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Sarcopenia is a predictor
for Alzheimer’s continuum
and related clinical outcomes

Jeonghun Kim?7, Sang-Il Suh?7, Yu Jeong Park3, Minwoong Kang*, Su Jin Chung?®,
Eun Seong Lee®, Hye Na Jung?, Jae Seon Eo®, Seong-Beom Koh?, Kyungmi Oh3#*' &
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Low body mass index is closely related to a high risk of Alzheimer’s disease (AD) and related
biomarkers including amyloid-B (AB) deposition. However, the association between sarcopenia

and AB-confirmed AD remains controversial. Therefore, we investigated the relationship between
sarcopenia and the AD continuum. We explored sarcopenia’s association with clinical implications of
participants on the AD continuum. We prospectively enrolled 142 participants on the AD continuum
(19 with preclinical AD, 96 with mild cognitive impairment due to AD, and 28 with AD dementia) and
58 AB-negative cognitively unimpaired participants. Sarcopenia, assessed using dual-energy X-ray
absorptiometry and hand grip measurements, was considered a predictor. AD continuum, defined by
A deposition on positron emission tomography served as an outcome. Clinical severity in participants
on the AD continuum assessed using hippocampal volume, Mini-Mental State Examination (MMSE),
Seoul Verbal Learning Test (SVLT), and Clinical Dementia Rating Scale Sum of Boxes Scores (CDR-
SOB) were also considered an outcome. Sarcopenia (odds ratio =4.99, p=0.004) was associated
independently with the AD continuum after controlling for potential confounders. Moreover,
sarcopenia was associated with poor downstream imaging markers (decreased hippocampal volume,
6=-0.206, p=0.020) and clinical outcomes (low MMSE, 8=-1.364, p=0.025; low SVLT, 8=-1.077,
p=0.025; and high CDR-SOB scores, 8=0.783, p=0.022) in participants on the AD continuum.
Sarcopenia was associated with the AD continuum and poor clinical outcome in individuals with AD
continuum. Therefore, our results provide evidence for future studies to confirm whether proper
management of sarcopenia can effective strategies are required for sarcopenia management to
prevent the AD continuum and its clinical implications.
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A growing body of evidence displays that low body mass index (BMI) is associated with the deposition of
amyloid-p (AP)"?, acceleration of neurodegeneration*, and development of Alzheimer’s disease (AD)>S. Addi-
tionally, low BMI in patients with AD is associated with disease severity and poor prognosis’. However, previ-
ous studies were conducted using BMI measures, and, therefore, failed to cover the specific body composition
including muscle mass and fat mass.

Sarcopenia is characterized by the loss of skeletal muscle mass and strength®. The disease is closely related
to physical disability, cardiovascular diseases, and mortality”!?. Recently, several studies have identified that
sarcopenia is predictive of incident mild cognitive impairment (MCI) and/or dementia of the Alzheimer type
(DAT)'"12, The diagnosis of MCI and AD in previous studies mostly relied on clinical presentation rather than
biomarkers. Therefore, the relationship between sarcopenia and biomarker-based diagnosis of AD remains
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controversial. As the importance of biomarkers for AD diagnosis was emphasized, the National Institute on
Aging and Alzheimer’s Association proposed the term “AD continuum” that encompasses preclinical AD, MCI
due to AD, and AD dementia'>-1°.

Therefore, this study aimed to investigate the relationship between sarcopenia and the AD continuum (pre-
clinical AD, MCI due to AD, and AD dementia). Moreover, we explored whether sarcopenia was associated
with clinical implications (hippocampal volume and cognitive function) in participants on the AD continuum.
Considering that normal aging involves decreased muscle mass and increased fat mass, sarcopenia may contrib-
ute to the association between low BMI, AD, and related biomarkers. Thus, we hypothesized that sarcopenia is
associated with the AD continuum and can predict poor clinical outcomes in patients with the AD continuum.

Methods
Study participants
We prospectively recruited 142 participants on the AD continuum aged 50-90 years (19 with preclinical AD, 96
with MCI due to AD, and 28 with AD dementia) at the memory clinic in the Department of Neurology at Korea
University Guro Hospital in Seoul, Korea, between July 2021 and February 2023. All participants underwent com-
prehensive neuropsychological battery, high-resolution T1-weighted magnetic resonance imaging (MRI) scan,
AP positron emission tomography (PET), and sarcopenia evaluation including dual-energy x-ray absorptiometry
(DXA) and measurement of hand grip. According to the National Institute on Aging-Alzheimer’s Association
criterial®~1%, AB-positive (AB+) subjective cognitive decline (SCD), MCI, and dementia were defined as preclinical
AD, MCI due to AD, and AD dementia, respectively. We excluded participants with the following conditions: (1)
severe white matter hyperintensities (WMH) burden on MRI (cap or band > 10 mm and longest diameter of deep
white matter lesion >25 mm)'¢; (2) structural lesions on MRI including territorial infarction, lobar hemorrhage,
brain tumor, and hydrocephalus; (3) abnormal laboratory findings on complete blood count, electrolyte levels,
thyroid/liver/kidney/function tests, vitamin B12 levels, and syphilis serology; and (4) a recent history of cancer.

Additionally, we recruited 58 Ap-negative (AB—) cognitively unimpaired (CU) participants for the control
group. These participants comprised participants with subjective cognitive decline; volunteers who applied for
comprehensive dementia screening advertised in the local community, memory clinic, and dementia prevention
center; and spouses of patients who visited the memory clinic. They visited the memory clinic in the Department
of Neurology at Korea University Guro Hospital and underwent a comprehensive dementia screening. All AB-CU
participants met the following criteria: (1) no medical history that has the potential to affect cognitive impair-
ment based on Christensen’s health screening criteria'’; (2) no objective cognitive impairment in any cognitive
domain on a comprehensive neuropsychological battery (above at least — 1.0 standard deviation of age-adjusted
norms on any cognitive test); (3) independence in activities of daily living; (4) no structural lesions; (5) no severe
WMH burden on MRJ; and (6) no AP deposition on PET.

This study was approved by the Institutional Review Board of Korea University Guro Hospital. Written
informed consent was obtained from all participants.

Sarcopenia evaluation
Sarcopenia is defined as having both decreased muscle mass and reduced handgrip strength. Given that Asian
have lower muscle mass and weaker grip strength than Non-Hispanic White!®"*!, a guideline in the Asian Work-
ing Group for Sarcopenia was used to define the decreased muscle mass and reduced handgrip strength.
Skeletal muscle mass was evaluated using whole-body DXA (Discovery A; Hologic, Bedford, MA, USA). The
appendicular skeletal mass index (ASMI) was calculated by dividing the sum of the lean masses in the bilateral
upper and lower limbs by the square of height (lean mass in the bilateral upper and lower extremities/[height]?).
According to the guideline in the Asian Working Group for Sarcopenia, decreased muscle mass was defined as
ASMI<7.0 kg/m? in males and < 5.4 kg/m? in females™.
Grip strength was measured using a digital grip dynamometer (TKK-540 Grip-D; Takei, Niigata, Japan). Low
handgrip strength was defined as grip strength < 26 kg in males and < 18 kg in females??.

MRI acquisition and hippocampal volume

We acquired standardized three-dimensional T1 Turbo Field Echo images using a 3.0 T MRI scanner (Philips
3.0 T Ingenia Elition X; Philips Healthcare, Andover, MA, USA) with the following imaging parameters: sagittal
slice thickness, 1.0 mm; no gap; TR, 8.2 ms; TE, 4.0 ms; flip angle, 8% and matrix size, 256 x 256 pixels.

We used hippocampal volume as a downstream imaging marker. For the acquisition of the hippocampal
volume, we used freesurfer (version 7.3.2), which can automatically segment T1 MRI volumes and generate 3D
surfaces based on them. The freesurfer pipeline transformed the T1 MRI of individual spaces into an MNI-305
template, resampled it into a 256 x 256 x 256 volume image, and completed the tissue segmentation of white mat-
ter through registration and segmentation step by step. The completed segmentation image could be visualized
and validated through ’aparc + aseg.mgz, and each hippocampal volume (mm?) was obtained through the ’aseg.
stats. The ICV value for statistical analysis could be also obtained in the same process.

AB PET acquisition and visual reading

All participants underwent '*F-florbetaben PET using a Discovery MI PET/computed tomography (CT) scanner
(GE Medical Systems, Milwaukee, WI, USA). A 20-min emission PET scan in the dynamic mode (comprising
4 x5 min frames) was performed 90 min after injecting a mean dose of 296 MBq '®F-florbetaben’®. Three-
dimensional PET images were reconstructed in a 384 x 384 matrix with 0.65 x 0.65 x 2-79 mm voxel size using
the ordered-subsets expectation maximization algorithm (iteration = 8 and subset = 34)'6.

Scientific Reports |

(2024) 14:21074 | https://doi.org/10.1038/541598-024-62918-y nature portfolio



www.nature.com/scientificreports/

Amyloid PET images were reviewed by three experienced physicians (one neurologist and two nuclear medi-
cine doctors) blinded to clinical information and dichotomized as either AB positive or negative using visual
reads?. ¥F-florbetaben PET was classified as positive when interpreters scored the visual assessment as 2 or 3
based on the brain amyloid plaque load (BAPL) score**?*. After the physicians independently rated, we deter-
mined the final AP positivity based on the majority of visual reading results.

Assessment of cognitive function

All participants underwent a comprehensive neuropsychological test battery, including the Mini-Mental State
Examination (MMSE), delayed recall task of the Seoul Verbal Learning Test (SVLT), and the Clinical Dementia
Rating Scale Sum of Boxes Scores (CDR-SOB)*.

Statistical analyses
Independent t-tests and chi-square tests were used to compare the demographic and clinical characteristics of
participants. The normality of the continuous variables was checked based on skewness and kurtosis.

To investigate the association between sarcopenia and AD continuum (preclinical AD, MCI due to AD, and
AD dementia), we performed logistic regression analysis with sarcopenia as a predictor and AD continuum as
an outcome, after controlling for age, sex, education years, hypertension, and diabetes in total participants (AD
continuum and AB-CU groups). Furthermore, to identify the association between sarcopenia and A deposition
before cognitive decline occurs, we performed logistic regression analysis with sarcopenia as a predictor and
AD continuum as an outcome, after controlling for age, sex, education years, hypertension, and diabetes in CU
participants (Ap-CU and preclinical AD groups).

To explore the association between sarcopenia and neurodegeneration in the AD continuum, we performed
a linear regression analysis with sarcopenia as a predictor and hippocampal volume as an outcome after control-
ling for age, sex, years of education, hypertension, diabetes, and intracranial volume (ICV) in participants on
the AD continuum.

To explore the association between sarcopenia and cognitive function in the AD continuum, we performed
linear regression analyses with sarcopenia as a predictor and MMSE, SVLT, and CDR-SOB scores as outcomes
after controlling for age, sex, years of education, hypertension, and diabetes in participants on the AD continuum.

To determine whether neurodegeneration mediated the effects of sarcopenia on cognitive function, we used
mediation analyses with sarcopenia as a predictor, hippocampal volume as a mediator, and MMSE, SVLT, and
CDR-SOB scores as outcomes controlling for age, sex, years of education, hypertension, diabetes, and ICV in
participants on the AD continuum.

All reported p values were two-sided and the significance level was set at 0.05. All analyses were performed
using the R software (version 3.6.1; Institute for Statistics and Mathematics, Vienna, Austria; www.R-project.org).

Ethics approval and consent to participate

Approval was obtained from the Ethics Committee of Korea University Guro Hospital. The study procedures
were conducted in accordance with the tenets of the Declaration of Helsinki. Written informed consent was
obtained from all the patients and caregivers.

Results

Clinical characteristics of participants

Among the 200 participants, 44 (22%) were sarcopenic (Table 1). There were no differences between participants
with sarcopenia and without sarcopenia in female ratio (75.0% and 72.4%, p = 0.884) and Apolipoprotein E4 car-
rier (56.8% and 41.7%, p=0.107). Participants with sarcopenia are more likely to older (73.8+5.7 and 71.8 £6.8,
p=0.078), lower education years (8.2+3.1 and 9.4+4.7, p=0.052), and higher frequency of hypertension (61.4%
and 43.6%, p=0.056) and diabetes (34.1% and 19.2%, p=0.060) than those without sarcopenia, while the dif-
ferences were not statistically significant.

Sarcopenia and AD continuum

Participants with AD continuum had higher proportion of sarcopenia than those with AB-CU (28.2% and 6.9%,
p<0.001, Fig. 1). Specifically, the proportions of sarcopenia were 26.3%, 27.1%, and 33.3% in participants with
preclinical AD, MCI due to AD, and AD dementia, respectively.

Sarcopenia (odds ratio [OR] 4.99, 95% confidence interval [CI] 1.84-17.53) was independently associated
with the AD continuum (Table 2). Among CU participants, sarcopenia (odds ratio [OR] 5.07, 95% confidence
interval [CI] 0.95-28.81) was marginally associated with Ap deposition, while the association was not statisti-
cally significant.

Sarcopenia, downstream imaging marker, and clinical implications in the AD continuum
Sarcopenia (f=-0.206, p=0.020) was negatively associated with hippocampal volume. Specifically, muscle mass
(8=-0.274, p=0.001) and hand grip (f=—-0.202, p=0.015) were negatively associated with hippocampal volume
(Table 3).

Regarding cognitive function, sarcopenia was associated with MMSE (8 =-1.364, p=0.025), SVLT
(8=-1.077, p=0.025), and CDR-SOB (=0.783, p=0.022) scores (Table 4).

Specifically, low muscle mass was associated with MMSE (8 =-1.255, p=0.025), SVLT ($=-1.286, p=0.003),
and CDR-SOB (=0.667, p=0.035) scores (Table 4). However, low hand grip was not associated with MMSE
(B=-0.942, p=0.098), SVLT (f=-0.594, p=0.186), and CDR-SOB (f=0.617, p=0.053) scores (Table 4).
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Total (n=200) | With sarcopenia (n=44) | Without sarcopenia (n=156) | p value
Disease stage 0.010
AB-CU 58 (29.0%) 4(9.1%) 54 (34.6%)
Preclinical AD 19 (9.5%) 5 (11.4%) 14 (9.0%)
MCI due to AD 96 (48.0%) 26 (59.1%) 70 (44.9%)
AD dementia 27 (13.5%) 9 (20.5%) 18 (11.5%)
Demographics
Age, years 72.3+6.6 73.8+5.7 71.8+6.8 0.078
Sex, female 146 (73.0%) 33 (75.0%) 113 (72.4%) 0.884
Education, years 9.2+4.4 8.2+3.1 9.4+4.7 0.052
Hypertension 95 (47.5%) 27 (61.4%) 68 (43.6%) 0.056
Diabetes 45 (22.5%) 15 (34.1%) 30 (19.2%) 0.511
APOE4, carriers 90 (45.0%) 25 (56.8%) 65 (41.7%) 0.107
Clinical implication
HV, mL 3.50+0.51 3.27+0.45 3.57+0.51 0.001
MMSE 25.5+3.6 23.7+4.1 26.0+3.4 <0.001
SVLT 35+33 1.9+£3.0 39+33 <0.001
CDR-SOB 1.6+1.8 25+23 14+1.5 0.009

Table 1. Demographics and clinical information of participants. Values are presented as mean * standard
deviation. AB— amyloid-p-negative; AD Alzheimer’s disease; APOE4 apolipoprotein E4; CDR-SOB clinical
dementia rating scale sum of boxes scores; CU cognitively unimpaired; HV hippocampal volume; MCI mild
cognitive impairment; MMSE mini-mental state examination; n number of patients whose data were available
for analysis; SVLT delayed recall task of the Seoul verbal learning test.
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Figure 1. The proportion of sarcopenia across participants with AB-CU, preclinical AD, MCI due to AD, AD
dementia. Values depicted in the bar plot represent the proportion of sarcopenia. Af— amyloid-p-negative; AD
Alzheimer’s disease; CU cognitively unimpaired; MCI mild cognitive impairment.

AD continuum

*HR (95% CI) p value
Sarcopenia 4.99 (1.84, 17.53) 0.004
Age 1.07 (1.02, 1.13) 0.011
Sex 1.20 (0.55, 2.72) 0.649
Education years 1.02 (0.94, 1.10) 0.658
Hypertension 1.00 (0.50, 1.98) 0.994
Diabetes 0.91 (0.40, 2.16) 0.832

Table 2. Relationship between sarcopenia and AD continuum. AD Alzheimer’s disease; CI confidence

interval; HR hazard ratio. *HR was obtained using logistic regression analysis, with sarcopenia as a predictor
and AD continuum as an outcome, after controlling for age, sex, education years, hypertension, and diabetes in
total participants (AD continuum and AB-CU group).
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Hippocampal volume

*B (SE) p value
Sarcopenia —0.206 (0.087) 0.020
Age -0.013 (0.007) 0.053
Sex 0.238 (0.017) 0.028
Education years 0.001 (0.009) 0.885
Hypertension 0.048 (0.081) 0.554
Diabetes -0.091 (0.091) 0.920

Table 3. Relationship between sarcopenia and hippocampal volume in the AD continuum. AD Alzheimer’s
disease; ICV intracranial volume; SE standard error. *f3 was obtained by general linear regression analysis, with
sarcopenia as a predictor and hippocampal volume as an outcome after controlling for age, sex, education
years, hypertension, diabetes, and ICV in participants on the AD continuum.

MMSE SVLT CDR-SOB

*B (SE) 4 *B (SE) P *B (SE) b4
Sarcopenia —1.364 (0.602) 0.025 | —1.077 (0.474) | 0.025 | 0.783 (0.339) 0.022
Age —0.147 (0.044) 0.001 | —0.117 (0.034) | 0.001 | 0.040 (0.024) 0.102
Sex 1.174 (0.612) 0.057 | —0.335 (0.481) | 0.488 | —0.539(0.341) |0.116
Education years 0.297 (0.064) <0.001 | 0.103(0.051) 0.043 | 0.003 (0.036) 0.935
Hypertension 0.815 (0.555) 0.144 | 0.692(0.436) 0.115 | —0.804 (0.349) |0.011
Diabetes 0.813 (0.626) 0.196 | 0.062(0.493) 0.900 |-0.884(0.339) |0.013

Table 4. Relationship between sarcopenia and cognitive function in the AD continuum. AD Alzheimer’s
disease; CDR-SOB clinical dementia rating scale sum of boxes scores; MMSE mini-mental state examination;
SE standard error; SVLT delayed recall task of the Seoul verbal learning test. *5 was obtained by general linear
regression analysis, with sarcopenia as a predictor and MMSE, SVLT, and CDR-SOB scores as an outcome after
controlling for age, sex, education years, hypertension, and diabetes in participants on the AD continuum.

The results of the mediation analyses are illustrated in Fig. 2. Decreased hippocampal volume fully mediated
the relationship between sarcopenia and poor cognitive function. Specifically, sarcopenia was associated with
decreased hippocampal volume, which was further associated with low MMSE (indirect pathway f=—0.438,
p=0.046), low SVLT (indirect pathway f=-0.519, p=0.030), and high CDR-SOB scores (indirect pathway
$=0.277, p=0.037). However, sarcopenia was not associated with MMSE (direct pathway f=-0.892, p=0.115),
SVLT scores (direct pathway f=—-0.527, p=0.199), and CDR-SOB (direct pathway $=0.510, p=0.106) without
mediation of hippocampal volume.

Discussion

In this study, we investigated the relationships of sarcopenia with the presence of the AD continuum and clini-
cal outcomes in participants on the AD continuum. Our major findings were as follows: First, sarcopenia was
associated with the presence of the AD continuum. Second, sarcopenia was associated with poor downstream
image marker and clinical outcomes in participants on the AD continuum. Specifically, sarcopenia was associated
with decreased hippocampal volume and severe cognitive impairment (low MMSE and SVLT scores, and high
CDR-SOB scores), which were fully mediated by hippocampal atrophy in participants on the AD continuum.
Taken together, our findings suggest that sarcopenia may be an important predictor of the AD continuum and
poor clinical outcomes.

Our first major finding was the association of sarcopenia with the presence of the AD continuum. Our
findings are consistent with previous studies demonstrating that being underweight is a risk factor or an early
symptom of brain AP deposition and extends the findings by suggesting that AB-related underweight may be
predominantly related to loss of muscle mass"*~?°. Additionally, considering muscle function and physical
performance as major components of sarcopenia, our findings align with those of prior studies conducted in
the Non-Hispanic White population. Previous studies have demonstrated that low grip strength and slow gait
speed were associated with A deposition®*-**. Due to the differences in body composition and prevalence of AD
across ethnicities'®?!, the association between sarcopenia and A deposition may be different across ethnicities.
However, to the best of our knowledge, the association between sarcopenia and AB-confirmed AD has not been
identified in the Asian population. Although further studies are required to elucidate the mechanisms underlying
the relationship between sarcopenia and the AD continuum, neuroinflammation may mediate this association.
Muscles are known to act like endocrine organs, secreting various myokines, peptides, and growth factors®**.
Thus, sarcopenic condition results in decreased insulin-like growth factor I, which plays a key role in anti-
inflammatory responses®®. Moreover, sarcopenia is closely related to chronic inflammation and increased oxida-
tive stress*’, which in turn aggravates the Ap-related neuroinflammatory process®**. Furthermore, sarcopenia
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Figure 2. Schematic diagram of the mediation analyses among sarcopenia, hippocampal volume, and cognitive
function. Mediation analyses were performed using sarcopenia as a predictor, hippocampal as a mediator,

and each cognitive function (MMSE, SVLT, or CDR-SOB) as an outcome after controlling for age, sex, years

of education, hypertension, diabetes, and intracranial volume in participants on the AD continuum. AD
Alzheimer’s disease; CDR-SOB clinical dementia rating scale sum of boxes scores; MMSE mini-mental state
examination; SVLT delayed recall task of the Seoul verbal learning test.

and AD share several genetic risk factors*®*!. Additionally, a mutation in the amyloid precursor protein gene
that causes familial AD is also associated with a decrease in muscle mass and grip strength in animal studies*>*.
Alternatively, it is possible that sarcopenia and AD continuum co-occur with aging, underlying medical condi-
tions such as cardiometabolic syndrome, or poor lifestyle factors including malnutrition, physical inactivity,
and smoking.

Our second major finding was that sarcopenia was associated with poor downstream image marker and cogni-
tive performances in participants on the AD continuum. Specifically, sarcopenia was associated with decreased
hippocampal volume and poor cognitive function (low MMSE and SVLT scores, and high CDR-SOB scores),
which were fully mediated by hippocampal atrophy in participants on the AD continuum. These findings are
consistent with those of previous studies involving participants with DAT. Previous studies have discovered that
sarcopenia is associated with neurodegeneration and poor cognitive function in patients with DAT*~*, and
extends the findings by suggesting that sarcopenia is independently associated with poor prognosis or accom-
panying symptoms in Ap-confirmed AD. Additionally, our findings are supported by community-based studies
demonstrating that sarcopenia is closely related to poor cognitive trajectories'>*.

Limitations

The strength of the present study is that we systematically investigated the association between sarcopenia and
biomarker-defined AD, and its clinical implications. However, this study has several limitations. First, because
this study had a cross-sectional design, determining the causal relationship between sarcopenia and the AD
continuum was impossible. Thus, future longitudinal studies are needed to identify the possible directions of
causality between sarcopenia and AP deposition and related clinical outcomes. Second, the number of individu-
als with preclinical AD was relatively small. Further studies with a larger number of CU participants (Ap-CU
and preclinical AD) are required to investigate the association between sarcopenia and A deposition before
cognitive decline occurs. Third, we used Asia—Pacific criteria for sarcopenia; therefore, caution is required when
generalizing our findings to other ethnicities. Fourth, we did not assess several components of physical frailty,
including gait velocity and physical activity, which are closely associated with sarcopenia. Finally, because our
study was conducted in a memory clinic setting, the generalizability of the present study to community-based
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populations is limited. Nevertheless, our study is noteworthy, suggesting that proper management of sarcopenia
may be important for the prevention of the AD continuum and its clinical implications. Alternatively, sarcopenia
is an early marker related to the AD continuum and a poor prognosis in patients on the AD continuum. Thus,
screening for the early detection of sarcopenia may be useful for identifying individuals at a high risk of AD
continuum.

Conclusions

In conclusion, we highlighted that the presence of sarcopenia was associated with the AD continuum, down-
stream imaging marker, and poor cognitive performance in individuals with AB-confirmed AD. Therefore, given
that sarcopenia is improved by strength exercises and diet, our results provide evidence for future studies to
confirm whether proper management of sarcopenia can prevent the AD continuum and its clinical progression
in individuals with AD.

Data availability
The anonymized data used for our analyses presented in this study are available upon request from the cor-
responding authors.
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