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Abstract: Background: Sarcopenia is critically associated with morbidity and mortality in
the progression of Parkinson’s disease (PD). However, analyses of clinical severity and brain
changes, such as white matter (WM) alterations in PD patients with sarcopenia are limited.
Further understanding of the factors associated with sarcopenia may provide a focused screen and
potential for early intervention in PD patients. Methods: 52 PD patients and 19 healthy participants
accepted dual-energy X-ray absorptiometry to measure the body composition. Using diffusion
tensor imaging, the difference of WM integrity was measured between PD patients with sarcopenia
(PDSa) and without sarcopenia (PDNSa). Multivariate analysis was performed to explore the
relationships between clinical factors, WM integrity, and sarcopenia in PD patients. Results: 21 PD
patients (40.4%) had sarcopenia. PDSa had a higher Unified Parkinson’s Disease Rating Scale
(UPDRS I1I) score, lower body mass index (BMI) and lower fat weight compared with the PDNSa.
Additionally, PDSa patients exhibited lower fractional anisotropy accompanied by higher radial
diffusivity and/or higher mean diffusivity in the fronto-striato-thalamic circuits, including bilateral
cingulum, left superior longitudinal fasciculus, left genu of corpus callosum, and right anterior
thalamic radiation, which participate in the executive function. In addition, decreased muscle mass
was associated with worse WM integrity in these regions. Multiple linear regression analysis revealed
that WM integrity in the left cingulum, right anterior thalamic radiation, together with gender (male)
significantly predicted muscle mass in PD patients. Conclusions: WM alterations in the executive
network, such as the fronto-striato-thalamic circuits, may indicate a risk factor for ongoing sarcopenia
in PD patients. The effectiveness of using executive function to serve as a prodromal marker of
sarcopenia in PD patients should be evaluated in future studies.
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1. Introduction

Parkinson’s disease (PD) is a neurodegenerative movement disorder, which presents with motor
and non-motor symptoms, such as cognitive declined and physical frailty, declining clinical conditions
and quality of life [1]. A high prevalence of sarcopenia in PD patients with qualitative and quantitative
deterioration of skeletal muscle has been reported [2]. In particular, patients presenting advanced
age, longer disease duration, and higher disease severity demonstrate susceptibility to developing
sarcopenia [2]. Commonly occurring features, such as motor impairment, difficulty in swallowing and
malnutrition, are risk factors that may accelerate the progression of sarcopenia [3]. While instances
of concurrent diagnoses of sarcopenia and PD are potentially high, more thorough investigation is
required. Of note, the associations between sarcopenia and neurological diseases remain unclear,
such as the specific pathways shared by PD and sarcopenia, and their interactions.

The pathology of Parkinson’s disease involves cerebral white matter (WM), while several affected
regions may be associated with executive function [4]. Executive dysfunction is noted at the early
stage of PD and as a predictor of the development of dementia and frailty [5,6]. Although clinical
cognitive impairment and sarcopenia may concurrently present in PD patients, it is unclear whether
the specific pathological changes of brain structure in PD patients, such as executive function-related
WM alterations, are associated with onset of sarcopenia. Thus, the impact of executive dysfunction
and other related factors are critical issues requiring further study in PD patients with sarcopenia.

Elucidation of the factors associated with sarcopenia could provide a focused screen and possibility
for early intervention in PD patients. We hypothesize that brain damage causing cognitive impairment,
such as executive dysfunction, may predict the presence of sarcopenia. This study aims to (1) measure
muscle and fat in PD patients by dual-energy X-ray absorptiometry; (2) evaluate WM integrity in PD
patients using diffusion tensor imaging (DTI); (3) evaluate the relationships between sarcopenia and
WM alterations in PD patients.

2. Materials and Methods

2.1. Participants

The 52 PD patients included in the study (21 men and 31 women; mean age 61.7 + 10.6 years)
had no other neurological diseases, psychiatric illnesses, contraindication to magnetic resonance
imagining (MRI), nor psychotropic medication. The patients with idiopathic PD were diagnosed
by an experienced neurology specialist in the Neurology Department of Kaohsiung Chang Gung
Memorial Hospital, in accordance with the United Kingdom Brain Bank criteria. The mean duration of
disease was 2.2 + 2.2 years. The functional status and disease severity were assessed with the Unified
Parkinson’s Disease Rating Scale (UPDRS), the modified Hoehn and Yahr Staging Scale, and the
Schwab and England Activities of Daily Living Scale.

All the PD patients had dopaminergic medications. The mean levodopa equivalent daily dose
(LEDD) [7] was 505.14 + 376.43 mg, and the mean duration of treatment was 20.8 + 25.0 months.
For comparison, 19 healthy participants (10 men and 9 women; mean age 60.3 + 7.6 years) without
sarcopenia, neurological diseases, psychiatric illnesses, head injury, or alcohol/substance abuse were
recruited as a normal control group (NC).

This study was approved by the Kaohsiung Chang Gung Memorial Hospital Ethics Committee in
Taiwan, and had been conducted in accordance with the Declaration of Helsinki. All the participants
provided written informed consent prior to participation in the study. The ethical code of this study is
“103-6906A3".

2.2. Sarcopenia-Associated Measurements

The body composition was measured using dual-energy X-ray absorptiometry (Hologic Horizon
W software ver.13.6.0.3; Hologic Inc., Marlborough, MA, USA). We calculated the appendicular skeletal
muscle mass (ASM) by summing muscle mass in the extremities. The appendicular skeletal muscle
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mass index (ASMI) was defined as ASM in kilograms divided by the square of the height in meters.
According to the Sarcopenia and Translational Aging Research in Taiwan [8], sarcopenia was defined
as ASMI(ASM/h?) <6.76 for men and <5.28 for women. The PD patients were then divided into the
group with sarcopenia (PDSa) and the group without sarcopenia (PDNSa).

2.3. Diffusion Tensor Imaging (DTI) Acquisition

All subjects were scanned on a 3T MRI system with an 8-channel head coil (General Electric
Healthcare, Milwaukee, WI, USA). Using a single shot spin-echo echoplanar imaging sequence,
DTI was scanned in the axial plane along the anterior-posterior commissure line (55 slices without
gaping, voxel size 1 x 1 x 2.5 mm?¥ field of view 256 mm, matrix size 256 X 256, number of
excitations 3, repetition time/echo time 15,800/77 ms). The diffusion images gradient encoding schemes
consisted of 13 non-collinear directions (b-value = 1000 s/mm?) and one non—diffusion-weighted image
(b-value = 0 s/mm?).

2.4. Data Preprocessing

A description of DTI data processing was presented in our previous study [9] as
Supplementary File 1. The diffusion tensor model was fitted in each voxel for the fractional anisotropy
(FA), mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD) values.

2.5. Analysis of Demographic Data Differences between Groups

The demographic data, including age, ASMI, body mass index (BMI), height and Mini-Mental
State Examination were compared using the analysis of variance. Gender was compared using the
Pearson Chi-square test. The disease duration, UPDRS, the modified Hoehn and Yahr Staging Scale,
the Schwab and England Activities of Daily Living Scale, LEDD, and treatment duration were compared
using the t-test for independent samples. Statistical significance was set at p < 0.05.

2.6. Analysis of Body Composition Differences between Groups

The analysis of variance was used to compared the body composition of the participants between
three groups. Multiple comparison analysis testing with Bonferroni correction was used to show the
group differences.

2.7. Analysis of Group Comparison of Fractional Anisotropy (FA) Values

We used the Statistical Parametric Mapping 8 (University College London, UK), which used
MATLAB (Mathworks, USA) for voxel-wise group comparisons. We analyzed smoothed, normalized
FA images within the framework of a general linear model, whereas analysis of covariance was
performed with age and sex as covariates to measure the FA differences between PDSa and PDNSa
groups. The FA threshold of the mean WM was set at 0.2 to successfully exclude voxels, which consisted
of gray matter or cerebrospinal fluid in most subjects. The statistical inferences were considered
significant under the criteria of cluster level family-wise error corrected p-value <0.05, with a cluster
size of >215 voxels, based on the Monte Carlo simulation (3dClusterSim with the following parameters:
single voxel p-value <0.001, full width at half maximum = 8 mm with gray matter mask, and 5000
simulations). The most probable fiber tracts and anatomic locations of each significant cluster were
determined using the FSL atlas tool (http://www.fmrib.ox.ac.uk/fsl/fslwiki/Atlases).

2.8. Analysis of Regions of Interest

Based on whole-brain voxel-wise comparisons, the regions of interest (ROI) were determined the
mean FA value of each significantly different area between PDSa and PDNSa. We used the Marsbar
toolbox (http://marsbar.sourceforge.net/download.html) to extract the ROl masks. Multivariate analysis
of covariance was used to compared the mean DTI-related indices of these areas between groups,


http://www.fmrib.ox.ac.uk/fsl/fslwiki/Atlases
http://marsbar.sourceforge.net/download.html

Int. |. Environ. Res. Public Health 2019, 16, 4884 40f12

controlling for age, gender, and LEDD. Partial correlation was used to determine the relationship
between FA of the ROI and ASMI, controlling for age, gender, and LEDD. Linear regression was used
to illustrate the trend of lower ASMI with lower FA values in the ROI Then, stepwise multiple linear
regression was used to predict the association between ASMI and FA of the ROI, with age, gender,
disease duration, UPDRS 111, treatment duration, and LEDD as covariates. Figure 1 presents the flow
chart of the study’s algorithm.

52 PD patients 19 Normal conrtol
(214,31%) (105,99)

Y
Measure body composition by
Dual-energy x-ray
absorptiometry

Sarcopenia
ASMI <6.76 for men
<5.28 for women

\ Y
21 PD with sarcopenia 31 PD without sarcopenia

(1246 ,99) (96,229)

\

Measure WM integrity
between PD with and without sarcopenia
by Diffusion tensor imaging

Analysis of covariance

Y

ROI : FA value of significantly different areas between PD
with and without sarcopenia

*Partial correlation
*Linear regression
*Stepwise multiple linear regression

Relationship between FA of the ROl and ASMI

Figure 1. The flow chart of the study’s algorithm. PD = Parkinson’s disease; ASMI = appendicular
skeletal muscle mass index; WM = white matter; ROI = regions of interest; FA = fractional anisotropy.

3. Results

3.1. Demographic and Clinical Characteristics

The demographic characteristics results of the three groups (NC, PDNSa, and PDSa), and clinical
severity of PD were listed in Table 1. Twenty-one patients with PD (40.4%) exhibited sarcopenia.
The ASMI and BMI were lowest in the PDSa groups. The UPDRS III and total score were significantly
higher in the PDSa than in the PDNSa groups. There were no significant differences in age, gender,
height, and Mini-Mental State Examination between the three groups. Also, there were no significant
differences in disease duration, UPDRS I and II score, the modified Hoehn and Yahr Staging Scale, the
Schwab and England Activities of Daily Living Scale, LEDD, or treatment duration between the PDSa
and the PDNSa groups.
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Table 1. Demographic and clinical characteristics of the participants.

NC (n=19) PDNSa (n = 31) PDSa (n =21) 4

Age (year) ? 60.3 7.6 60.3 +£9.8 63.7 £ 11.6 0.430
Gender (Male) 10 (52.6%) 9 (29.0%) 12 (57.1%) 0.088
ASMI (ASM/ht2) 2 70+11 6.5+ 0.8 5507 <0.001 *
BMI 2 25.0 + 2.6 26.1+3.1 214+35 <0.001 *
Height(cm) @ 163.0 + 7.5 158.4 + 7.0 1601 +7.2 0.089
MMSE 2 27.0+23 260+ 4.6 255+ 42 0.519
Disease duration — 24424 19+20 0.453
(year) ©
UPDRS ©

I — 34421 38430 0.637

11 — 72443 9.9 + 5.4 0.057

i — 17.6 +12.5 291+ 124 0.002 *

total — 282+17.0 27+175 0.005 *
Modified H&Y — 16+11 1.6+10 0.923
stage
S&E © — 83.6 + 16.8 83.5 = 10.4 0.991
LEDD © — 439.3 +373.6 602.5 + 367.8 0.126
Treatment duration — 21.9 +26.5 17.8 +22.7 0.568
(month) ©

NC = normal control; PDNSa = Parkinson’s disease without sarcopenia; PDSa = Parkinson’s disease with sarcopenia;
MMSE = Mini-Mental State Examination; Modified H&Y stage = Modified Hoehn and Yahr Staging Scale;
S&E = Schwab and England Activities of Daily Living Scale; Data are presented as mean + standard deviation (SD);
2 Analysis of variance; ® Pearson Chi square test; © t-test for independent samples; * p < 0.05

3.2. Body Composition

The body composition data of the three groups was presented in Table 2. Compared to the NC,
the PDNSa groups had higher fat weight and higher fat percentage in extremities. The PDSa groups
had the least fat weight of the three groups. The PDNSa groups had lower muscle percentage than the
NC. The PDSa groups had lower muscle weight than the NC. These data imply that sarcopenia is not
only a disease resulting in decreases of muscle mass but also of fat mass.

Table 2. Body composition by dual-energy X-ray absorptiometry of the participants.

NC (n=19) PDNSa (n = 31) PDSa (n =21) 4

Fat (g)

Arms 2932.1 + 907.0 3742.4 + 14579 4 2337.8 +802.2 2 <0.001

Legs 6503.6 + 1885.4 8303.3 + 3236.6 2 5601.2 + 1673.6 # 0.001

Four limbs 9435.7 + 2638.3 * 12,045.7 + 4571.4 *4 7938.9 +2422.1 4 0.001
Fat of total @ (%)

Arms 357 +103* 43.6 £12.0** 369+115% 0.035

Legs 314 +84* 38.1+10.1*% 33.7 £ 8.5 0.039

Four limbs 326+87* 39.7+104* 34.6+9.2 0.035
Muscle mass (g)

Arms 5093.7 + 1405.5 ¢ 4346.0 + 1366.4 37319 + 984.3 ¢ 0.006

Legs 13,644.7 +2937.4 ¢ 12,817.8 + 5261.4 10,350.6 + 1848.1 ¢ 0.028

Four limbs 18,738.4 + 4294.7 ¢ 17,163.8 + 6276.4 14,0825 + 2781.8 ¢ 0.015
Muscle mass of total 2 (%)

Arms 60.6 £9.8* 513 +12.8* 59.2 +11.0 0.011

Legs 65.1 +8.3 589 +9.8 62.8 +8.2 0.056

Four limbs 63.8+85* 56.6 + 10.0 * 61.8 + 8.6 0.024

2 Total = Fat + Bone mineral content + Muscle mass (g); Multiple comparison analysis testing with Bonferroni

correction (p < 0.05): * NC vs. PDNSa, * NC vs. PDSa, © PDNSa vs. PDSa.
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3.3. Brain Alterations in DTI

Table 3 and Figure 2 presented the ROI with significant differences in FA values between the PDSa
and the PDNSa. The PDSa had lower FA values in the left occipital WM, left superior longitudinal
fasciculus (SLF), left genu of corpus callosum (CC), right temporal WM, right parahippocampal gyrus,
right anterior thalamic radiation (ATR), right anterior cingulate, and bilateral cingulum.

Lt. Cingulum

Rt. Temporal Rt. Parahippocampal Rt. Cingulum Rt. Anterior  Lt. Occipital
A 5

gyrus

Lt. Genu of CC

U

X=+48

Rt. Anterior

E thalamic radiation

Lt. SLF/lnsula  Bil. Cingulum Lt. SLF

+22 +45 2 3 4 5 6

Figure 2. Lower FA values in PD patients with sarcopenia versus without sarcopenia.
Anatomical changes are superimposed on the T1 template located in Montreal Neurological Institute
(MNI) space in (A) sagittal and (B) axial view. The numbers in the lower right corner of each image
represent the MNI in (A) x- and (B) z-coordinates respectively. WM = white matter; SLF = superior
longitudinal fasciculus; CC = corpus callosum.
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Table 3. Regions showing FA differences among PD patients with and without sarcopenia.

7 of 12

MNI Atlas coordinates

FA, mean + SD

. . Diffusivity Values (PDNSa—-PDSa) (x10~6 mm?/s)
Cluster y 2 Voxel Size WM Tract Near Cortical Area PDNSa PDSa Tmax MD AD RD
1 -5 -89 14 353 Left occipital WM Left cuneus 0.254 + 0.048 0.196 + 0.023 5.82 —131.25** -92.18 —150.79 **
2* —47 -7 45 394 Left SLF Left precentral gyrus 0.328 + 0.045 0.258 + 0.042 481 —131.04 ** —-70.45 —161.34 **
3* -6 30 -11 409 Left genu of CC Left anterior cingulate 0.350 + 0.024 0.321 + 0.031 4.76 —62.01 —42.95 —71.54 **
4 48 =31 5 459 Right temporal WM Right superior temporal gyrus 0.383 + 0.042 0.346 + 0.037 4.52 -25.31 -13.59 —44.76 **
5 48 -34 -20 227 Right temporal WM Right fusiform gyrus 0.245 + 0.051 0.195 + 0.036 423 —63.53 ** —22.84 —83.89 **
6 32 -30 -17 287 Right parahippocampal gyrus Right parahippocampal gyrus 0.264 + 0.031 0.222 + 0.024 4.19 —40.19 ** -9.10 —55.73 **
ghtp Pp pal gy’ ghtp pPp pal gy’
7* 10 -2 3 661 Right ATR Right thalamus 0.520 + 0.028 0.489 + 0.028 4.14 —25.84 -3.06 —37.24**
8 6 -26 36 594 Right cingulum Right cingulate gyrus 0.373 + 0.031 0.347 + 0.042 4.06 —34.91 ** -18.61 —43.05 **
9 4 26 -12 240 Right anterior cingulate Right anterior cingulate 0.268 + 0.034 0.219 + 0.041 4.01 -37.89 -2.19 -57.93
10* -7 -39 31 429 Left cingulum Left cingulate gyrus 0.373 + 0.026 0.348 + 0.020 3.96 —24.30 ** -3.12 —34.89 **
11 =32 -10 22 271 Left SLF Left insula 0.459 + 0.026 0.424 + 0.033 3.67 —29.46 —4.67 —41.86 **

Superior longitudinal fasciculus = SLF; Corpus callosum = CC; Anterior thalamic radiation = ATR; FA = fractional anisotropy; MD = mean diffusivity; AD = axial diffusivity; RD = radial
diffusivity; MNI = Montreal Neurological Institute; Location of maximum effect (p < 0.05, family-wise error corrected with alphasim, cluster > 215) was described in the MNI space. *
Cluster (p < 0.0045, correlation with ASMI, after controlling for age, gender and LEDD); ** The FA, MD, AD, and RD values were compared between the PDNSa and PDSa by analysis of
covariance after controlling of age, gender and LEDD.
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Table 3 also presented the lower FA values in the PDSa group associated with differences in other
diffusivity indices, including (1) increased MD and RD values in the left occipital WM, left SLF, right
temporal WM, right parahippocampal gyrus, and bilateral cingulum; (2) increased RD values in the
left genu of CC, right temporal WM, and right ATR. There were no significant differences in the AD
values of these ROI between the two groups.

Using partial correlation, we found significantly associations between ASMI and FA of the ROl in
the left SLF, left genu of CC, right ATR, and left cingulum, after controlling for age, gender, and LEDD.
Statistical significance was set at p < 0.0045 (0.05/11). Figure 3 demonstrated the trend of lower ASMI
with lower FA values in those regions using linear regression. FA of right ATR, FA of left cingulum,
and gender significantly predicted the skeletal muscle mass in PD patients. The 3-coefficient of ASMI
associated with FA of right ATR was 0.316 (p = 0.012), with FA of left cingulum was 0.320 (p = 0.010),
and with gender was 0.340 (male, p = 0.003). The final model was more informative (R2 = 53.4%,
adjusted R2 = 48.2%).

Left superior longitudinal fasciculus Left genu of corpus callosum
9 9
@ @
8 8 L] L
— — .. L[]
E 7 E T ® o, o . ®
(%] v
< 6 < 6 @
. ] oe 8d o
5 s & s e % P=0.001 : T i PO e
4 . ®  RP=0.1235 2 o ¢ R?=0.1153
0.15 0.20 0.25 0.30 0.35 0.40 0.25 0.30 0.35 0.40
FA FA
Right anterior thalamic radiation Left cingulum
9 9
o °
8 8 <
= iy =
2 =
7] 7]
< 6 <
5
4
0.40

Figure 3. Linear regression between ASMI and FA of the ROI in cluster left superior longitudinal
fasciculus, left genu of corpus callosum, right anterior thalamic radiation, and left cingulum.
ASMI = appendicular skeletal muscle mass index; FA = fractional anisotropy.

4. Discussion

This study reveals that the PDSa group has a higher UPDRS III score and lower BMI compared
with the PDNSa group. DTI reveals the WM integrity alterations in the PDSa as lower FA accompanied
with higher RD and/or higher MD mainly in the fronto-striato-thalamic circuits, including the bilateral
cingulum, left SLF, left genu of CC, right ATR, and right anterior cingulate, which participate
prominently in the executive function. Lower FA values are also noted in the regions of the right
parahippocampal gyrus, left occipital and right temporal WM. Moreover, decreased ASMI is associated
with reduced FA in the fronto-striato-thalamic circuits. To identify the predictive factor of sarcopenia in
PD patients, low FA values in the left cingulum, right ATR, and the gender factor exhibit the strongest
correlations with decreased muscle mass. To the best of our knowledge, this is the first study to report
the potential pathogenesis of altered WM integrity in PD patients with sarcopenia using DTI.

Consistent with a previous study [10], the PDSa group exhibited a higher UPDRS III score than
the PDNSa group, this score is used to evaluate motor skills, including limb movement, gait, and body
bradykinesia [11]. Our result indicates that sarcopenia in PD patients is associated with diminished
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motor abilities. This finding may explain that low body mass index(BMI) [12], decreased lean mass [13],
and abnormal ratio of fat mass [12,13] in PD patients notably increase the risk of disability in daily
activities [14]. Multiple linear regression analysis demonstrates that the male gender factor is a
significant predictor of decreased skeletal muscle mass, consistent with a previous study [2].

Sarcopenia exhibits varying characteristics at different stages of PD [2]. In the early stage of
PD, patients more commonly present overweight and central obesity than healthy persons [15],
while patients in the late stage commonly present underweight [16]. Our result of the body composition
implies that sarcopenia is not only a disease resulting in decreased muscle mass but also fat mass.
Our study demonstrates that the PDNSa group exhibits higher fat mass and lower muscle mass
than healthy persons, while the PDSa group exhibits the least fat and muscle of the three groups.
These findings suggest that sarcopenia in PD patients exhibits a tendency toward higher percentage
of fat loss than percentage of muscle loss. Interestingly, this result is similar to a recent study which
reveals that fat mass index is reduced in PD patients, and reduced fat is associated with higher risk of
motor complications in PD [17], corresponding with the higher UPDRS III score of the PDSa patients
in this study. Although the pathophysiology of this finding is unclear, higher BMI, fat mass, and
lean body mass in elders have a positive association with better cognitive performance, especially in
executive function [18,19]. In contrast, enhanced fat loss resulting from sarcopenia is associated with
decreased cognitive function

The fronto-striato-thalamic circuits are five circuits which originate in the prefrontal cortex,
project to the striatum, connect to the globus pallidus and substantia nigra, and then connect to
thalamic nuclei, finally linking back to the prefrontal cortex [20]. Two of these circuits, including
the dorsolateral prefrontal circuit and anterior cingulate circuit, play noticeable roles in executive
function [20]. Dopamine depletion in PD patients disrupts the fronto-striato-thalamic circuits, and
leads to executive impairment [21]. According to our results, DTI reveals the WM damage to the right
anterior cingulate, right ATR, left SLF, and left genu of CC. All of these regions participate, to varying
degrees, in the dorsolateral prefrontal circuit or anterior cingulate circuit [22-24]. Executive function
relies not only on the fronto-striato-thalamic circuits but also on several other regions, such as the
medial temporal lobe and parahippocampal cortex [25], which also revealed WM damage in this
study. The anterior cingulate circuit is involved in motivation and the reward systems [20]. In PD, the
down-regulated dopamine level results in diminished reward signals [26]. Muscle training often occurs
in daily activity. Decreased executive function and reward signals result in decreased motivation of
movement and declining physical activity [27], thus subsequently leading to disuse muscle atrophy in
PD patients [28].

Whether the executive dysfunction and sarcopenia share common etiologies and physiologic
alterations, or whether there exists a causal relationship remains unclear. Several possible mechanisms
may explain how sarcopenia is related to executive dysfunction. First, executive dysfunction is
associated with earlier onset of frailty, which manifestes as a syndrome comprising decreased activity
and inadequate dietary intake, possibly triggering excessive muscle wasting [6,27]. Second, adipose
tissue secretes leptin, which contributes to prevention of cognitive decline in older adults [29]. Third,
a common pathophysiology shared by sarcopenia and executive dysfunction exists in the inflammatory
pathways. Elevated circulating inflammatory mediators such as interleukin-6 are detectable in
both PD and sarcopenia patients [30,31]. Interleukin-6 is associated with the muscle loss and poor
physical performance in PD patients [30], and is inversely associated with executive function and
WM volumes [32]. Additionally, body fat mass is an important source of endogenous estrogen after
menopause, which may prevent cognitive decline [33].

5. Limitations

There indeed several limitations to this study. First, our research contains a relatively small
sample size. While sarcopenia is defined using the cutoff points of ASMI provided by the Sarcopenia
and Translational Aging Research in Taiwan [8], despite being widely accepted in Taiwan it may
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not accurately represent the general population of PD patients. More ethnically diverse populations
should be considered for future study. Second, ASMI is important for the diagnosis of sarcopenia;
however physical performance and muscle strength, such as gait speed and handgrip strength, are
also variables used to measure sarcopenia. The absence of these measurements is likely to affect the
estimation of sarcopenia. Third, the retrospective case control study approach is not truly appropriate
for establishing a causal relationship between sarcopenia and executive dysfunction in PD patients;
therefore, a future prospective study is recommended to address this issue. Despite these limitations,
we believe this study acts as a foundation for establishing the relationship between WM alterations
and development of sarcopenia in PD patients.

6. Conclusions

This study demonstrates a high prevalence of sarcopenia in studied PD patients. The results herein
suggest that WM alterations in the executive functional network, such as the fronto-striato-thalamic
circuits, may indicate a risk factor for ongoing sarcopenia in PD patients. The effectiveness of using
executive function as a prodromal marker of sarcopenia in PD patients requires further investigation

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/16/24/4884/s1,
Supplementary File 1: Diffusion Tensor Imaging data processing.

Author Contributions: Conceptualization, C.-Y.L., Y.-5.C., M.-H.C. and W.-C.L.; Data curation, C.-Y.L., H-L.C.,
C.-H.L. and Y.-C.H.,; Formal analysis, C.-Y.L.,, P-C.C,, P-L.C. and C.-K.W.; Funding acquisition, W.-C.L.;
Investigation, C.-Y.L.; Methodology, C.-Y.L., H.-L.C., P-C.C. and P-L.C.; Project administration, W.-C.L.; Resources,
C.-HL. and Y.-C.H.; Software, P-C.C. and K.-H.C.; Supervision, W.-C.L.; Validation, H.-L.C. and W.-C.L,;
Visualization, P.-C.C. and K.-H.C.; Writing—original draft, C.-Y.L.; Writing—review and editing, Y.-5.C. and
W.-C.L.

Funding: This research was funded by the National Science Council (grant number MRPG8G6141-2
106-2314-B-182A-031-MY2 and NMRPGS8J6021 MOST 108-2314-B-182A-014-MY3).

Acknowledgments: The authors wish to thank the MRI Core Facility of Chang Gung Memorial Hospital, and
all the subjects who participated in this study. The authors would also like to thank James Waddell for the
proofreading and revision of this manuscript.

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

Abbreviations

Axial diffusivity AD
Appendicular skeletal muscle mass ASM
Appendicular skeletal muscle mass index ASMI
Body mass index BMI
Corpus callosum CcC
Diffusion tensor imaging DTI
Fractional anisotropy FA
Levodopa Equivalent Daily Dose LEDD
Mean diffusivity MD
Normal control NC
Parkinson’s disease PD

PD patients with sarcopenia PDSa
PD patients without sarcopenia PDNSa
Radial diffusivity RD
Regions of interest ROI
Superior longitudinal fasciculus SLF
Unified Parkinson’s Disease Rating Scale UPDRS

White matter WM


http://www.mdpi.com/1660-4601/16/24/4884/s1

Int. |. Environ. Res. Public Health 2019, 16, 4884 11 of 12

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Goldman, J.G; Litvan, I. Mild cognitive impairment in Parkinson’s disease. Minerva Med. 2011, 102, 441-459.
[PubMed]

Vetrano, D.L.; Pisciotta, M.S.; Laudisio, A.; Lo Monaco, M.R.; Onder, G.; Brandi, V.; Fusco, D.; Di Capua, B.;
Ricciardi, D.; Bernabei, R.; et al. Sarcopenia in Parkinson Disease: Comparison of Different Criteria and
Association with Disease Severity. J. Am. Med. Dir. Assoc. 2018, 19, 523-527. [CrossRef] [PubMed]

Shiozu, H.; Higashijima, M.; Koga, T. Association of sarcopenia with swallowing problems, related to
nutrition and activities of daily living of elderly individuals. J. Phys. Ther. Sci. 2015, 27, 393-396. [CrossRef]
[PubMed]

Rae, C.L.; Correia, M.M.; Altena, E.; Hughes, L.E.; Barker, R.A.; Rowe, ].B. White matter pathology
in Parkinson’s disease: The effect of imaging protocol differences and relevance to executive function.
Neuroimage 2012, 62, 1675-1684. [CrossRef] [PubMed]

Dirnberger, G.; Jahanshahi, M. Executive dysfunction in Parkinson’s disease: A review. J. Neuropsychol. 2013,
7,193-224. [CrossRef]

Gross, A.L.; Xue, Q.L.; Bandeen-Roche, K.; Fried, L.P.; Varadhan, R.; McAdams-DeMarco, M. A.; Walston, J.;
Carlson, M.C. Declines and Impairment in Executive Function Predict Onset of Physical Frailty. J. Gerontol.
A Biol. Sci. Med. Sci. 2016, 71, 1624-1630. [CrossRef]

Tomlinson, C.L.; Stowe, R.; Patel, S.; Rick, C.; Gray, R.; Clarke, C.E. Systematic review of levodopa dose
equivalency reporting in Parkinson’s disease. Mov. Disord. 2010, 25, 2649-2653. [CrossRef]

Wu, 1.C,; Lin, C.C.; Hsiung, C.A.,; Wang, C.Y.; Wu, C.H.; Chan, D.C,; Li, T.C.; Lin, W.Y.; Huang, K.C,;
Chen, C.Y;; et al. Epidemiology of sarcopenia among community-dwelling older adults in Taiwan: A pooled
analysis for a broader adoption of sarcopenia assessments. Geriatr. Gerontol. Int. 2014, 14 (Suppl. 1), 52-60.
[CrossRef]

Chen, H.L.; Lu, C.H.; Lin, H.C.; Chen, P.C.; Chou, K.H.; Lin, WM.; Tsai, N.W.; Su, Y.].; Friedman, M.; Lin, C.P;
et al. White matter damage and systemic inflammation in obstructive sleep apnea. Sleep 2015, 38, 361-370.
[CrossRef]

Drey, M.; Hasmann, S.E.; Krenovsky, J.P.; Hobert, M.A.; Straub, S.; Elshehabi, M.; von Thaler, A.K,;
Fallgatter, A.J.; Eschweiler, G.W.; Suenkel, U,; et al. Associations between Early Markers of Parkinson’s
Disease and Sarcopenia. Front. Aging Neurosci. 2017, 9, 53. [CrossRef]

Ramaker, C.; Marinus, J.; Stiggelbout, A.M.; Van Hilten, B.J. Systematic evaluation of rating scales for
impairment and disability in Parkinson’s disease. Mov. Disord. 2002, 17, 867-876. [CrossRef] [PubMed]
Beyer, PL.; Palarino, M.Y.; Michalek, D.; Busenbark, K.; Koller, W.C. Weight Change and Body Composition
in Patients with Parkinson’s Disease. . Am. Diet. Assoc. 1995, 95, 979-983. [CrossRef]

Revilla, M.; Jiménez-Jiménez, E; Villa, L.; Hernandez, E.; Orti-Pareja, M.; Gasalla, T.; Rico, H. Body
composition in Parkinson’s disease: A study with dual-energy X-ray absorptiometry. Parkinsonism Relat.
Disord. 1998, 4, 137-142. [CrossRef]

Landji, F,; Calvani, R.; Cesari, M.; Tosato, M.; Martone, A.M.; Bernabei, R.; Onder, G.; Marzetti, E. Sarcopenia
as the biological substrate of physical frailty. Clin. Geriatr. Med. 2015, 31, 367-374. [CrossRef] [PubMed]
Vikdahl, M.; Carlsson, M.; Linder, J.; Forsgren, L.; Haglin, L. Weight gain and increased central obesity in the
early phase of Parkinson’s disease. Clin. Nutr. 2014, 33, 1132-1139. [CrossRef]

Chen, H.; Zhang, S.M.; Herndn, M.A.; Willett, W.C.; Ascherio, A. Weight loss in Parkinson’s disease. Ann.
Neurol. 2003, 53, 676-679. [CrossRef]

Tan, A.H.; Hew, Y.C,; Lim, S.Y.; Ramli, N.M.; Kamaruzzaman, S.B.; Tan, M.P,; Grossmann, M.; Ang, B.H.;
Tan, J.Y.; Manap, M.A.A.A. Altered body composition, sarcopenia, frailty, and their clinico-biological
correlates, in Parkinson’s disease. Parkinsonism Relat. Disord. 2018, 56, 58—-64. [CrossRef]

Noh, HM.; Oh, S.; Song, H.].; Lee, E.Y.; Jeong, ].Y.; Ryu, O.H.; Hong, K.S.; Kim, D.H. Relationships between
cognitive function and body composition among community-dwelling older adults: A cross-sectional study.
BMC Geriatr. 2017,17, 259. [CrossRef]

Tikhonoff, V.; Casiglia, E.; Guidotti, F.; Giordano, N.; Martini, B.; Mazza, A.; Spinella, P; Palatini, P. Body fat
and the cognitive pattern: A population-based study. Obesity 2015, 23, 1502-1510. [CrossRef]

Tekin, S.; Cummings, J.L. Frontal-subcortical neuronal circuits and clinical neuropsychiatry: An update. J.
Psychosom. Res. 2002, 53, 647-654. [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/22193376
http://dx.doi.org/10.1016/j.jamda.2017.12.005
http://www.ncbi.nlm.nih.gov/pubmed/29396191
http://dx.doi.org/10.1589/jpts.27.393
http://www.ncbi.nlm.nih.gov/pubmed/25729176
http://dx.doi.org/10.1016/j.neuroimage.2012.06.012
http://www.ncbi.nlm.nih.gov/pubmed/22713671
http://dx.doi.org/10.1111/jnp.12028
http://dx.doi.org/10.1093/gerona/glw067
http://dx.doi.org/10.1002/mds.23429
http://dx.doi.org/10.1111/ggi.12193
http://dx.doi.org/10.5665/sleep.4490
http://dx.doi.org/10.3389/fnagi.2017.00053
http://dx.doi.org/10.1002/mds.10248
http://www.ncbi.nlm.nih.gov/pubmed/12360535
http://dx.doi.org/10.1016/S0002-8223(95)00269-3
http://dx.doi.org/10.1016/S1353-8020(98)00033-9
http://dx.doi.org/10.1016/j.cger.2015.04.005
http://www.ncbi.nlm.nih.gov/pubmed/26195096
http://dx.doi.org/10.1016/j.clnu.2013.12.012
http://dx.doi.org/10.1002/ana.10577
http://dx.doi.org/10.1016/j.parkreldis.2018.06.020
http://dx.doi.org/10.1186/s12877-017-0651-9
http://dx.doi.org/10.1002/oby.21114
http://dx.doi.org/10.1016/S0022-3999(02)00428-2

Int. |. Environ. Res. Public Health 2019, 16, 4884 12 of 12

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Lin, W.C,; Chen, H.L.; Hsu, TW,; Hsu, C.C.; Huang, Y.C.; Tsai, N.W.; Lu, C.H. Correlation between Dopamine
Transporter Degradation and Striatocortical Network Alteration in Parkinson’s Disease. Front. Neurol. 2017,
8, 323. [CrossRef] [PubMed]

Mamabh, D.; Conturo, T.E.; Harms, M.P,; Akbudak, E.; Wang, L.; McMichael, A.R.; Gado, M.H.; Barch, D.M.;
Csernansky, ].G. Anterior Thalamic Radiation Integrity in Schizophrenia: A Diffusion-Tensor Imaging Study.
Psychiatry Res. Neuroimaging 2010, 183, 144-150. [CrossRef] [PubMed]

Kamali, A.; Flanders, A.E.; Brody, J.; Hunter, ].V.; Hasan, K.M. Tracing superior longitudinal fasciculus
connectivity in the human brain using high resolution diffusion tensor tractography. Brain Struct. Funct.
2014, 219, 269-281. [CrossRef] [PubMed]

Fabri, M.; Pierpaoli, C.; Barbaresi, P.; Polonara, G. Functional topography of the corpus callosum investigated
by DTI and fMRI. World ]. Radiol. 2014, 6, 895-906. [CrossRef] [PubMed]

Bast, T. Toward an integrative perspective on hippocampal function: From the rapid encoding of experience
to adaptive behavior. Rev. Neurosci. 2007, 18, 253-282. [CrossRef] [PubMed]

Dreher, J.C.; Kohn, P; Kolachana, B.; Weinberger, D.R.; Berman, K.F. Variation in dopamine genes influences
responsivity of the human reward system. Proc. Natl. Acad. Sci. USA 2009, 106, 617-622. [CrossRef]

Daly, M.; McMinn, D.; Allan, J.L. A bidirectional relationship between physical activity and executive
function in older adults. Front. Hum. Neurosci. 2015, 8, 1044. [CrossRef]

Jones, T.E.; Stephenson, K.W.; King, ].G.; Knight, K.R.; Marshall, T.L.; Scott, W.B. Sarcopenia-mechanisms
and treatments. J. Geriatr. Phys. Ther. 2009, 32, 83-89. [CrossRef]

Zeki Al Hazzouri, A.; Haan, M.N.; Whitmer, R.A; Yaffe, K.; Neuhaus, ]. Central obesity, leptin and cognitive
decline: The Sacramento Area Latino Study on Aging. Dement. Geriatr. Cogn. Disord. 2012, 33, 400—-409.
[CrossRef]

Scalzo, P.; Kiimmer, A.; Cardoso, F.; Teixeira, A.L. Serum levels of interleukin-6 are elevated in patients with
Parkinson’s disease and correlate with physical performance. Neurosci. Lett. 2010, 468, 56-58. [CrossRef]
Bian, A.L.; Hu, HY,; Rong, Y.D.; Wang, ].; Wang, ] X.; Zhou, X.Z. A study on relationship between elderly
sarcopenia and inflammatory factors IL-6 and TNF-«. Eur. J. Med. Res. 2017, 22, 25. [CrossRef] [PubMed]
Marsland, A.L.; Gianaros, PJ.; Kuan, D.C.; Sheu, L. K,; Krajina, K.; Manuck, S.B. Brain morphology links
systemic inflammation to cognitive function in midlife adults. Brain Behav. Immun. 2015, 48, 195-204.
[CrossRef] [PubMed]

Bagger, Y.Z.; Tanko, L.B.; Alexandersen, P.; Qin, G.; Christiansen, C. The implications of body fat mass and fat
distribution for cognitive function in elderly women. Obes. Res. 2004, 12, 1519-1526. [CrossRef] [PubMed]

@ © 2019 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/10.3389/fneur.2017.00323
http://www.ncbi.nlm.nih.gov/pubmed/28769862
http://dx.doi.org/10.1016/j.pscychresns.2010.04.013
http://www.ncbi.nlm.nih.gov/pubmed/20619618
http://dx.doi.org/10.1007/s00429-012-0498-y
http://www.ncbi.nlm.nih.gov/pubmed/23288254
http://dx.doi.org/10.4329/wjr.v6.i12.895
http://www.ncbi.nlm.nih.gov/pubmed/25550994
http://dx.doi.org/10.1515/REVNEURO.2007.18.3-4.253
http://www.ncbi.nlm.nih.gov/pubmed/18019609
http://dx.doi.org/10.1073/pnas.0805517106
http://dx.doi.org/10.3389/fnhum.2014.01044
http://dx.doi.org/10.1519/00139143-200932020-00008
http://dx.doi.org/10.1159/000339957
http://dx.doi.org/10.1016/j.neulet.2009.10.062
http://dx.doi.org/10.1186/s40001-017-0266-9
http://www.ncbi.nlm.nih.gov/pubmed/28701179
http://dx.doi.org/10.1016/j.bbi.2015.03.015
http://www.ncbi.nlm.nih.gov/pubmed/25882911
http://dx.doi.org/10.1038/oby.2004.189
http://www.ncbi.nlm.nih.gov/pubmed/15483217
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Participants 
	Sarcopenia-Associated Measurements 
	Diffusion Tensor Imaging (DTI) Acquisition 
	Data Preprocessing 
	Analysis of Demographic Data Differences between Groups 
	Analysis of Body Composition Differences between Groups 
	Analysis of Group Comparison of Fractional Anisotropy (FA) Values 
	Analysis of Regions of Interest 

	Results 
	Demographic and Clinical Characteristics 
	Body Composition 
	Brain Alterations in DTI 

	Discussion 
	Limitations 
	Conclusions 
	References

