease, and 5. patients with “other disease entities”) for
further analysis.

T1-weighted, non-contrast-enhanced MR images were available for all volunteers and patients,
respectively. In the prospective cohort, contrast-enhanced, T1-weighted MR images were also available
in some patients (if clinically indicated). An overview of the type of functional and clinical data
collected is given in Figure 1.
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Figure 1. Overview of the type of clinical and functional data collected. The study was approved by
the ethics committee of the Medical University of Vienna (1406/2017).

2.2. TMT Measurements

TMT was measured on isovoxel (1 X 1 x 1 mm?) T1-weighted MR images, perpendicularly to
the long axis of the temporal muscle on an axial plane, which was oriented parallel to the anterior
commissure-posterior commissure line, as described previously (Figure 2a) [21]. Predefined anatomical
landmarks, such as the Sylvian fissure (anterior—posterior orientation) and the orbital roof (craniocaudal
orientation) were used to guarantee a high reproducibility of TMT values (represented in Figure 2b,c).
An example of TMT measurements in a healthy volunteer on T1-weighted, non-contrast-enhanced
brain MR images is provided in Figure 2c. TMT was assessed on both sides in each individual.
For further analysis, mean TMT was calculated by summing up those measurements and dividing them
by two. All TMT measurements were performed by a board-certified radiologist (main reader = JF).
If additional T1-weighted, contrast-enhanced MR images were available, TMT was also assessed by
a second radiologist (JL). Temporal muscles indicating any kind of post-therapeutic changes that might
have affected their thickness (e.g., muscle edema or atrophy due to craniotomy or radiation therapy)
were excluded from further analysis.

Figure 2. Anatomical landmarks represented with white lines (a—c) and an example of a TMT

measurement in a healthy volunteer on T1-weighted, non-contrast-enhanced cranial MR images
depicted in red (c).
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2.3. Clinical Examinations

All clinical examinations were performed immediately before or after the MRI imaging.

The assessment of hand-grip strength was based on a previously recommended standardized
approach [22]. In total, patients underwent three measurements per side. The mean grip strength was
calculated for each side and the value of the hand with the highest mean grip strength, referred to as
the dominant hand, was used for further statistical analysis. All grip strength measurements were
performed using a Lafayette Instrument JAMAR Hydraulic Hand Dynamometer (Model J00105) [22].

The BMI of the patients was assessed by asking the patients their size and current weight. BMI
was calculated by dividing a patient’s weight (in kg) by the patient’s height (in meters squared).
An unintended weight loss was documented in the event of a reported weight loss > 5 kg within
the last year [23]. The existence of temporal wasting was evaluated visually, based on the following
criteria: lowering eyelid and eyebrows; skin laxity in the periorbital and cheek area; and changes to the
overall face shape [24]. The neurological deficits of the patients were evaluated with the help of the
NANO scale, which encompasses nine neurological domains: gait; strength; upper extremity; ataxia;
sensation; visual fields; facial strength; language; level of consciousness; and behavior. Each domain
was scored based on recently published criteria [25]. A high score indicates a worse neurological
function, while a low score represents a good neurological status (score range 0-23).

2.4. Statistical Analysis

Sex- and age-related mean TMT reference values were given as means with standard deviations
and ranges. To determine gender-related cutoff values for sarcopenia, mean reference values of healthy
young adults (18—40 years) were calculated, and cutoff points were defined as—2.5 standard deviations
(SD), as recommended in the literature [2,25]. Inter- and intra-rater agreement were calculated by
using an intra-class correlation (ICC; two-way mixed for absolute agreement). The correlation of mean
TMT and nonlinear associations was obtained by 4/R? (age) and by Pearson correlation methods, in the
case of linear associations (grip strengths, BMI, and NANO-Scale). To further investigate the impact of
age and sex on the correlation of grip strength and TMT, a Pearson correlation was performed, using
age and sex as control variables.

An unpaired f-test was used to investigate the difference between TMT values in patients with
and without clinically suspected temporal muscle wasting and in patients with and without reported
unintended weight loss of >5 kg in the last year. Statistical analyses were performed, using the
Statistical Package IBM SPSS Statistics for Windows, Version 25.0 (IBM, Armonk, New York, NY, USA).
A two-tailed p-value of <0.05 was considered statistically significant.

3. Results

3.1. Reference Mean TMT Values

This retrospective normal collective consisted of 624 healthy volunteers (240 males; 384 females),
ranging from 18 to 85 years of age. TMT values in the retrospective normal cohort ranged from 3.75 to
15.75 mm. Mean TMT values were significantly higher in male volunteers compared to female healthy
volunteers (overall, p < 0.001; 18-29 years, p < 0.001; 30-39 years, p < 0.001; 4049 years, p < 0.001;
50-59 years, p < 0.001; 60-69 years, p < 0.001; 70-79 years, p = 0.011; >80 years, p = 0.038). The age- and
sex-related mean TMT reference values are listed in Table 1.
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Table 1. Age- and sex-related mean TMT reference values, minimum and maximum TMT values,

and SD per subgroup.
SEX Age-Group " Minimum Maximum Mean SD
(mm) (mm) (mm)
18-29 TMTmean 98 7.10 13.50 9.9709 1.42971
30-39 TMTmean 39 7.35 14.70 9.9654 1.60813
4049 TMTmean 35 6.65 15.75 10.0300 1.71679
MALE 50-59 TMTmean 26 6.50 13.35 9.4769 1.63139
60-69 TMTmean 24 5.40 9.80 7.9958 1.06157
70-79  TMTmean 13 3.75 10.00 7.6846 1.49086
80+ TMTmean 5 5.40 7.75 6.5100 1.06031
1829 TMTmean 108 5.45 12.90 8.6167 1.44770
30-39 TMTmean 54 6.45 11.25 8.6806 1.16309
4049 TMTmean 77 5.25 13.55 8.2065 1.43282
FEMALE 50-59 TMTmean 77 4.15 11.90 7.5916 1.53549
60-69 TMTmean 43 3.80 9.70 6.6570 1.22200
70-79  TMTmean 20 4.30 8.10 6.5075 1.03151
80+ TMTmean 5 4.50 5.85 5.1700 1.57511

Abbreviations: mm: millimeter; SD: standard deviation; TMT: temporal muscle thickness.

3.2. Correlation of TMT with Clinical Characteristics in the Retrospective Normal Collective

Overall, 422 healthy volunteers were available for further correlation analysis. Descriptive statistics
for the healthy volunteers regarding sex, age, BMI, and grip strength are listed in Table S1.

Mean TMT values showed a strong correlation with grip strength of the dominant hand in the
retrospective normal collective (Pearson correlation coefficient 0.746; p < 0.001; Figure 3), as well as in
the male subgroup (Pearson correlation coefficient 0.662; p < 0.001) and female subgroup, respectively
(Pearson correlation coefficient 0.721; p < 0.001).

Sex
® MALE
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Figure 3. Correlation between mean TMT values and grip strength of male (blue) and female (pink)
healthy volunteers.

There was a low negative association of mean TMT and age (R? correlation coefficient 0.20;
p < 0.001; Figure 4) and no association between mean TMT and BMI values (Pearson correlation
coefficient 0.116; p = 0.042).
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Figure 4. Correlation between age and mean TMT values in male (blue) and female (pink)
healthy volunteers.

3.3. Correlation of TMT with Clinical Patient Characteristics in the Prospective Validation Patient Cohort

To validate the results of the retrospective normal collective, we consecutively included 130 patients
with clinically indicated MR examinations of the brain. An overview of the patient characteristics
compared to the retrospective normal collective is given in Supplementary Table S1.

Grip Strangth
st
Grip Strangth

Grip Strength

Grip Strength
Grip Srangth

™r ™r ™

Figure 5. Correlation between mean TMT values and grip strength in the overall patient population
(a) and subdivided into the different disease entities of neuro-oncological patients (b), patients with
cerebrovascular disease (c), patients with demyelinating disease of the central nervous system (d),
patients with psychiatric disorders (e), and patients with “other disease entities” (f).

Even when age was added as a control variable to the correlation between TMT and grip strength,
the correlation remained strong in neuro-oncological patients (Pearson correlation coefficient 0.650;
p < 0.001; Figure 5), patients with demyelinating disease of the central nervous system (Pearson
correlation coefficient 0.809, p < 0.001), patients with psychiatric disorders (Pearson correlation
coefficient 0.669, p = 0.024), and in the residual “other disease entities” patient cohort (Pearson
correlation coefficient 0.667, p < 0.001); and it was moderate in patients with cerebrovascular disease
(Pearson correlation coefficient 0.444, p = 0.023) listed in Table S2.
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However, when both age and sex were added as control variables, the correlation between
TMT and grip strength weakened among all patient subgroups (neuro-oncological patients, Pearson
correlation coefficient 0.516, p = 0.001; patients with demyelinating disease of the central nervous
system, Pearson correlation coefficient 0.557, p < 0.048; patients with psychiatric disorders, Pearson
correlation coefficient 0.458, p = 0.184; the residual “other disease entities” patient cohort, Pearson
correlation coefficient 0.567, p = 0.001; and with cerebrovascular disease, Pearson correlation coefficient
0.217, p = 0.298).

The Pearson correlation revealed no association between mean TMT values and age (Pearson
correlation coefficient -0.199; p = 0.023) and a low correlation between mean TMT values and BMI
(Pearson correlation coefficient 0.227; p = 0.009).

In the prospective patient cohort, measures of temporal wasting, unintended weight loss,
and neurological deficits obtained by the NANO scale were also performed.

The difference in TMT values between patients with (n = 37) and without an unintended weight
loss of <5 kg within the last year was not statistically significant (p = 0.067); however, after splitting
the study population along gender lines, a significant difference in male patients could be revealed
(p = 0.015), but there was, however, no difference in female patients (p = 0.861).

Similarly, in patients with temporal wasting obtained visually (n = 33), TMT values were
significantly lower (p = 0.040) only in male patients. No corresponding findings could be revealed in
the female prospective patient cohort (p = 0.504).

The neurological deficits of the patients, assessed by the NANO scale, were also investigated to
rule out any interference with the grip strength measurements. In the current study, patients ranged
from 0 to 10 points on the NANO scale (mean 1.5, SD 2.1). No correlation was found between hand-grip
strength and NANO scale results (Pearson correlation coefficient —0.236).

3.4. Assessment of Inter- and Intra-Rater Agreement

Intra-rater reliability between TMT measurements on contrast-enhanced and non-contrast-enhanced
T1-weighted MR images was assessed in the prospective validation cohort (1 = 89), resulting in
a next-to-perfect intra-rater agreement (ICC = 0.945). Moreover, inter-rater agreement was calculated
for the TMT measurements on T1-weighted contrast-enhanced MR images, in the prospective validation
cohort (n = 89), which also showed a very high agreement (ICC = 0.912).

4. Discussion

4.1. Correlation of TMT and Grip Strength

We investigated an anatomical-functional association between the thickness of the temporal
muscle and grip strength, which is currently reported to be the most reliable assessment of muscle
function, to investigate the potential of TMT to provide information about the physical condition of
an individual [2]. TMT and the grip strength of the dominant hand showed a strong correlation in
healthy volunteers (o0 = 0.746; p < 0.001), as well as in patients with various neurological disorders
(0 =0.649; p < 0.001). These data provide evidence that TMT is a useful parameter with which to
also estimate the strength of the skeletal musculature besides skeletal muscle quantity [18]. We could
further demonstrate that there is nearly no impact of age on the correlation between TMT and grip
strength in the patient cohort; however, the correlation of TMT and grip strength tended to weaken
among all sub-cohorts of patients after correcting for sex and age. It can thus be deduced that the
impact of age on the correlation of TMT and grip strength is variable, whereas the correlation of TMT
and grip strength between male and female patients is slightly different. This gender-related difference
is of high interest and importance and should be further investigated with regard to patients” outcome
in clinical trials focused on different specific disease entities.
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4.2. Reference Values and Gender-Related TMT Cutoff Points

Furthermore, we provided sex- and age-related reference values for TMT measurements obtained
on cranial MR images, in a retrospective normal collective ranging from 18 to >80 years, including
624 healthy volunteers (male, n = 240; female, n = 384). Based on these data, sex-related cutoff points
for the diagnosis of sarcopenia were calculated as defined by the updated EWGSOP recommendations,
using normative references (healthy young adults) between 18 and 40 years [2]. Sex-related cutoff points
were set at 2.5 standard deviations (SD) below the normative references, respectively, resulting in cutoff
points to diagnose sarcopenia of 6.3 mm for male patients and 5.2 mm for female patients, respectively.

4.3. Correlation of TMT with Further Clinical Parameters

As previously shown, TMT was significantly lower in female individuals compared to males,
within each study population (overall; p < 0.001) [17]. Although muscle mass and strength are
known to decline with age, there was only a low negative association between mean TMT and age
in the healthy volunteers (R? correlation coefficient 0.20; p < 0.001), and no significant correlation in
patients who suffered from various neurological symptoms (Pearson correlation coefficient —0.199;
p = 0.023). These results reflect the hypothesis of a difference between chronological age and biological
age, including, among others, information about an individual’s physical condition, which may be
more meaningful, with regard to clinical decision-making, than considering the chronological age of
a patient alone [26,27]. Furthermore, there was no correlation between BMI and TMT in the normal
collective individuals and only a low correlation (Pearson correlation coefficient 0.227; p = 0.009) in
the prospective neurological patients. One explanation could be that the information about weight
and height were self-reported, and thus, prone to reporting bias, due to the tendency of people to
overestimate their height and underestimate their weight. However, it could also be due to the inability
of the BMI (comprising the weight and height of an individual) to differentiate between fat and lean
body mass compared to TMT, which has been shown to be a reliable parameter by which to estimate
skeletal muscle mass [17].

A significant difference between patients with and without visually determined temporal wasting
was found only in male patients (p = 0.040). The appearance of the temples comprises various structures:
the temporal muscle; the temporal fat pad; and the skull shape. Thus, significantly thicker temporal
muscles in male patients may be the reason for the higher impact of the reduction of TMT on the
visually determined temporal wasting. Moreover, the visual evaluation of temporal wasting is a very
subjective judgment that is highly dependent on the performing physician.

Similarly, there was a significant difference in TMT values only in male patients, with and without
unintended weight loss > 5 kg in the last year (p = 0.015). This was also the case for grip strength,
where the only significant differences between patients with and without unintended weight loss were
also revealed in only male patients (p = 0.012). One limiting factor of this result is that the weight
loss of >5 kg in the last year was not measured clinically, but relied on self-reported information.
In addition, Cosway et al. found no correlation of hand-grip strength and treatment-related weight
loss in head/neck cancer patients and suggested that hand-grip strength reflects functional, rather
than nutritional, status [28]. In their study, the authors did not differentiate between male and female
patients; thus, perhaps positive effects in the male patient cohort were missed. Based on our results,
we hypothesize that unintended weight loss in male patients may be a marker for male muscle-mass
loss rather than muscle mass loss in female patients. However, this assumption has to be investigated
in further clinical studies.

The impact of neurological deficits on the grip-strength measurements in the current study was
ruled out, using the NANO scale.



J. Clin. Med. 2020, 9, 1272 90f13

4.4, TMT Measurements

Compared to the currently used techniques to obtain muscle quantity, the TMT measurement
procedure is simple, fast, reliable, independent of the patient’s phenotype, and no additional
examinations are needed. TMT can be obtained on T1-weighted MR images, with and without
contrast enhancement (intra-rater agreement, ICC = 0.945), on routinely performed cranial MR images.
Using predefined anatomical landmarks, the inter-rater reliability was excellent in the current study
(ICC = 0.912), as well as in previous ones [18,21]. The measurement of TMT in one patient takes
approximately 30 seconds [18]. This may help to integrate the determination of muscle quantity into
clinical practice in neurological patients who undergo a clinically indicated MRI of the brain.

The use of TMT, among other craniofacial muscles, as a surrogate parameter for the diagnosis of
sarcopenia is justified for several reasons. The temporal muscle is one of very few muscles that can
usually be delineated in its whole extent on MR images of the brain. This is especially important in
patients with suspected post-therapeutic muscle changes, such as muscle edema or atrophy, due to
previous interventions. Furthermore, TMT has been previously shown to have a prognostic role in
different diseases. Lisiecki et al. revealed a correlation between TMT with ventilator and hospital days
in trauma patients [29]. Katsuki et al. were able to predict the outcome after aneurysm treatment in
patients over 75 years of age with an aneurysmal subarachnoid hemorrhage [30]. Moreover, TMT
showed a high correlation with overall survival in patients with brain metastasis from melanoma,
breast, and lung cancer, as well as in patients with progressive glioblastoma [21,31,32]. Furthermore,
temporal muscle volume was used to predict the in-hospital stay of children with non-syndromic
craniosynostosis, which is, again, more time-consuming, and therefore unsuitable for integration into
the routine clinical setting [33].

4.5. Adapted Diagnostic Algorithm with Which to Identify Neurological Patients at Risk for Sarcopenia

On the basis of the current findings, we suggest that TMT should be assessed routinely on clinically
indicated cranial MR images, especially in patients with neurological disorders at risk for sarcopenia.
The thickness of the temporal muscle should be used to provide an initial overview of the skeletal
muscle mass and strength, without replacing other diagnostic procedures. Once patients present
with TMT values under the sex-related cutoff points, further tests would be necessary to confirm or
rule out the presence of sarcopenia, as stated in the EWGSOP Find-Assess-Confirm-Severity (FACS)
recommendation, using the “Assessment” and “Confirmation” procedures (see Figure 6). Another
advantage is that, in some neurological disorders, cranial MRIs are obtained on a regular basis (e.g., brain
tumor patients or patients with demyelinating disease of the central nervous system, specifically,
patients with multiple sclerosis) to monitor the disease course. In these cases, TMT can be used to
assess the musculature status of the patients provided by longitudinal MRI examinations and uncover
patients whose condition worsens over the course of their disease or who newly develop sarcopenia.
This is why we suggest implementing TMT in the updated EWGSOP FACS recommendations at the
level of “Find” cases, in addition to the already implemented criteria, such as “clinical symptoms” and
“SARC-F questionnaire” if a cranial MRI examination is already available due to clinically indicated
reasons (see Figure 6).
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Find cases Clinical Symptoms SARC-F TMT < cut-off points
Muscle strength
Grip strength, Chair stand test

Assessment

Muscle quantity/quality
DXA, BIA, CT, MRI

Physical Performance
Gait speed, SPPB, TUG, 400m walk |
-y

Confirmation

Severity

M

Figure 6. Adapted algorithm for sarcopenia case identification, diagnosis, and quantification of severity
in patients with neurological disorders (modified after Cruz-Jentoft et al., 2019) [2]. Abbrevations: BIA:
bioelectrical impedance analysis; CT: computer tomography; DXA: dual energy x-ray; MRI: magnet
resonance imaging; SARC-F: sarcopenia questionnaire; SPPB: short physical performance battery; TMT:
temporal muscle thickness; TUG: time up and go.

4.6. Limitations

Although the results of this study are based on a large retrospective database and were validated
in an independent prospective patient cohort, our study faces some limitations. The determined
sex-related cutoff points of —2.5 SD below the normative references are based on the literature.
Their impact on predefined clinical endpoints, as well as the impact of the severity of the disease on
the correlation of TMT and grip strength, must be further validated in clinical trials with different
disease entities. Moreover, the results of this study are based exclusively on a Caucasian population.
Therefore, further studies are needed in order to establish reference values and cutoff points for people
of different ethnic backgrounds, to reflect possible variations between ethnicities. The temporal muscle
has the advantage that it can be depicted in its entirety on cranial MR images, which is of great
importance to rule out any alterations that could influence the muscle thickness. However, it should
be mentioned that the diameter of this muscle is relatively small, and it is, therefore, of the utmost
importance to adhere strictly to the predefined anatomic landmarks and use high-resolution MRI
images to reduce partial volume artefacts and provide high measurement accuracy. Furthermore,
TMT could be influenced by oral or dental disease [34]. To overcome this problem, TMT values were
measured on both sides and divided by two, to calculate the mean TMT value for each patient and
reduce dental- or oral-related muscle changes as much as possible.

Future studies should investigate the correlation of TMT with relative and absolute total body
muscle mass, and further clinical trials will need to define the relation of nutritional parameters on
TMT and muscle strength as a basis for specific interventions aimed at improving the physical function
of high-risk patient populations.

5. Conclusions

Within the scope of this study, we introduced TMT as a parameter which is reliable, fast,
and objectively assessable on routine cranial MR images and shows a high correlation to muscle
strength in healthy individuals, as well as in patients with different neurological disorders. As TMT
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has also been previously shown to be a useful parameter for the estimation of skeletal muscle mass,
we suggest integrating TMT into the diagnostic workup of sarcopenia assessment in neurological
patients with clinically indicated cranial MR images.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/5/1272/s1,
Table S1: Clinical characteristics of the retrospective normal collective and the prospective patient cohort, Table S2:
Patient characteristics subdivided with regard to their disease entities.

Author Contributions: Conceptualization, A.S. and J.F; methodology, A.S.,J.F.,, A.S.B., J.L.,, M.S., and K.-H.N.;
validation, K.-H.N., .M., RW.,, and M.W,; formal analysis, A.S.B., T.B., GW., D.P,, M.P, and U.A; investigation,
AS., J.L, MS,, and J.E; data curation, A.S., ]J.E, and V.S.; writing—original draft preparation, A.S. and ]J.E;
writing—review and editing, A.S.B., M.P, K.-H.N.,, U.A, D.P, GW,, T.B., AS,, and J.E; visualization, J.E;
supervision: A.S.B. and M.P; project administration, ].E. All authors have read and agreed to the published version
of the manuscript.

Funding: M.P. has received honoraria for lectures, consultation, or advisory board participation from the following
for-profit companies: Bayer; Bristol-Myers Squibb; Novartis; Gerson Lehrman Group (GLG); CMC Contrast;
GlaxoSmithKline; Mundipharma; Roche; BMJ Journals MedMedia; Astra Zeneca; AbbVie; Lilly, Medahead; Daiichi
Sankyo; Sanofi; Merck Sharp & Dohme; and Tocagen. The following for-profit companies have supported clinical
trials and contracted research conducted by MP with payments made to his institution: Bohringer-Ingelheim;
Bristol-Myers Squibb; Roche; Daiichi Sankyo; Merck Sharp & Dohme; Novocure; GlaxoSmithKline; and AbbVie.
Anna Sophie Berghoff has research support from Daiichi Sankyo and honoraria for lectures, consultation, or
advisory board participation from Roche, Bristol-Meyers Squibb, Merck, and Daiichi Sankyo, as well as travel
support from Roche, Amgen, and AbbVie.

Acknowledgments: The cranial MR images from healthy volunteers used in this paper were partly collected and
made available by the CASILab, at The University of North Carolina at Chapel Hill, and were distributed by the
MIDAS Data Server at Kitware, Inc.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
BIA bioelectrical impedance analysis
CT computed tomography

DXA dual-energy X-ray absorptiometry
EWGOP European Working Group on Sarcopenia in Older People

MRI magnetic resonance imaging

NANO  Neurologic Assessment in Neuro-oncology
TMT temporal muscle thickness

References

1.  Bauer, J.; Morley, J.E.; Schols, A.M.; Ferrucci, L.; Cruz-Jentoft, A.].; Dent, E.; Baracos, V.E.; Crawford, J.A.;
Doehner, W.; Heymsfield, S.B.; et al. Sarcopenia: A time for action. An SCWD position paper. |. Cachexia
Sarcopenia Muscle 2019, 10, 956-961. [CrossRef] [PubMed]

2. Cruz-Jentoft, A.].; Bahat, G.; Bauer, J.; Boirie, Y.; Bruyere, O.; Cederholm, T.; Cooper, C.; Landi, F,; Rolland, Y.;
Sayer, A.A; et al. Sarcopenia: Revised European consensus on definition and diagnosis. Age Ageing 2019, 48,
16-31. [CrossRef] [PubMed]

3. DeBuyser, S.L.; Petrovic, M.; Taes, Y.E.; Toye, KR.C.; Kaufman, ].-M.; Lapauw, B.; Goemaere, S. Validation of
the FNIH sarcopenia criteria and SOF frailty index as predictors of long-term mortality in ambulatory older
men. Age Ageing 2016, 45, 603-608. [CrossRef] [PubMed]

4. Malmstrom, T.K.; Miller, U.K.; Simonsick, E.M.; Ferrucci, L.; Morley, ].E. SARC-F: A symptom score to predict
persons with sarcopenia at risk for poor functional outcomes. J. Cachexia Sarcopenia Muscle 2015, 7, 28-36.
[CrossRef]

5. Schaap, L.; Van Schoor, N.; Lips, P.; Visser, M. Associations of sarcopenia definitions, and their components,
with the incidence of recurrent falling and fractures: The longitudinal aging study Amsterdam. J. Gerontol.
Ser. A Boil. Sci. Med. Sci. 2017, 73, 1199-1204. [CrossRef]


http://www.mdpi.com/2077-0383/9/5/1272/s1
http://dx.doi.org/10.1002/jcsm.12483
http://www.ncbi.nlm.nih.gov/pubmed/31523937
http://dx.doi.org/10.1093/ageing/afy169
http://www.ncbi.nlm.nih.gov/pubmed/30312372
http://dx.doi.org/10.1093/ageing/afw071
http://www.ncbi.nlm.nih.gov/pubmed/27126327
http://dx.doi.org/10.1002/jcsm.12048
http://dx.doi.org/10.1093/gerona/glx245

J. Clin. Med. 2020, 9, 1272 12 0f13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Bischoff-Ferrari, H.A.; Orav, J.E.; Kanis, J.A,; Rizzoli, R.; Schlogl, M.; Staehelin, H.B.; Willett, W.C;
Dawson-Hughes, B. Comparative performance of current definitions of sarcopenia against the prospective
incidence of falls among community-dwelling seniors age 65 and older. Osteoporos. Int. 2015, 26, 2793-2802.
[CrossRef]

Mijnarends, D.M.; Luiking, Y.C.; Halfens, R.J.G.; Evers, SM.A.A ; Lenaerts, E.L.A_; Verlaan, S.; Wallace, M.;
Schols, ].M.G.A.; Meijers, ]. M.M. Muscle, health and costs: A glance at their relationship. J. Nutr. Health
Aging 2018, 22, 766-773. [CrossRef]

Beaudart, C.; McCloskey, E.V.,; Bruyere, O.; Cesari, M.; Rolland, Y.; Rizzoli, R.; De Carvalho, LA.;
Thiyagarajan, J.A.; Bautmans, I.; Bertiére, M.-C.; et al. Sarcopenia in daily practice: Assessment and
management. BMC Geriatr. 2016, 16, 170. [CrossRef]

Buckinx, F; Landi, F; Cesari, M.; Fielding, R.A.; Visser, M.; Engelke, K.; Maggi, S.; Dennison, E.M.;
Al-Daghri, N.M.; Allepaerts, S.; et al. Pitfalls in the measurement of muscle mass: A need for a reference
standard. J. Cachexia Sarcopenia Muscle 2018, 9, 269-278. [CrossRef]

Masanés, F; Luque, X.R.I; Salva, A.; Serra-Rexach, J.A.; Artaza, I.; Formiga, F.; Cuesta, F,; Soto, A.L.; Ruiz, D.;
Cruz-Jentoft, A.]. Cut-off points for muscle mass—Not grip strength or gait speed—Determine variations in
sarcopenia prevalence. J. Nutr. Health Aging 2016, 21, 825-829. [CrossRef]

Hull, H.; He, Q.; Thornton, J.; Javed, F; Allen, L.; Wang, ]J.; Pierson, R.N.; Gallagher, D. iDXA, prodigy,
and DPXL dual-energy X-ray absorptiometry whole-body scans: A cross-calibration study. J. Clin. Densitom.
2008, 12, 95-102. [CrossRef] [PubMed]

Sergi, G.; De Rui, M.; Veronese, N.; Bolzetta, F; Berton, L.; Carraro, S.; Bano, G.; Coin, A.; Manzato, E.;
Perissinotto, E. Assessing appendicular skeletal muscle mass with bioelectrical impedance analysis in
free-living Caucasian older adults. Clin. Nutr. 2015, 34, 667-673. [CrossRef] [PubMed]

Reiss, J.; Iglseder, B.; Kreutzer, M.; Weilbuchner, I.; Treschnitzer, W.; Kdssmann, H.; Pirich, C.; Reiter, R. Case
finding for sarcopenia in geriatric inpatients: Performance of bioimpedance analysis in comparison to dual
X-ray absorptiometry. BMC Geriatr. 2016, 16, 52. [CrossRef] [PubMed]

Gonzalez, M.C.; Heymsfield, S.B. Bioelectrical impedance analysis for diagnosing sarcopenia and cachexia:
What are we really estimating? |. Cachexia Sarcopenia Muscle 2017, 8, 187-189. [CrossRef] [PubMed]
Tamandl, D.; Paireder, M.; Asari, R.; Baltzer, PA.T.; Schoppmann, S.F; Ba-Ssalamah, A. Markers of
sarcopenia quantified by computed tomography predict adverse long-term outcome in patients with resected
oesophageal or gastro-oesophageal junction cancer. Eur. Radiol. 2015, 26, 1359-1367. [CrossRef] [PubMed]
Shachar, S.S.; Williams, G.R.; Muss, H.B.; Funakoshi, T. Prognostic value of sarcopenia in adults with solid
tumours: A meta-analysis and systematic review. Eur. J. Cancer 2016, 57, 58-67. [CrossRef]

Prado, C.M.; Lieffers, ].R.; McCargar, L.J.; Reiman, T.; Sawyer, M.B.; Martin, L.; Baracos, V. Prevalence and
clinical implications of sarcopenic obesity in patients with solid tumours of the respiratory and gastrointestinal
tracts: A population-based study. Lancet Oncol. 2008, 9, 629-635. [CrossRef]

Leitner, J.; Pelster, S.; Schopf, V.; Berghoff, A.S.; Woitek, R.; Asenbaum, U.; Nenning, K.-H.; Widhalm, G;
Kiesel, B.; Gatterbauer, B.; et al. High correlation of temporal muscle thickness with lumbar skeletal muscle
cross-sectional area in patients with brain metastases. PLoS ONE 2018, 13, e0207849. [CrossRef]

Bullitt, E.; Zeng, N.; Gerig, G.; Aylward, S.; Joshi, S.; Smith, J.K.; Lin, W.; Ewend, M.G. Vessel tortuosity and
brain tumor malignancy: A blinded study. Acad. Radiol. 2005, 12, 1232-1240. [CrossRef]

Nooner, K.B.; Colcombe, S.; Tobe, R.H.; Mennes, M.; Benedict, M.M.; Moreno, A.L.; Panek, L.].; Brown, S.;
Zavitz, S.T.; Li, Q.; et al. The NKI-rockland sample: A model for accelerating the pace of discovery science in
psychiatry. Front. Behav. Neurosci. 2012, 6, 152. [CrossRef]

Furtner, J.; Berghoff, A.S.; Albtoush, O.M.; Woitek, R.; Asenbaum, U.; Prayer, D.; Widhalm, G.; Gatterbauer, B.;
Dieckmann, K.; Birner, P; et al. Survival prediction using temporal muscle thickness measurements on
cranial magnetic resonance images in patients with newly diagnosed brain metastases. Eur. Radiol. 2017, 27,
3167-3173. [CrossRef] [PubMed]

Nayak, L.; DeAngelis, L.M.; Brandes, A.A.; Peereboom, D.M.; Galanis, E.; Lin, N.U.; Soffietti, R.;
Macdonald, D.R.; Chamberlain, M.; Perry, J.; et al. The Neurologic Assessment in Neuro-Oncology
(NANO) scale: A tool to assess neurologic function for integration into the Response Assessment in
Neuro-Oncology (RANO) criteria. Neuro-Oncol. 2017, 19, 625-635. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/s00198-015-3194-y
http://dx.doi.org/10.1007/s12603-018-1058-9
http://dx.doi.org/10.1186/s12877-016-0349-4
http://dx.doi.org/10.1002/jcsm.12268
http://dx.doi.org/10.1007/s12603-016-0844-5
http://dx.doi.org/10.1016/j.jocd.2008.09.004
http://www.ncbi.nlm.nih.gov/pubmed/19028125
http://dx.doi.org/10.1016/j.clnu.2014.07.010
http://www.ncbi.nlm.nih.gov/pubmed/25103151
http://dx.doi.org/10.1186/s12877-016-0228-z
http://www.ncbi.nlm.nih.gov/pubmed/26928275
http://dx.doi.org/10.1002/jcsm.12159
http://www.ncbi.nlm.nih.gov/pubmed/28145079
http://dx.doi.org/10.1007/s00330-015-3963-1
http://www.ncbi.nlm.nih.gov/pubmed/26334504
http://dx.doi.org/10.1016/j.ejca.2015.12.030
http://dx.doi.org/10.1016/S1470-2045(08)70153-0
http://dx.doi.org/10.1371/journal.pone.0207849
http://dx.doi.org/10.1016/j.acra.2005.05.027
http://dx.doi.org/10.3389/fnins.2012.00152
http://dx.doi.org/10.1007/s00330-016-4707-6
http://www.ncbi.nlm.nih.gov/pubmed/28050694
http://dx.doi.org/10.1093/neuonc/nox029
http://www.ncbi.nlm.nih.gov/pubmed/28453751

J. Clin. Med. 2020, 9, 1272 13 0f 13

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Fried, L.P; Tangen, C.M.; Walston, J.; Newman, A.B.; Hirsch, C.; Gottdiener, J.; Seeman, T.; Tracy, R.; Kop, W.J.;
Burke, G,; et al. Frailty in older adults: Evidence for a phenotype. J. Gerontol. Ser. A Boil. Sci. Med. Sci. 2001,
56, M146-M157. [CrossRef] [PubMed]

Coleman, S.R.; Grover, R. The anatomy of the aging face: Volume loss and changes in 3-dimensional
topography. Aesthet. Surg. J. 2006, 26. [CrossRef]

Janssen, I.; Heymsfield, S.B.; Ross, R. Low relative skeletal muscle mass (sarcopenia) in older persons
is associated with functional impairment and physical disability. J. Am. Geriatr. Soc. 2002, 50, 889-896.
[CrossRef]

Kumar, A; Langstraat, C.; DeJong, S.R.; McGree, M.E.; Bakkum-Gamez, ].N.; Weaver, A.L.; Lebrasseur, N.;
Cliby, W.A. Functional not chronologic age: Frailty index predicts outcomes in advanced ovarian cancer.
Gynecol. Oncol. 2017, 147, 104-109. [CrossRef]

Mitnitski, A.B.; Graham, J.E.; Mogilner, A J.; Rockwood, K. Frailty, fitness and late-life mortality in relation to
chronological and biological age. BMC Geriatr. 2002, 2, 1. [CrossRef]

Cosway, B.; Easby, M.; Covington, S.; Bowe, I.; Paleri, V. Hand-grip strength does not correlate with
treatment-related weight loss in patients with head and neck cancer. J. Laryngol. Otol. 2015, 129, 706-709.
[CrossRef]

Lisiecki, J.; Zhang, P.; Wang, L.; Rinkinen, J.; De La Rosa, S.; Enchakalody, B.; Brownley, R.C.; Wang, 5.C.;
Buchman, S.R.; Levi, B. Morphomic measurement of the temporalis muscle and zygomatic bone as novel
predictors of hospital-based clinical outcomes in patients with mandible fracture. J. Craniofacial Surg. 2013,
24,1577-1581. [CrossRef]

Katsuki, M.; Yamamoto, Y.; Uchiyama, T.; Wada, N.; Kakizawa, Y. Clinical characteristics of aneurysmal
subarachnoid hemorrhage in the elderly over 75; would temporal muscle be a potential prognostic factor as
an indicator of sarcopenia? Clin. Neurol. Neurosurg. 2019, 186, 105535. [CrossRef]

Furtner, J.; Berghoff, A.S.; Schopf, V.; Reumann, R.; Pascher, B.; Woitek, R.; Asenbaum, U.; Pelster, S.; Leitner, J.;
Widhalm, G.; et al. Temporal muscle thickness is an independent prognostic marker in melanoma patients
with newly diagnosed brain metastases. J. Neuro-Oncol. 2018, 140, 173-178. [CrossRef]

Furtner, J.; Genbrugge, E.; Gorlia, T.; Bendszus, M.; Nowosielski, M.; Golfinopoulos, V.; Weller, M.;
Bent, M.].V.D.; Wick, W.; Preusser, M. Temporal muscle thickness is an independent prognostic marker in
patients with progressive glioblastoma: Translational imaging analysis of the EORTC 26101 trial. Neuro-Oncol.
2019, 21, 1587-1594. [CrossRef] [PubMed]

Rinkinen, J.; Zhang, P.; Wang, L.; Enchakalody, B.; Terjimanian, M.; Holcomb, S.; Wang, S.C.; Buchman, S.R.;
Levi, B. Novel temporalis muscle and fat pad morphomic analyses aids preoperative risk evaluation and
outcome assessment in nonsyndromic craniosynostosis. J. Craniofacial Surg. 2013, 24, 250-255. [CrossRef]
[PubMed]

Griinheid, T.; Langenbach, G.E.J.; Korfage, ].A.M.; Zentner, A.; Van Eijden, TM.G.]. The adaptive response of
jaw muscles to varying functional demands. Eur. J. Orthod. 2009, 31, 596-612. [CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1093/gerona/56.3.M146
http://www.ncbi.nlm.nih.gov/pubmed/11253156
http://dx.doi.org/10.1016/j.asj.2005.09.012
http://dx.doi.org/10.1046/j.1532-5415.2002.50216.x
http://dx.doi.org/10.1016/j.ygyno.2017.07.126
http://dx.doi.org/10.1186/1471-2318-2-1
http://dx.doi.org/10.1017/S0022215115001486
http://dx.doi.org/10.1097/SCS.0b013e3182a12e02
http://dx.doi.org/10.1016/j.clineuro.2019.105535
http://dx.doi.org/10.1007/s11060-018-2948-8
http://dx.doi.org/10.1093/neuonc/noz131
http://www.ncbi.nlm.nih.gov/pubmed/31369680
http://dx.doi.org/10.1097/SCS.0b013e31827006f5
http://www.ncbi.nlm.nih.gov/pubmed/23348295
http://dx.doi.org/10.1093/ejo/cjp093
http://www.ncbi.nlm.nih.gov/pubmed/19656804
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Study Cohorts 
	TMT Measurements 
	Clinical Examinations 
	Statistical Analysis 

	Results 
	Reference Mean TMT Values 
	Correlation of TMT with Clinical Characteristics in the Retrospective Normal Collective 
	Correlation of TMT with Clinical Patient Characteristics in the Prospective Validation Patient Cohort 
	Assessment of Inter- and Intra-Rater Agreement 

	Discussion 
	Correlation of TMT and Grip Strength 
	Reference Values and Gender-Related TMT Cutoff Points 
	Correlation of TMT with Further Clinical Parameters 
	TMT Measurements 
	Adapted Diagnostic Algorithm with Which to Identify Neurological Patients at Risk for Sarcopenia 
	Limitations 

	Conclusions 
	References

