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Abstract

Background: The coexistence of sarcopenia and dementia in aging populations is not uncommon, and they may
share common risk factors and pathophysiological pathways. This study aimed to evaluate the relationship between
brain atrophy and low lean mass in the elderly with impaired cognitive function.

Methods: This cross-sectional study included 168 elderly patients who visited the multi-disciplinary dementia
outpatient clinic at Kaohsiung Chang Gung Memorial Hospital for memory issues, between 2017 and 2019. The body
composition was assessed by dual energy X-ray absorptiometry (DEXA) and CT based skeletal muscle index including
L3 skeletal muscle index (L3SMI) and masseter muscle mass index (MSMI). The brain atrophy assessment was meas-
ured by CT based visual rating scale. Possible predictors of low lean mass in the elderly with cognitive impairement
were identified by binary logistic regression. ROC curves were generated from binary logistic regression.

Results: Among the 81 participants, 43 (53%) remained at a normal appendicular skeletal muscle index (ASMI),
whereas 38 (47%) showed low ASMI. Compared with the normal ASMI group, subjects with low ASMI exhibited sig-
nificantly lower BMI, L3SMI, and MSMI (all p <0.05), and showed significant brain atrophy as assessed by visual rating
scale (p <0.001). The accuracy of predictive models for low ASMI in the elderly with cognitive impairment were 0.875,
(Area under curve (AUC) = 0.926, 95% confidence interval [Cl] 0.844-0.972) in model 1 (combination of BMI, GCA and
L3SMI) and 0.885, (Area under curve (AUC) = 0.931, [Cl] 0.857-0.979) in model 2 (combination of BMI, GCA and MSMI).

Conclusions: Global cortical atrophy and body mass index combined with either L3 skeletal muscle index or mas-
seter skeletal muscle index can predict low lean mass in the elderly with cognitive impairment.

Keywords: Sarcopenia, Body composition, Cognitive impairement, Dementia, Brain atrophy, Computed tomography
imaging

Introduction
Dementia is characteristic of progressive cognitive
decline involving one or more of the cognitive domains.
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including physical inactivity, malnutrition, smoking,
alcohol use, mild cognitive impairment, lack of anabolic
hormones, persistent inflammatory reactions, diabetes,
depression, and hypertension [2]. In aging populations,
some of the known risks may present simultaneously,
such as cognitive decline, physical inactivity, malnutri-
tion, and sarcopenia, the amalgamation of which may
accelerate the brain’s aging process [3, 4]. Clarifying the
potential links and interactions by using available tools of
measurement could help to prevent or alleviate adverse
outcomes in aging/super-aged societies.

The prevalence of sarcopenia is significantly higher in
individuals with cognitive impairment/dementia [5]. Fur-
thermore, recent studies have identified it as a significant
risk factor for cognitive deterioration [6]. Sarcopenia
is associated with increased rates of functional impair-
ment, disability, falls, and frailty, resulting in adverse
health events [7, 8]. The coexistence of sarcopenia, cogni-
tive impairment, and brain atrophy in aging populations
may indicate shared common risk factors and patho-
physiological pathways [8]. A recent study reported that
physical frailty is associated with a longitudinal decline in
global cognitive function in non-demented older adults,
while cognitive impairment could accelerate physi-
cal impairment and negative outcomes in older persons
[9]. Other studies suggest sarcopenia and low muscle
mass are linked to cognitive impairment/dementia and
brain atrophy [10-13]. However, evidence of an asso-
ciation between sarcopenia/low muscle mass and cogni-
tive impairment/dementia among the elderly remains
inconsistent and lacking [14]. Although several brain-
muscle axes have been proposed, the precise mechanism
remains unclear and controversial [15, 16]. Accumulating
evidence indicates that non-pharmacological treatments
such as optimized nutrition and physical activity can be
valuable countermeasures to both sarcopenia/low mus-
cle mass and dementia/mild cognitive impairment (MCI)
in terms of treatment and prevention [17-22]. There-
fore, understanding the relationship between sarcope-
nia and dementia, and the early detection of risk factors
and signs, are essential for early intervention in order to
maintain or decrease the rate of disease progression.

Currently, dual energy X-ray absorptiometry (DEXA)
is considered the gold standard for the diagnosis of
sarcopenia, and is recommended by the Asian Work-
ing Group for Sarcopenia (AWGS) 2019 [23, 24]. In
addition, quantification of skeletal muscle and mas-
seter muscle by using CT could effectively represent
nutritional status and physical activity [25, 26]. Mean-
while, CT is also becoming a useful imaging tool for
dementia assessment. Although MRI is more precise in
the evaluation of brain volume, several reliable meas-
urements using CT study including visual rating scales
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for assessing brain atrophy in aging and neurodegen-
erative diseases are now widely applied [27-32]. Sev-
eral studies have also shown a significant correlation
between whole-body muscle, lumbar skeletal muscle,
and masseter muscle [33—38]. However, the association
between sarcopenia and brain volume-related cognitive
impairment remains unclear. Revealing the possible
common risk factors, as well as potential relationships
and pathophysiology may be helpful for the early detec-
tion and prevention of adverse events in aging societies.

In this study, we aimed to determine: 1) The possi-
ble risk factors and relationship between sarcopenia/
low muscle mass and cognitive function impairment; 2)
The association between body composition and brain
atrophy; 3) To establish a model to accurately predict
sarcopenia/low muscle mass in elderly Taiwanese with
impaired cognitive function, which may be helpful for
early risk detection to facilitate non-pharmacological
intervention, improve quality of life, and reduce overall
healthcare costs.

Materials and methods

Subjects

This cross-sectional study was conducted during the
period of 2017 to 2019. All study participants visited
the multi-disciplinary dementia outpatient clinic at
Kaohsiung Chang Gung Memorial Hospital complain-
ing of memory issues, accompanied by their family
member(s). The demographic data and family history
were recorded, and physical and neurological examina-
tions were performed. All participants were evaluated
by the consensus of a panel composed of neurologists,
psychiatrists, and neuropsychologists to determine the
presence or absence of dementia and its severity using
the Clinical Dementia Rating (CDR). All participants
consented to undergo cerebral and abdominal CT and
dual-energy x-ray absorptiometry (DEXA). The study
participants were selected according to the following
criteria: age>65years, CDR>0.5, no difficulty per-
forming basic activities of daily living (ADL), no active
treatment for cancer in the prior 3 years, and only cases
with no hematoma, brain tumor, acute stroke, or post-
infarction encephalomalacia resulting in mass effect
or asymmetry affecting the ventricular system shape
or subarachnoid space volume [39]. Patients with his-
tory of other neurologic or psychiatric illness, psy-
chotropic medication usage, or substance abuse were
excluded. Participants were divided into two groups
(normal and low ASMI groups) according to the cut-off
values (<7.0kg/m? in men, and <5.4kg/m? in women)
for ASMI by AWGS 2019 reference. (See Supplemental
Fig. 1) [23].
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Measurements of hand grip strength and gait speed

Hand grip strength (kg) was measured using a digital
hand dynamometer. The grip strength of each hand was
assessed twice; the maximal value of each hand was
averaged as the final estimate of hand grip strength for
analysis. The gait speed (m/s) was measured using a
6-m walking test at the usual pace.

Head computed tomography (CT) data acquisition

All patients were in the supine position, with unen-
hanced CT scans performed of the vertex to base of
skull using 256-row helical scanners with slice thick-
ness of 5mm, 120kV, 225mAs. The scan angle was
determined by the orbitomeatal line.

Visual rating of cerebral atrophy

Visual rating of clinical brain images was performed
independently by three physicians, including a 2nd-
year radiology resident (YTC) and two neuroimaging
specialists (CCY and WCL), blind to all clinical infor-
mation, using a 4-point global cortical atrophy (GCA)
scale (See Supplement 1, Additional file 1 [40, 41]). A
definite score would be discussed and assigned by three
raters only when disputable results occurred.

Brain atrophy parameters of cerebral atrophy

The brain atrophy parameters were measured on
the CT scans, based on the commonly used method
described by Meese [42], including Evans index (EI),
Frontal horn index (FHI), Bicaudate ratio (BCR), Syl-
vian fissure ratio (SFR), Schiersmann index, and Huck-
man number (Fig. 1). Every parameter was measured
twice, and the mean value was calculated to increase
accuracy and limit the “partial volume” effect [39].

Head CT analysis of masseter cross-sectional area

Bilateral masseter cross-sectional area was quanti-
fied by evaluating axial measurements 2cm below
the zygomatic arch, as previously demonstrated in a
study by Hu et al. Manual region of interest (ROI) was
performed twice by primary author (YTC) under the
supervision of a neuroradiologist with 3 years’ experi-
ence and the mean value was calculated. The average
area of both masseter muscles was used for analysis
(Fig. 1) [36, 43].

Abdominal computed tomography (CT) data acquisition
All patients were in the supine position with unen-
hanced CT scans performed of the lower thorax to the
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pelvis using 256-row helical scanners, with slice thick-
ness of 5mm, 120kV, 100-200 mAs.

Abdominal CT analysis of body composition

Three consecutive slices at the L3 vertebral body level
were included, and measurements including area and
attenuation of skeletal muscle and adipose tissue were
averaged over these three images, as previously reported
(See Supplement 2, Additional file 1 [44]) (Fig. 1). All
measurements were taken by a 3rd-year radiology resi-
dent under the supervision of a musculoskeletal radiolo-
gist with 6years’ experience [44].

Dual energy x-ray absorptiometry (DEXA) examinations
Dual energy x-ray absorptiometry (DEXA) was used to
estimate muscle mass. Subjects were clinically classified
as low appendicular skeletal muscle mass (ASMI) accord-
ing to appendicular skeletal muscle index (ASMIL; ASM/
height®) <7.0kg/m? for men and <5.4kg/m? for women,
as recommended by the Asian Working Group for Sar-
copenia (AWGS). In total, 38 low ASMI and 43 normal
ASMI subjects participated in the study.

Statistical analyses

Analyses were conducted using SPSS software (SPSS
V.23, Chicago, IL, USA) and Stata software (Stata V.16.0).
The demographic data, including age, sex, and CDR
data were compared among the study groups using the
2-sample Student t-test, Pearson chi-square test, and
Fisher’s exact test, and were reported as mean =+ standard
deviation (SD). The significance of differences in other
demographic data, brain atrophy severity, and the body
composition of the adipose tissue and muscle area were
analyzed by analysis of covariance (ANCOVA) with the
participant’s age and sex as covariates. Partial correlation
analysis was performed with age and sex adjustments
to determine associations among the body composition
and brain atrophy visual rating scale with low ASMI. The
threshold for statistical significance was set at p <0.05.
Factors associated with ASMI were analyzed using uni-
variate logistic regression analysis, with the statistical
significance set at p <0.1. The significant factors in the
univariate analysis were further analyzed using step-
wise selection method with entry testing of binary logis-
tic regression, adjusting for age and sex, to identify the
predictors and calculate the odds ratios (OR) with 95%
confidential intervals (95% CI). The ROC curves were
constructed using the predictions (i.e., BMI, GCA,
L3SMI, MSMI, model 1 (combination of BMI, GCA and
L3SMI), and model 2 (combination of BMI, GCA and
MSMI)) from the stepwise binary logistic regression
model. Finally, Stata software was used to compare the
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Fig. 1 CTimage analysis of body composition and brain atrophy. A. Head CT analysis of masseter muscle area. (Purple area: masseter muscle). B.
Abdominal CT analysis of skeletal muscle area at third lumbar vertebral level. (Yellow area: abdominal wall muscle; Blue area: psoas muscle; Green area:
paraspinal muscle; Orange area: subcutaneous adipose tissue; Red area: visceral adipose tissue). C. Measurements of brain atrophy parameters: A, B, C, D, E,
F,G H,1,in head CT images. Evans index (El): ratio of maximum width of the frontal horns of the lateral ventricles (A) to the maximal internal diameter of the
skull; Frontal horn index (FHI): ratio of the greatest external diameter of the frontal bone (C) to the greatest distance between the frontal horns at the same
line (A); Bicaudate ratio (BCR): ratio of the maximum caudate nuclei distance (D) to distance between inner tables of skull at the same line (E); (B) at the same
level; Sylvian fissure ratio (SFR): sum of bilateral width of the insular cisterns (in mm) (F)(G); Schiersmann index: ratio of the lateral ventricles greatest distance
at the level of cella media (H) to distance between outer tables of skull () at the same line; Huckman number: sum of maximum width of the frontal

horns of the lateral ventricles (in mm) (A) and the maximum caudate nuclei distance (in mm) (D). D. Examples of frontal cortical atrophy (F-GCA) scale.

GCA 0: normal sulci and ventricle; GCA 1: slight widening of sulci with mild ventricular enlargement; GCA 2: gyral volume loss with moderate ventricular
enlargement; GCA 3: pronounced widening of sulci with severe volume loss (knife blade atrophy) and severe ventricular enlargement
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two ROC curves with the statistical significance set at
p <0.05.

Results

Participants were given an Institutional Review Board-
approved study information sheet explaining the pro-
ject objectives, and inclusion and exclusion criteria.
Participants with age>65years, and CDR>0.5 were
included in our study. The exclusion criteria included
age<65years, CDR=0, having difficulty performing
basic activities of daily living, under treatment for cancer
in the prior 3 years, brain CT showed an organic brain
lesion such as hematoma, brain tumor, acute stroke, or
post-infarction encephalomalacia resulting in mass effect
or asymmetry affecting the ventricular system shape or
subarachnoid space volume, and missing data involving
abdominal and brain CT, DEXA, demographic data and
CDR [23]. Of 168 patients, 81 patients met the entry cri-
teria to participate in the study and were divided into two
groups (normal and low ASMI groups) according to the
cut-off values for ASMI by AWGS 2019 reference. (See
Supplemental Fig. 1).

Demographic and clinical characteristics

The demographic and clinical data of the participants
are shown in Table 1. The low ASMI and normal ASMI
groups had similar mean age, gender distribution, and
clinical dementia rating (CDR) scale level (age: p =0.13;
gender: p =0.18; CDR: p =1.00). There were no signifi-
cant group differences in body height, grip strength, or
gait speed (height: p =0.10; grip strength: p =0.73; gait
speed: p =0.78).

Assessments of brain atrophy

Table 1 demonstrates the significant differences between
the two groups in terms of the Global cortical atrophy
(GCA) scale (Low ASMI: 26 +4; Normal ASMI: 20+4;
p <0.001), after controlling for sex and age. No statisti-
cally significant differences were found in other brain
atrophy parameters, including the Evans index (p =0.44),
Frontal horn index (p =0.25), Bicaudate ratio (p =0.53),
Sylvian fissure ratio (p =0.73), Schiersmann index
(p =0.65), and Huckman index (p =0.88) between the
two groups.

Assessments of body composition

The skeletal muscle index (SMI) and adipose tissue
index (ATI) were compared between the two groups
(Table 1). Significant differences between the two groups
were identified in the SMI of the abdominal muscle
(Low ASMI: 16.1£3.3; Normal ASMI: Mean:19.2+3.9;
p <0.001), paraspinal muscle (Low ASMIL: 14.8+2.7;
Normal ASMI: 17.1£2.9; p <0.001), psoas muscle (Low
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ASMILI: 4.7 +1.6; Normal ASMI: 5.3+ 1.7; p =0.041), total
abdominal muscle (Low ASMI: 35.545.6; Normal ASMI:
41.7+6.6; p <0.001), and masseter muscle (Low ASMI:
118.2 £ 25.4; Normal ASMI: 152.8£27.1; p <0.001), as
well as the ATI of the visceral adipose tissue (VAT) (Low
ASMI: 48.4+ 28.5; Normal ASMI: 63.0+29.3; p =0.008)
and subcutaneous adipose tissue (SAT) (Low ASMIL:
29.4+20.3; Normal ASMI: 51.94+36.8; p =0.001), after
controlling for age and sex. There were no significant dif-
ferences in attenuation of the skeletal muscle or adipose
tissue between the two groups.

Associations between ASMI and body composition
parameter and visual rating scale

Figure 2 outlines the correlations between ASMI and
BMI, skeletal muscle index, adipose tissue index, and
the GCA by using a partial correlation analysis control-
ling for age and sex. A higher ASMI was positively corre-
lated with higher BMI (correlation confident(r)= 0.687,
p <0.001), visceral adipose tissue index (r = 0.387,
p <0.001), subcutaneous adipose tissue index (r = 0.471,
p <0.001), abdominal muscle index (r = 0.654, p <0.001),
paraspinal muscle index (r = 0.460, p <0.001), psoas
muscle index (r = 0.240, p <0.035), total abdominal
muscle index (r = 0.685, p <0.001), and masseter mus-
cle index (r = 0.551, p <0.001). The higher ASMI was
negatively correlated with a higher global cortical atrophy
scale (r =—0.457, p <0.001). The correlation between
L3SMI and MSMI was also investigated, revealing that
a higher L3SMI was positively correlated with higher
MSMI (r = 0.488, p <0.001).

Univariate analysis and logistic regression analysis

The results of the univariate analysis and multivariate
analysis are presented in Table 2. A total of 6 variables
(BMI, VATI, SATI, L3SMI, MSMI and GCA) showing a
statistically significant odds ratio(p <0.10) were entered
into a stepwise binary regression model for the predic-
tion of low ASMI. After adjusting for age and sex, BMI
(p =0.049, OR=0.748), L3SMI (p =0.003, OR=0.705)
and GCA (p =0.002, OR=1.50) were associated with a
low ASMI. Considering the correlation between L3SMI
and MSMI, we performed the binary logistic regression
without the L3SMI variable, with the results reveal-
ing that BMI (p =0.013, OR=0.718), MSMI (p =0.010,
OR=0.960) and GCA (p =0.001, OR =1.44) were asso-
ciated with a low ASMI

Diagnostic value of BMI, GCA, and skeletal muscle index
for predicting low lean mass

The ROC curves were constructed using the predic-
tions from the logistic regression models. The sensitivity,
specificity, positive predictive values, negative predictive
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Table 1 Demographic characteristics
Low ASMI (n = 38)* Normal ASMI (n =43)3 p*
Clinical demographic data’
Age (years) 776+48 756+6.7 0.128
Gender (%)
Male 17 13 0.177
Female 21 30
Height (cm) 1556+8.7 1522+7.6 0.101
Body weight (kg) 541486 60.8+10.6 <0.001*
BMI (kg/mz) 223+30 26.21+4.0 <0.001*
Grip strength (kg) 215+89 206+73 0.731
Gait speed (m/s) 09404 10£03 0.777
CDR
0.5 31 36 1.000
1 5 5
2 2 2
Assessments of brain atrophy?
Visual rating scales
GCA 26+4 20+4 <0.001*
Brain atrophy index
El 0.35+0.04 0.35+0.04 0439
FHI 0.28+£0.03 0.28+0.03 0.247
BCR 0.16+0.03 0.15+0.03 0.525
SFR 0.06+0.02 0.06+0.02 0.734
Schiersmann index 0.29+£0.04 0.28+0.04 0.652
Huckman index 57.50+8.46 56.10+8.20 0.884
Assessments of body composition?
Dual energy x-ray absorptiometry
ASMI (kg/mz) 554+0.77 6.5010.83 <0.001*
Cross-sectional CT image at the L3 vertebral body level
Adipose tissue index (cm?/m?)
Visceral adipose tissue 4844285 63.0+£293 0.008*
Subcutaneous adipose tissue 2944203 5194368 0.001*
Skeletal muscle index (cm?/m?)
Abdominal wall muscle 16.1£33 19.2+£39 <0.001*
Paraspinal muscle 148+27 171+£29 <0.001*
Psoas muscle 47+£16 53+17 0.041*
Total muscle 355456 417466 <0.001*
Assessments of body composition?
Cross-sectional CT image at the L3 vertebral body level
Attenuation (HU)
Visceral adipose tissue —824+£155 —889+£122 0.053
Subcutaneous adipose tissue —1089+65 —1087£55 0.794
Abdominal wall muscle 212497 21.3+88 0933
Paraspinal muscle 326+6.6 305+86 0.074
Psoas muscle 398443 41.0+47 0.283
Total muscle 284472 27.7+76 0416
Cross- sectional CT image at 2 cm below the zygomatic arch
Masseter muscle index 1182+£254 152.75+27.07 <0.001*

Demographic data, cognitive function level, and assessments of brain atrophy and body composition in elderly patients with low ASMI and normal ASMI subjects

Abbreviations: ASMI Appendicular skeletal muscle index, BCR Bicaudate ratio, BMI Body Mass Index, CDR Clinical dementia rating scale, £/ Evans index, FHI Frontal horn

index, GCA Global cortical atrophy, SFR Sylvian fissure ratio

! Sex data were compared by Pearson chi-square test. CDR data were compared by Fisher’s exact test. Age data were compared by independent t test. The others

demographic data were compared by analysis of covariance (ANCOVA) after controlling for age and sex
2Visual rating scales, brain atrophy index, and cross-sectional CT image data were compared by ANCOVA after controlling for age and sex
3 Data are presented as mean = standard deviation; ** p <0.05
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Fig. 2 Associations between ASMI and body composition parameter and visual rating scale. The Partial correlation was conducted after controlling
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Adipose tissue index; BMI, Body mass index; GCA, Global cortical atrophy; L3SMI, L3 skeletal muscle index; MSMI, Masseter skeletal muscle index,
SMI, Skeletal muscle mass index
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Table 2 Univariate analysis and multivariate analysis of factors associated with low lean mass

Univariate Analysis

Multivariate Analysis'

Multivariate Analysis without

L3smI’
Variable OR (95% Cl) p value? OR (95% Cl) p value® OR (95% Cl) p value®
Age 1.062 (0.983,1.147) 0.130
Sex 1.868 (0.750, 4. 652) 0.179
BMI 0.702 (0.587,0.841) <0.001% 0.748 (0.560, 0.999) 0.049* 0.718 (0.554, 0.932) 0.013*
VATI 0.983 (0.968, 0.999) 0.042%
SATI 0.971 (0.952,0.991) 0.004*
L3SMI 0.843 (0.769, 0.924) <0.001* 0.705 (0.562, 0.885) 0.003*
MSMI 0.946 (o 921,0.971) <0.001* 0.960 (0.932, 0.990) 0.010*
GCA 1399 (1.198, 1.633) <0.001* 1496 (1.153,1.941) 0.002* 1442 (1.153,1.802) 0.001*

Abbreviations: ASMI Appendicular skeletal muscle index, BMI Body mass index, C/ Confidence interval, GCA Global cortical atrophy, L3SM/ L3 skeletal muscle index,
MSMI Masseter skeletal muscle index, OR Odds ratio, SATI Subcutaneous adipose tissue index, SMI Skeletal muscle index, VATI Visceral adipose tissue index

" The multivariate analysis was conducted after controlling for age and sex
2 Univariate Analysis: * p <0.1
3 Multivariate Analysis: * p <0.05

values, positive likelihood ratio, negative likelihood ratio,
standard error, and area under the curve of BMI, GCA,
L3SMI, MSMI for model 1 (combination of BMI, GCA
and L3SMI), and model 2 (combination of BMI, GCA and
MSMI) are shown in Table 3. The AUC of model 1 (AUC:
0.926; accuracy: 0.875; [CI] 0.844-0.972) was signifi-
cantly greater than BMI, GCA, and L3SMI individually
(AUC: 0.777, 0.820, and 0.757; [CI] 0.672-0.863, 0.713—
0.892, and 0.654—0.851; Bonferroni-adjusted p-value:
0.004, 0.020, and 0.002 respectively). The AUC of model
2 (AUC: 0.931; accuracy: 0.885; [CI] 0.857-0.979) was
significantly greater than BMI, GCA, L3SMI, and MSMI
individually (AUC: 0.777, 0.820, 0.757, and 0.827; [CI]
0.672-0.863, 0.713-0.892, 0.654—0.851, and 0.732-0.908;
Bonferroni-adjusted p-value: 0.008, 0.048, 0.035, 0.014
respectively)(Table 3) (Fig. 3) (See Supplemental Table 1,
Additional file 2). There was no significant difference

between model 1 and model 2 in the AUC (Bonferroni-
adjusted p-value=1.000). The pairwise comparison of
ROC curves are shown in Supplemental Table 1. There
was no significant difference between BMI, GCA, L3SM],
and MSMI in the AUC. (See Supplemental Table 1, Addi-
tional file 2).

Discussion

Currently, brain CT is widely used in dementia workups
as the first step brain diagnostic imaging method due to
its faster acquisition speed, cost-effectiveness, availability,
and ability to exclude other pathologies [27]. Additional
information, such as masseter muscle mass and brain
atrophy, can also be obtained by non-enhanced brain CT.
Several reliable methods, including visual rating scale
(GCA), brain atrophy parameters (EI, FHI, BCR, SER,

Table 3 Diagnostic value of BMI, GCA, and skeletal muscle index for predicting low lean mass

Sensitivity, Specificity, Positive and Negative Predictive Values and Receiver Operating Curve Model of the BMI, GCA, L3SMI, MSMI and
combination of BMI, GCA and skeletal muscle index (either L3SMI or MSMI).

Variable' Sensitivity Specificity PPV NPV +LR -LR Accuracy SE AUC (95%Cl)

BMI 0.790 0.628 0.722 0.733 2121 0.335 0.704 0.051 0.777 (0.672,0.863)
GCA 0684 0.837 0.788 0.750 4.203 0377 0.765 0.046 0.820(0.713,0.892)
L3SMI 0.622 0.791 0.719 0.708 2.970 0479 0.713 0.054 0.757 (0.654,0.851)
MSMI 0.865 0.707 0.844 0.778 2955 0.191 0.782 0.049 0.827(0.732,0.908)
Model 1° 0.919 0.837 0.829 0.923 5.645 0.097 0.875 0.028 0.926 (0.844, 0.972)
Model 2° 0919 0830 0.853 0917 6.279 0.095 0.885 0.029 0931 (0.857,0.979)

Abbreviations: AUC Area under the curve, BMI Body mass index, GCA Global cortical atrophy, L3SM/ L3 skeletal muscle index, MSMI Masseter skeletal muscle index, NPV
Negative predictive values, PPV Positive predictive values, SE Standard error, +LR Positive likelihood ratio, —LR Negative likelihood ratio

! Significantly different with all variables (p <0.05)
@ Model 1: combination of BMI, GCA and L3SMI
b Model 2: combination of BMI, GCA and MSMI
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Fig. 3 Receiver operating characteristic (ROC) curve for predicting low lean mass in cognitive impaired elderly. The ROC curves of BMI, GCA, L3SMI,
MSMI, model 1 (combination of BMI, GCA, and L3SMI), and model 2 (combination of BMI, GCA, and MSMI) for predicting low lean mass. A The AUC
of model 1 and model 2 was significantly greater than L3SMI. B There was no significant difference between BMI, GCA, L3SMI, and MSMI in the AUC.
(Table 3) (See Supplemental Table 1, Additional file 2). Abbreviations: BMI, Body mass index; GCA, Global cortical atrophy; L3SMI, L3 skeletal muscle
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Schiersmann index, and Huckman number), voxel-based
morphometry (VBM), and region of interest (ROI) analy-
ses have been used in previous studies to assess brain
atrophy/neurodegenerative disease. Although VBM and
ROI analyses are often considered more accurate meth-
ods, they require prohibitively expensive techniques and
specialized hardware. The global cortical atrophy (GCA)
scale not only reflects cortical atrophy itself but also the
degree of sulcal and ventricular dilatation secondary to
atrophy of the white matter. Previous studies have dem-
onstrated that the GCA scale can be evaluated using CT
with substantial agreement, as compared to MRI [41, 45].
Due to its efficiency, accuracy, and ease to perform, we
recommend using the GCA scale in radiology reports for
early detection of the risk of lean mass loss to facilitate
early intervention.

Clinically, some cognitively impaired elderly with low
ASMI do not exhibit significant declines in physical
performance, while others are unaware of their reduced
physical activity. Nonetheless, early detection of undi-
agnosed sarcopenia/low muscle mass is important. Pri-
mary intervention, which includes resistance training
and nutritional supplementation, is crucial. The DEXA
evaluation is presently considered the gold standard
technique both in research and in clinical practice for
the assessment of muscle mass [46]. Several studies have

shown a significant association between the CT-based
cross-section muscle mass index, including MSMI and
L3SMI, and the ASMI [35, 37]. .Its application for pre-
dicting morbidities in certain conditions (cirrhosis, pul-
monary disease, severe traumatic brain injury, etc.) has
also been reported, and is considered a marker of sarco-
penia [47-50]. .However, its representative efficacy for
determining overall body muscle mass remains debat-
able [51]. In our study, there was a significant correlation
between both MSMI and L3SMI and the ASMI. The body
mass index (BMI) has been used for evaluating nutri-
tional status; as such, a lower BMI has been commonly
recognized as a marker for poor nutrition status [52]. Of
note, the association between late-life BMI and dementia
is still inconclusive. Some studies have identified late-life
obesity (or high BMI) as a protective state for dementia,
commonly termed the “obesity paradox” [53—55]. In our
study, a lower BMI is independently associated with lean
body mass loss in cognitively impaired elderly, which may
reflect poor nutrition and physical activity [56]. In addi-
tion, our study noted a positive correlation between brain
volume and body muscle mass, as also demonstrated in
a previous study [16]. The degree of brain atrophy in the
low ASMI group was significantly higher than that of the
normal ASMI group, suggesting that brain atrophy and
muscle wasting may occur concurrently. One previous
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study has also revealed a strong relationship between
lean mass and white matter volume in participants both
with and without dementia [11].

Our logistic regression results showed that several
body composition and brain atrophy parameters (BMI,
L3SMI, MSMI, and GCA) were predictive of low ASMI
independently of other possible confounders. How-
ever, none of these attained optimal cutoff values, with
both sensitivity and specificity at >80%, resulting in an
AUC<0.85. The combination of the BMI, GCA score, and
one of SMI (L3SMI (model 1) or MSMI (model 2)) into
a single risk score enhanced the predictive accuracy of
low ASMI, with both sensitivity and specificity at >80%
and AUC>0.9, and showed significantly better predic-
tive accuracy than BMI, GCA, L3SMI, and MSMI indi-
vidually. No statistically significant difference was found
between the two models in predicting low ASM], indicat-
ing that MSMI could serve as an alternative marker for
body muscle mass loss.

Recent studies have also demonstrated that masseter
muscle mass is a simple and effective tool for assessing
sarcopenia in elderly populations [34-36, 50]. Addition-
ally, it is regarded as an effective predictor of early mor-
tality following traumatic brain injury in the elderly [34,
36, 50]. For this reason, we suggest using MSMI as part of
a muscle wasting assessment as it provides equally valid
results as L3SMI, and is more accessible and easier to
perform due to the lack of specialized software or ardu-
ous image analysis. Furthermore, a clinician can concur-
rently obtain reliable information regarding brain atrophy
and skeletal muscle loss in a simple, non-enhanced brain
CT scan.

Previous studies have suggested that the mechanism
of the brain-muscle axis remains unclear, and is consid-
ered to be multifactorial [15, 16]. In the present study,
brain volume is positively correlated with body lean
mass. Masseter muscle mass loss may limit the action
of mastication, leading to poor nutrient intake and mal-
nutrition. Malnutrition may further aggravate the loss
of muscle mass, resulting in poor muscle strength and
reduced physical activity. Abdominal muscle wasting
may reflect a deficiency in core stability, low physical
activity, and unsteadiness which collectively increase
the risk of adverse events, including falls. In addi-
tion, muscle wasting may further affect brain volume
by impairing certain physiological functions, such as
glucose regulation, hormone production, and cellular
communication, which can also regulate neuroinflam-
matory responses and lead to neuroendocrine dys-
regulation and brain atrophy [57, 58]. Recent evidence
shows that adequate physical activity not only enhances
muscle mass and strength, but also benefits cognitive
function and brain volume in the elderly with cognitive
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deficits [59-62]. Several pathophysiology pathways of
neurologic insults, affecting brain atrophy and mus-
cle wasting simultaneously, have been demonstrated in
previous studies, such as primary reward system defi-
cit, visuomotor control failure, and gait and balance
associated white matter alterations [63—67]. Further-
more, any condition that causes inflammation not only
increases muscle catabolism and impairs myogenesis
leading to muscle wasting, but also alters blood-brain
barrier functions and reduces neural plasticity, result-
ing in neurodegenerative diseases and brain atrophy
[68—71]. Chronic illnesses and other conditions lead-
ing to prolonged inactivity, inadequate nutrient intake,
and poor nutrient absorption, may also result in both
muscle wasting and neurodegeneration [72]. As such,
early detection and intervention for elderly patients
with a higher risk of brain atrophy and muscle wasting
is necessary.

Several limitations to our study should indeed be men-
tioned. First, the population of our study consisted only
of cognitively impaired elderly recruited from a single
medical center, composing a relatively small sample size,
thus limiting the generalizability of the results. Second,
the study cannot infer causality between brain volume
and body composition as the temporal sequence can-
not be established in a cross-sectional study. To achieve
this, further long-term longitudinal study is necessary.
Third, measurement of masseter cross-sectional area
was performed twice by a trained investigator manually
to reduce the partial volume effect; however, the pos-
sibility of intra-examiner errors cannot be completely
excluded. Several studies have documented automatic
or semi-automatic segmentation methods in masseter
muscle area measurement, while manual segmenta-
tion, offers more convenience and availability for clinical
physicians. In addition, future research should involve a
multi-center prospective analysis, and include additional
patient characteristics, such as dental status, nutrition
status, and inflammatory biomarkers which may affect
both muscle mass and brain atrophy, and provide more
conclusive evidence regarding brain atrophy. Finally,
further research is needed to provide evidence of appli-
cability in other population groups, such as the elderly
with normal cognitive function, the elderly with known
neurodegenerative diseases, and cerebral atrophy in
younger persons.

In conclusion, we herein demonstrate a significant
association between low lean mass and brain volume
loss in elderly Taiwanese with cognitive deficiency. The
combination of BMI, GCA, and SMI, either L3SMI or
MSMLI, achieved good predictive accuracy for low ASML
Early detection of such patients is necessary to facilitate
further treatment and prevent adverse events, thereby
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improving quality of life in the elderly. Further clarifica-
tion of the underlying mechanisms of muscle wasting,
and future studies involving additional parameters and
various conditions are required.
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