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ABSTRACT

Both physical and cognitive deficits occur in the aging process. We operationally defined the phenomenon as
physio-cognitive decline syndrome (PCDS) and aimed to decipher its corresponding neuroanatomy patterns and
neurocircuit. High resolution 3T brain magnetic resonance imaging (MRI) images from a community-dwelling
longitudinal aging cohort were analysed. PCDS was defined as weakness (handgrip strength) and/or slowness
(gait speed) concomitant with impairment in any cognitive domain (defined by 1.5 standard deviation below
age, sex-matched norms), but without dementia or disability. Among 1196 eligible > 50-year-old (6219 years,
47.6%men) subjects, 15.9% had PCDS. Compared to the other participants, individuals with PCDS had
significantly lower gray-matter volume (GMV) in the bilateral amygdala and thalamus, right hippocampus, right
temporo-occipital cortex, and left cerebellum VI and V regions. The regions of reduced GMV in people with
PCDS were similar between the middle-aged and older adults; whereas larger clusters with more extensive
GMV-depleted regions were observed in 265-year-olds with PCDS. Diffusion-weighted tractography showed
disrupted hippocampus-amygdala-cerebellum connections in subjects with PCDS. The neuroanatomic
characteristics revealed by this study provide evidence for pathophysiological processes associated with
concomitant physio-cognitive decline in the elderly. This neurocircuit might constitute a target for future
preventive interventions.

INTRODUCTION

Aging is manifested in multi-morbidity, functional
declining and disability which bring social burden. The
World Health Organization highlights approaches to
healthy aging that promotes functional and intrinsic

capacity by preventing both physical disability and
dementia [1]. Although the development of physical
disability and dementia share many common risk factors
and characteristics, these conditions in regard to their
pathophysiology, preventive or pharmacotherapeutic
interventions have usually been researched separately.
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Given their commonalities, multidomain interventions to
tackle declined physical and cognitive functions
simultaneously have been developed in recent studies
with positive preliminary results [2, 3].

Physical frailty, an indicator of physical vulnerability
and adverse outcomes in older people [4], not only
presages physical disability but has also been associated
with cognitive impairment [5]. Physical frailty and
cognitive impairment may synergistically conduce to
adverse health outcomes [6]. The International
Association for Gerontology and Geriatrics and
International Academy of Nutrition and Aging have
proposed the concept of “cognitive frailty” to highlight
the adverse impact of possible-reciprocal declines in
physical and cognitive function [7], operationally
defining cognitive frailty as concurrent physical frailty
and mild cognitive impairment (MCI). Due to low
prevalence and ineffective identification of at-risk
subjects [8-10], Ruan et al. modified the operational
criteria, defining pre-frailty/frailty plus subjective
cognitive decline as “reversible cognitive frailty” and
pre-frailty/frailty plus MCI as “potentially reversible
cognitive frailty” [10]. This refinement highlighted the
consideration of reversibility; however, no specific
intervention trials have yet supported the reversibility of
these modified criteria for cognitive frailty. Meanwhile,
Verghese et al. proposed “motoric cognitive risk
syndrome” (MCRS), which is defined by slow gait plus
subjective  cognitive  complaints  [11-13]. The
epidemiology of MCRS and its risk for dementia, as
well as ability to predict the transition to dementia, have
been reported [11-13]. However, six years after its first
description, clinical or research applications of MCRS
remain obscure due to its inconsistent definitions of
subjective cognitive complaints among different studies
and yet unclear pathophysiology [13].

Our serial studies from the I-Lan Longitudinal Aging
Study (ILAS), a community-based cohort of people
aged > 50 years without physical disability or dementia,
have provided clues to the pathophysiology of
interactions between physical and cognitive declines in
the aging process [14-17]. The characteristics of ILAS
include an extensive, objective neuropsychological
assessment with multiple cognitive domains. We are the
first to provide evidences implying the existence of
frailty subtypes with specific etiology [14]. Mobility
frailty, defined as slowness plus weakness, but not non-
mobility frailty, defined as fatigue plus involuntary
weight loss, were associated with poorer cognitive
performance in one or more cognitive domains [14]. In
addition, people with mobility frailty had a higher
likelihood of mortality in the 3-year follow-up [14].
Brain magnetic resonance imaging (MRI) studies have
further shown that mobility frailty was strongly

associated with cerebellar gray-matter volume (GMV)
deficits in both ILAS and a Japanese cohort population
[17, 18], signifying a specific underlying pathogenesis.
Therefore, we modified the diagnostic criteria for
cognitive frailty according to these observations from
our previous studies. We defined the physical-deficit
part as weakness and/or slow; and cognitive-deficit part
as cognitive performance in any domain that is at least
1.5 SD below the mean for age-, sex-, and education-
matched norms. Based on this revised criteria, the
prevalence of cognitive frailty in community-dwelling
older adults was approximately 10-15 %, and those
affected indeed had significantly higher risks of all-
cause and cardiovascular mortality, and incident
dementia [9, 15, 19, 20]. In terms of reversibility, sub-
group analysis of a community-based intervention
cohort in a cluster-randomized trial affirmed the
efficacy of a multidomain intervention in preventing
physio-cognitive decline in older adults [21]. Thus, this
operational  definition, which could identify a
substantial proportion of at-risk people in the
community, may have a unique patho-etiology and is
potentially reversible. We have coined this modified
cognitive  frailty as  “physio-cognitive  decline
syndrome” (PCDS) and formally proposed at the 5"
Asian Conference of Frailty and Sarcopenia in 2019
(https://www.agingmedhealthc.com/wp-content/uploads/
2019/10/ACFS2019_Abstract-Book.pdf) [22].

The present study analysed brain MRI data from the
ILAS population, aimed to investigate the potential
neuroanatomic and neurocircuit correlates of PCDS.
The results would provide neurobiological basis of
PCDS and shed lights on the pathophysiology of the
interactions between physical and cognitive declines in
the aging process.

RESULTS
Demographic characteristics

Among 1281 ILAS participants with qualifying brain
MRI images, 85 were excluded due to brain
abnormalities (infarct, haemorrhage, tumour), head
motion or artefacts, dementia, or missing data; the
analytic sample comprised 1196 subjects > 50-year-olds
who had no dementia or evident physical disabilities (62
+ 9 vyears old, 47.6% men). Quality screening
disqualified a further 190 candidates from subsequent
tractography analyses (1196 for GMV analyses and
1006 for tractography analyses; Figure 1).

Table 1 shows the comparisons of demographics,
clinical characteristics and MRI results between 1006
non-PCDS participants (84.1%) and 190 subjects with
PCDS (15.9%). There were 155 (13.0%) subjects who
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had mobility components of physical frailty but without
cognitive impairment. The PCDS group was
significantly older and more prevalent female sex and
diabetes mellitus (Table 1).

Table 2 demonstrates the comparisons between non-
PCDS subjects and PCDS subjects in groups < 65 and >
65 years old respectively. Individuals with PCDS in
both age groups were significantly older, less educated
and had lower mini-nutrition assessment scores.
Compared with non-PCDS subjects, participants with
PCDS had significantly lower scores and higher
frequencies of impairment in each cognitive domain in
both middle-aged (< 65 years old) and elderly (> 65
years old) groups. Subjects with PCDS had higher
Center for Epidemiologic Studies Depression Scale
scores than non-PCDS subjects, however, the difference

The PCDS group also had a higher prevalence of
cardiovascular risk factors, particularly diabetes in the
middle-aged and coronary artery disease in the elderly.

was only statistically-significantly in > 65-year-olds.

Brain volumetry analyses also showed differences
between PCDS and non-PCDS groups. Although total
intracranial volumes (TIV) were comparable, subjects
with PCDS in both aged groups had significantly lower
GMV and higher cerebrospinal fluid volume. In the
elderly group, PCDS subjects also had significantly
lower white matter volume than non-PCDS subjects.

Neuroanatomic correlates of PCDS

Voxel-based whole-brain analysis showed that
participants with PCDS had lower GMV than non-

1,839: Potentially eligible ILAS participants 250 years old

-

558: Disqualified due to insufficient brain
MRI image quality

r

1,281: ILAS participants with qualifying brain MRl images

e

r

37: Met exclusion criteria
37: Brain abnormalities (tumor, trauma,
stroke damage), head motion or
significant artifacts, or missing data

assessments

1,244: Baseline physical, functional and cognitive

-

48: Met exclusion criteria
48: Educated 26 years with MMSE <24,
or educated <6 years with MMSE <14

L J

1,196: T1-weighted voxel-based morphometry analysis

A J

» | 190: Disqualified due to insufficient image
quality for tractography analysis

1,006: Diffusion tensor imaging analysis

Figure 1. Study participant selection. ILAS = I-Lan Longitudinal Aging Study; MMSE = Mini-Mental State Examination.
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Table 1. Demographics and clinical characteristics.

All Non-PCDS PCDS P value
(n=1196) (n =1006) (n =190)

Age, years 62+9 62+9 659 <0.001
Male sex, % 47.6 49.0 40.0 0.026
Hypertension, % 38.3 37.2 442 0.073
Diabetes, % 14.9 13.3 23.2 0.001
Hyperlipidemia, % 6.9 6.5 8.9 0.212
Smoking, % 16.9 16.5 18.9 0.286
BMI, kg/m? 246+3.3 246+3.3 246+35 0.972
Education, years 6.9+£5.1 7.2+£5.0 52+49 <0.001
Centre for Epidemiologic Studies Depression Scale 2.2+4.2 20+3.7 3.3%6.2 0.004
Mini-Mental State Examination, point 26.5+3.3 26.8+3.0 24.7+4.2 <0.001
Impaired cognitive domains, %
10-minute CVVLT 10.4 8.7 18.9 <0.001
Boston naming test 10.1 7.7 23.2 <0.001
Verbal fluency test 8.3 5.9 21.1 <0.001
Taylor complex figure test 6.4 4.4 174 <0.001
Backward digit test 211 15.5 50.5 <0.001
Clock drawing test 7.9 6.3 16.8 <0.001
Total intracranial volume, cm® 1448.5+127.9 1452.8 + 125.6 1450.8 £ 138.5 0.808?
Gray-matter volume, cm® 596.9+54.4 597.9+52.8 591.5+59.4 0.001°
White-matter volume, cm® 465.3 £ 56.1 466.0 + 54.5 461.2 +62.1 0.015°

®Analysis of covariance adjusted for age and sex.

b . . . . .
Analysis of covariance adjusted for age, sex and total intracranial volume.
PCDS = physio-cognitive decline syndrome; BMI = body mass index; CVVLT = Chinese version Verbal Learning Test.

Table 2. Demographics and clinical characteristics of middle-aged and old subjects.

Middle-aged (< 65 years old)

Old-aged (> 65 years old)

Non-PCDS PCDS P value Non-PCDS PCDS P value

N (%) 671 (84.9) 119 (15.1) 335 (82.5) 71(17.5)
Age, years 56 £ 4 58 +4 <0.001 72+5 75+6 <0.001
Male sex, % 44.4 41.2 0.548 58.2 38.0 0.002
Hypertension, % 30.1 36.1 0.198 51.3 57.7 0.361
Diabetes, % 11.8 21.0 0.012 16.4 26.8 0.061
Hyperlipidemia, % 6.1 10.9 0.073 7.2 5.6 0.800
Smoking, % 15.4 21.8 0.121 18.8 14.1 0.321
BMI, kg/m? 24.7+33 248+38 0.661 244 +3.1 241+29 0.549
Education, years 89+43 73+x47 <0.001 39+47 18+29 <0.001
Center for Epidemiologic Studies Depression Scale 18+38 29+538 0.064 22+3.6 41+6.7 0.025
Mini-Mental State Examination, point 27920 262+34 <0.001 24734 221+42 <0.001
Impaired cognitive domains, %

10-minute CVVLT 85 18.5 0.002 9.3 19.7 0.020

Boston naming test 6.6 25.2 <0.001 9.9 19.7 0.024

Verbal fluency test 6.1 25.2 <0.001 5.4 14.1 0.017

Taylor complex figure test 4.2 16.0 <0.001 48 19.7 <0.001

Backward digit test 9.8 37.0 <0.001 26.9 73.2 <0.001

Clock drawing test 5.8 17.6 <0.001 7.2 15.5 0.034
Total intracranial volume, cm? 1459.8 = 1457.4 = 0.819 1439.1 = 14411 £133.6 0.883%

126.3 140.9 124.2
www.aging-us.com 25322 AGING



612.7 +49.8
White-matter volume, cm® 478.1+52.4

Gray-matter volume, cm?

607.9 £52.3 0.042
474.3 £59.8 0.106

558.7 +51.4 0.003°
4343 +53.0 0.018°

568.9 £47.9
4425 +51.7

®Analysis of covariance adjusted for age and sex.

b . . . . .
Analysis of covariance adjusted for age, sex and total intracranial volume.
PCDS = physio-cognitive decline syndrome; CVVLT = Chinese version Verbal Learning Test.

PCDS ones in right and left amygdala, right and left
thalamus, right hippocampus, right temporal occipital
fusiform cortex, right occipital pole, and left cerebellum
VI and V (Figure 2A and Table 3, family-wise error
cluster corrected P-value < 0.05). The regions with
GMV decrement in PCDS subjects were similar
between the middle-aged and older adults; whereas
larger clusters with more extensive GMV-decrement
regions were observed in > 65-year-olds with PCDS
than in non-PCDS contemporaries (Figure 2B, 2C and
Table 4, family-wise cluster corrected P-value < 0.05).
Connections between cerebellum and
hippocampus/amygdala

GMV in left cerebellum was decreased in subjects with
PCDS of both age groups. This is in consistent with our
previous study which showed an association between
reduced cerebellum GMV and physical frailty [17].
The present study also identified decreased
hippocampus/amygdala GMV in subjects with PCDS,

Robust vs Physio-cognitive decline syndrome

Q) Total participants

which has long been recognized as an early marker
of cognitive impairment in the elderly [23]. Due to a
close relationship between physical and cognitive
declines in the elderly, we postulated a neurocircuit
connecting left cerebellum and hippocampus/amygdala
which might be involved in the pathophysiology
of PCDS (Figure 3A). We used diffusion-weighted
tractography aiming to establish a population-based
probability map of our hypothetical neuroanatomical
connections.

Among 1006 included participants, delineated tracts
successfully connected cerebellar regions of interest to the
left and right hippocampus/amygdala area in 72.5%, but
to the right amygdala/hippocampus area in only 20.8%;
the tract probability map (likelihood of participant’s
cerebellar-hippocampus/amygdala  connection  passing
through the voxel) described a highly coherent connection
path across participants, with maximal probability of
60.8%/72.5% on the left side and 15.09%/20.8%) on the
right (Figure 3B).

@ GMV decrease
@ GMV increase t-value

GMYV increase  GMV decrease
||

Figure 2. Hot colour map of gray-matter volume-diminished regions in subjects with physio-cognitive decline syndrome.
GMV = gray-matter volume; L = left; R = right; PCDS = physio-cognitive decline syndrome.
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Table 3. Reduced gray-matter volume in physio-cognitive decline syndrome subjects.

Anatomical region

MNI-space coordinates

Cluster size - Maximum intracluster t value
Side Structure X Y A
1883 Right Amygdala 21.0 0 -17.0 4.18
Right Hippocampus 27.0 -12.0 -19.5 4.10
818 Left Amygdala -16.5 -10.5 -13.5 4.85
535 Right Thalamus 1.5 -71.5 9.0 3.85
472 Right Occipital pole 14.0 -93.5 30.0 4.00
379 Left Cerebellum VI -24.0 -47.3 -25.5 3.58
Left Cerebellum V -25.5 -39.0 -19.5 3.33
241 Left Thalamus -22.5 -33.0 -1.5 3.77
182 Right Temporal occipital 315 -58.5 -9.8 3.88

fusiform cortex

Analyses adjusted for age, sex, Centre for Epidemiologic Studies Depression Scale and cardiovascular risk factors

(hypertension, diabetes, hypderlipidemia, smoking and obesity).

MNI = Montreal Neurological Institute.

Table 4. Reduced gray-matter volume in physio-cognitive decline syndrome subjects of two aged groups.

Cluster Anatomical region MNI-space coordinates Maximum intracluster
size Side Structure X Y z t value
Reduced GMV in PCDS < 65 years old
598 Left Occipital pole -13.5 -100.5 0 3.99
405 Left Precentral gyrus -58.5 7.5 15.0 4.32
298 Right Amygdala 25.5 0 -27.0 3.69
255 Left Cerebellum V -18.0 -45.0 -16.5 3.40
138 Left Cerebellum Vllla -24.8 -62.3 -47.3 4.38
Reduced GMV in PCDS > 65 years old
30986 Right Hippocampus 32.3 -15.8 -10.5 6.97
Right Thalamus 15 -12.0 -10.5 6.51
Left Amygdala -27.0 -12.0 -15.0 6.19
2580 Right Cerebellum Crus | 30.8 -66.0 -33.0 4.29
2013 Left Cerebellum Crus | -31.5 -69.0 -31.5 4.37
1274 Right Occipital pole 13.5 -91.5 30.0 4.68
869 Cerebellum vermis Vllla 4.5 -67.5 -39.0 3.99
598 Right 58.0 -25.5 16.0 4.14
584 Right Postcentral gyrus 45.0 -19.5 63.0 3.90
562 Right Lateral occipital cortex 52.5 -63.0 135 4.32
545 Right Cingulate gyrus 7.5 1.5 40.5 4.23

Analyses adjusted for age, sex, Centre for Epidemiologic Studies Depression Scale and cardiovascular risk factors

(hypertension, diabetes, hypderlipidemia, smoking and obesity).

MNI = Montreal Neurological Institute. GMV = gray-matter volume.

Cerebellum-hippocampus/amygdala tract

abnormalities in PCDS

Tract-specific analyses showed that within bilateral
cerebellum to amygdala/hippocampus connections,
PCDS subjects had higher values than non-PCDS

ones in three different diffusivity indices (mean,
radial and axial) (Table 5, P-value < 0.05). However,
differences between non-PCDS subjects and
those with PCDS in tract-specific analyses for
altered fractional anisotropy were not statistically
significant.
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Correlations between GMV in PCDS-associated
brain regions and each cognitive/physical domain

The results showed positive correlations between GMV
in PCDS-associated brain regions and each cognitive
(age, sex, education, TIV-adjusted) and physical (age,
sex, TIV-adjusted) performances respectively (Figure 4).
Statistically significances after Bonferroni correction for
7 regions of interests (ROIs) were shown in right
amygdala/hippocampus (versus handgrip strength and
gait speed), left amygdala (versus handgrip strength and
gait speed), right thalamus (versus visuospatial function
and handgrip strength), right occipital pole (versus verbal
memory), left cerebellum (versus verbal memory and
handgrip strength) and left thalamus (versus verbal
fluency and handgrip strength).

DISCUSSION

The present study discovered neuroanatomic deficits
and the postulated neurocircuit associated with PCDS.
PCDS was significantly associated with (1) reduced
GMV in amygdala, thalamus, hippocampus, temporo-
occipital cortex, and cerebellum VI and V regions
and (2) disrupted hippocampus-amygdala-cerebellum
connections. These findings may provide clues to the
early neuroanatomic pathognomonic of age-related
concomitant physical and cognitive decline. This
neuroanatomic process was noted as early as middle-

A Seeds location of tractography

o 5?%@%9

Group-wise probabilistic connection between

age; subjects with PCDS aged 50-64 years already had
GMV decrement in the cerebellum, occipital cortex and
amygdala. Notably, PCDS appeared to originate from
the left side; clusters of GMYV decrement in middle-
aged subjects expanded and extended into the right side
until > 65 years old. The finding with reduced cerebellar
GMV in PCDS was consistent with our previous study,
which showed an association between reduced
cerebellum GMV and physical frailty, particularly its
motor-related components [17]. Hippocampal atrophy is
a hallmark of Alzheimer’s disease and manifests
early in prodromal MCI [23]. However, as cerebellar
atrophy is not typical of early-stage Alzheimer’s
disease, our results suggest that Alzheimer’s pathology
may not be fully accountable to the cognitive impairment
in PCDS.

Clinical and animal studies have identified cerebellar
functions beyond motor control [24, 25]. Functional
neuroimaging has linked the cerebellum to cognitive
domains including spatial processing, working memory,
and executive functions [24, 26]. We also showed that,
in addition to handgrip strength (weakness), multiple
cognitive domains including verbal memory, verbal
fluency, visuospatial function and executive functions
were positively associated with left cerebellar GMV
(Figure 4). We thus postulate that in addition to physical
frailty [17], cognitive impairment in early aging might
also be ascribed to cerebellar deficits [27], which would

@ Left cerebellum (generated by VBM)
@ Left amygdala and hippocampus
O Right amygdala and hippocampus

cerebellum and bilateral amygdala/hippocampus areas

(b-1) to left hemisphere
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Figure 3. Group-wise probabilistic connections between cerebellar and bilateral amygdala/hippocampus areas. VBM = voxel-

based morphometry.
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Table 5. Tract-wise diffusivity differences between non-physio-cognitive decline syndrome subjects and those with

physio-cognitive decline syndrome.

Total Non-PCDS PCDS p value
N (%) 1006 845 (84.0%) 161 (16.0%)
Left connection
Fractional anisotropy 0.44 £0.02 0.44 +£0.02 0.43+£0.02 0.713
Mean diffusivity (10 mm’s ") 0.89 + 0.05 0.89 + 0.05 0.91 +0.06 0.008
Radial diffusivity (10~ mm® s ") 0.69 + 0.05 0.69 + 0.05 0.70 £ 0.06 0.014
Axial diffusivity (10 mm*s ™) 1.30 +0.05 1.30 + 0.05 1.32+0.06 0.009
Right connection
Fractional anisotropy 0.44 +0.02 0.44 +0.02 0.44 +0.03 0.310
Mean diffusivity (10~ mm’s ") 0.87 +0.07 0.87 +0.07 0.89 + 0.09 0.004
Radial diffusivity (10~ mm? s ") 0.66 +0.07 0.66 + 0.07 0.68 = 0.09 0.006
Axial diffusivity (10 mm’s ") 1.29 +0.07 1.30+0.07 1.32+0.09 0.003

Analyses adjusted for age, sex, Centre for Epidemiologic Studies Depression Scale and cardiovascular risk factors

(hypertension, diabetes, hypderlipidemia, smoking and obesity).
PCDS = physio-cognitive decline syndrome.

* p<0.05  ** p<0.05 with a bonferroni correction for 7 ROIs Cognitive function

ORobust OPCDS

Taylor complex
figure test

10-minute CVWLT Boston naming test Verbal fluency test

!
Backward digit test Clock drawing test i

Weakness:
handgrip (kg)

Physical examination

Slowness:

gait speed (m/s)

r=0.075* o

ROM
Rt. amygdala /
Rt. hippocampus

ROI2
Lt. amygdala

ROI3

Rt. thalamus

ROI4

Rt. occipital pole

ROI5

Lt. cerebellum

Mean GMV in ROI (mm?3)

ROI6

Lt. thalamus

ROI7
Rt. temporal
occipital
fusiform cortex

Adjusted age, sex,' education and TIV

X
Adjusted age, sex and TIV

Figure 4. Correlations between gray-matter volume in physio-cognitive decline syndrome-associated brain regions and each
cognitive/physical domain. PCDS = physio-cognitive decline syndrome; ROI = region of interest; Rt. = right; Lt. = left; CVVLT = Chinese
version Verbal Learning Test.
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make the cerebellum the principal area responsible for
maintaining both physical and cognitive functions in
aging. However, further functional neuroimaging
studies are needed to confirm this hypothesis.

In addition to mapping the neuroanatomic regions
involved in PCDS, we also delineated a connecting
neurocircuit. Using diffusion-weighted tractography, we
have delineated tracts connecting the left cerebellum to
bilateral hippocampus/amygdala, with a left-sided
preponderance. Abnormal diffusion-tensor imaging
indices within this tract suggest that this neurocircuit is
involved in PCDS. Tracking cerebellar networks is
challenging due to their tortuous pathways inside and
outside the cerebellum. Nevertheless, a recent diffusion-
tensor imaging study successfully reconstructed tracts
from the cerebellum to the cerebral cortex of each lobe
[28]. Like our results showing a predominant ipsilateral
and left side cerebellum-hippocampus/amygdala
connection, they also revealed that temporo-ponto-
cerebellar tract, unlike fronto-ponto-cerebellum tract,
has larger volume on the left side and with unilateral
connection (uncross to contralateral side) [28].
Connections  between  the  cerebellum  and
hippocampus/amygdala were first detected by animal
neurology studies [29]. Later clinical research focused
on neuropsychiatric disorders, such as emotional
dysregulation and depression, and described this
connection as part of the cortico-limbic-cerebellar
circuit [30, 31]. We are the first to provide evidence that
this connection is involved in early concomitant age-
related physical and cognitive decline. Notably, rather
than cerebellar vermis, which has a regulatory role in
the limbic system [32], the junction between the left
anterior and posterior lobes was associated with PCDS.
We postulate that PCDS might emanate from the left
cerebellum and its connection to the hippocampus/
amygdala, and that this neurocircuit is a potential target
for prevention and treatment trials.

In contrast with the clinical associations of MCRS,
studies about the neuroimaging characteristics of MCRS
are scarce. One France study (GAIT cohort study) with
171 community-dwelling elderly (16.4% of them were
MCRS) showed a significantly reduced total, prefrontal
and motor cortex GMV in subjects with MCRS [33].
Another study jointed the same cohort with the other
two cohorts in the US (total population = 267, 14.2%
MCRS) identified a significant GMV covariance pattern
that was associated with MCR; this GMV covariance
network was primarily composed of supplementary
motor, insular and prefrontal cortex regions [34].
Similar to our results from PCDS, cerebellar and
parahippocampal regions have also been found
involving in this MCR-related network [34]. The motor
and control aspects of gait, e.g. initiation/maintenance

and planning/modulation, both originate in the frontal
cortex [35-37]. This pathway would need the
integration from the cerebellum before conveying
information to the spinal cord and also the feedback
information via the cerebellum [35-37]. In the present
study, the associated GMV reduction in PCDS,
however, spared the frontal cortex. The frontal lobe
itself is vulnerable to aging process [38]. Several brain
structural imaging studies have confirmed age-related,
progressive total and regional brain atrophy since
middle age [38]. Among all brain regions, frontal lobe
showed the greatest decline with age and its atrophy
accelerated at a more advanced age [38]. Neuroimaging
studies in MCRS (mean age: 70 and 75 years old)
included older subjects than the present study (mean
age: 60 years old) [33, 34]. The present results in
population with a relatively younger age might
represent an earlier stage of age-related physio-
cognitive decline. Therefore, in addition to the diverse
definitions of cognitive frailty which might reflect
different underlying pathogenesis, the discrepancy may
be due to different disease stages between MCRS and
PCDS. Future neuroimaging studies with a larger study
population involving different races and longitudinal
follow-up warrant investigations.

The strengths of our study include its large sample size
and age range, from middle-aged to elderly. In addition
to age and sex, our analyses were also adjusted for
cardiovascular risk factors which were more prevalent
in our PCDS cohort and are known determinants of
GMV diminution. However, our results should be
interpreted in light of some limitations. First, ILAS
participants live in rural communities; due of their
background and environment, they were relatively
physically fit and less well educated. The
generalizability of our results to populations with
different demographics deserves further study. In
addition, PCDS subjects in the present study had
prevalent vascular risk factors which might also
contribute to the neuroanatomic and neurocircuit
findings. However, GM atrophy in hypertension and
diabetes are located in frontal or/and temporal lobes
[39-41] instead of posterior brain regions including
cerebellum which has been shown atrophy in subjects
with PCDS. Most importantly, we have adjusted these
vascular risk factors during analyses to mitigate
potential confounder effects. Secondly, the current
approach (PCDS versus non-PCDS) could not reveal
how each of the components of PCDS (physical frailty,
cognitive impairment or certain cognitive domains)
contributed to the neuroanatomic findings. A
consequential study will be conducted to address this
concern and the results would further provide
mechanistic insights into the relationship between
abnormal neuroanatomic/neurocircuit findings and
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PCDS. Lastly, the cross-sectional design of this study
precluded establishing causality; a future longitudinal
study could not only evaluate the causal role of the
neuroanatomic features and neurocircuit in PCDS but
also explore the temporal neuroanatomic changes as
PCDS progresses.

In conclusion, brain imaging studies of this large
community-based cohort revealed characteristic
neuroanatomic and neurocircuit features associated with
PCDS, a phenotype of early physical and cognitive
impairment in the elderly. The left cerebellum and its
connections to the hippocampus/amygdala might be
involved in the early neural pathogenesis and mediate
physical and cognitive decline in aging.

MATERIALS AND METHODS
Study population

Participants were selected from the ILAS cohort, which
was established to study the interrelationships between
aging, frailty, and cognition, and comprises 1,839
community-dwelling adults aged > 50 years. ILAS
excluded people who: were unable to communicate and
complete an interview, or unable to complete
assessments due to poor functional status; had life
expectancy < 6 months due to major illnesses; had any
contraindication for MRI, such as metal implants; and
were institutionalized. This imaging study further
excluded ILAS subjects with major organic brain
disorders such as a stroke or tumor. All participants
gave signed informed consent. The Institutional Review
Board of National Yang Ming University, Taipei,
Taiwan, approved the study.

Demographics, physical examinations, and laboratory
measurements

Participants completed a questionnaire to elicit their
demographic information, cigarette smoking habits, and
medical history. Functional assessments included the
Functional Autonomy Measurement System (physical
function), the Center for Epidemiologic Studies
Depression Scale (mood status), and the Mini-Nutrition
Assessment (nutritional status). Additional physical and
laboratory measurements are available in Supplementary
Material.

Cognitive function assessment and definition of
dementia

All participants underwent a  face-to-face
neuropsychological examination administered by
trained interviewers. Global cognitive performance was
firstly assessed using the Mini-Mental State

Examination (MMSE). Since MMSE performance
largely depends on educational status, a population-
based study in Taiwan determined the MMSE cut-offs
according to different education years for correlation
with dementia, diagnosed according to DSM-III-R
criteria [42, 43]. Consequently, epidemiological studies
of the Taiwan population, including ILAS have defined
dementia as an MMSE score < 24 in well-educated
subjects (education years > 6) or < 14 in less-educated
subjects (education years < 6) [43]. ILAS also used this
definition of dementia, and this study excluded subjects
who met these criteria.

Participants also had comprehensive neuropsychological
assessments across multiple cognitive domains.
Cognitive impairment in each domain was defined as a
score in each test below 1.5 standard deviations of age-
and education-matched norms for the same population.
Detailed method of neuropsychological assessment is
available in Supplementary Material.

Definition of PCDS

Mobility component of physical disability, i.e.
weakness and slowness, was used to define age-related
declines in physical function [44]; either grip strength
(weakness component) or walking speed (slowness
component) below cut-offs proposed by Asian Working
Group for Sarcopenia was considered declines in
physical function [45]. The cutoff value for handgrip
strength were <26 kg for men and <18 kg for women,
for gait speed was <0.8 m/s. PCDS was defined as
declines in physical function concurrent with cognitive
impairment in any domain, but without diagnosed
dementia or physical disability.

Neuroimaging studies

All MRI data were acquired using a single 3T imaging
system with a 12-channel head coil (Siemens
Magnetom Tim Trio, Erlangen, Germany). All images
were acquired along the anterior/posterior commissure
line without in-plane interpolation and inter-slice gap;
head movement was minimized using foam pads. An
experienced neuroradiologist inspected all anatomical
scans before further analysis to exclude any with motion
artefacts or gross brain abnormalities, including trauma,
tumours, and haemorrhagic or infarct lesions.

Anatomical MRI scans to estimate tissue volume,
identify white matter lesions and for tractography
reconstruction, entailed: (1) a sagittal three-dimensional
T1-weighted magnetization-prepared rapid-acquisition
gradient echo sequence (3D-T1w-MPRAGE: repetition
time/echo time/ inversion time = 3500/3.5/1100 ms; flip
angle = 7°; number of excitations = 1; field of view =
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256 x 256 mm?; matrix size = 256 x 256; 192 slices,
with voxel size = 1.0 x 1.0 x 1.0 mm°); (2) an axial
two-dimensional T2-weighted fluid-attenuated
inversion-recovery multi-shot turbo-spin echo sequence
(2D-T2w-FLAIR  BLADE: repetition time/echo
time/inversion time = 9000/143/2500 ms; flip angle =
130°; number of excitations = 1; field of view = 220 x
220 mm?; matrix size = 320 x 320, echo train length =
35; 63 slices, with voxel size = 0.69 x 0.69 x 2.0 mm®);
and (3) an axial single-shot spin-echo echo-planar
imaging  diffusion-weighted sequence (repetition
time/echo time = 11000/104 ms; number of excitations
= 3; field of view = 256 x 256 mm?; matrix size = 128 x
128; 70 slices, with voxel size = 2.0 x 2.0 x 2.0 mm?; b
value = 1000 s/mm? 30 non-collinear gradient
directions and three non-diffusion-weighted T2 images).
The origin of each scan was re-oriented, using an
automated centre-of-mass approach, to further minimize
variability in scanning position and errors in subsequent
image registration and segmentation.

Voxel-wise gray-matter volume (GMV) estimation

We wused voxel-based morphometry (VBM) to
investigate GMV changes between study groups [46].
All native-space re-oriented Tlw and T2w-FLAIR
scans were pre-processed using the Computational
Anatomy  Toolbox  (CAT12,  wversion 1266
http://www.neuro.uni-jena.de/cat/), the Lesion
Segmentation  Toolbox  (LST, wversion 2.0.15,
http://www.applied-statistics.de/Ist.html)  [47] and
Statistical Parametric Mapping software (SPM12,
version 6909, Wellcome Institute of Neurology,
University College London, UK,
http://www.fil.ion.ucl.ac.uk/spm/) in Matlab R2016a
(The Mathworks, Inc., Natick, MA, USA) with default
settings. Our VBM pre-processing procedure was the
same as previously described [17]: (1) individual T2w-
FLAIRs were affine registered to corresponding Tlw
anatomical scans using the “Coregister” function of
SPM12; (2) using LST, co-registered T2w-FLAIR T1w
scans served as inputs for localizing and refilling white
matter lesions, with intensities similar to the normal
white matter appearance for each individual; (3) lesion-
filled T1lw scans were corrected for non-uniform
intensities, and segmented into gray matter, white
matter and cerebrospinal fluid tissue maps using the
CAT12 toolbox; (4) using the high-dimensional
Diffeomorphic Anatomical Registration Exponentiated
Lie Algebra (DARTEL) warping algorithm [48], gray
and white matter tissue maps were iteratively registered
to create study-specific Montreal Neurological Institute
(MNI)-space tissue templates based on the entire study
cohort; (5) the deformation field from DARTEL
normalization was applied to warp corresponding gray
matter segments into the MNI space; (6) voxel-wise

estimates of GMV from these MNI-space gray matter
tissue maps were obtained by modulating the linear and
non-linear components of the Jacobian determinant of
estimated deformation fields; (7) finally, MNI-space
modulated gray matter segments were smoothed by
convolution with an 8 mm full-width at half-maximum,
isotropic Gaussian kernel. The final spatial resolution of
MNI-space modulated gray matter tissue segments was
1.5 mm cubic/voxel.

The normalized, modulated and smoothed gray matter
tissue segments were used for subsequent statistical
analyses. After completing VBM pre-processing, the
CATI12 toolbox “Check Data Quality” module was used
to check the data homogeneity of pre-processed gray
matter segments; no subjects were considered outliers
and excluded. To adjust for global variation in brain
size, each participant’s gray matter, white matter, and
cerebrospinal fluid volumes in native space were added
to give the total intracranial volume, which served as a
confounding factor in statistical analyses. To minimize
the potential partial volume effect, individual MNI-
space unmodulated gray matter tissue maps were
averaged at an intensity threshold 0.2, to create an
explicit binary mask for subsequent voxel-wise
analyses.

Post-hoc reconstruction of hypothetical tractography
in the cerebellum and bilateral amygdala-
hippocampal regions

Due to a close relationship between physical and
cognitive declines in older adults [11, 49], we
hypothesised that a neurocircuit may underlie PCDS and
used diffusion-weighted tractography to map putative
connections  between the left cerebellum and
hippocampus/amygdala. Prior to tractography analysis,
an experienced neuroradiologist inspected all diffusion-
weighted images to further exclude those with
unacceptable motion or other artefacts. Probabilistic
tractography of pre-defined regions of interest was
then used to investigate possible neuroanatomic
connections between the cerebellum and bilateral
amygdala-hippocampal  regions using  MRtrix3
(http://Awww.mrtrix.org/) and FMRIB Software Library
(FSL, version 5.0.11, http:/fsl.fmrib.ox.ac.uk/fsl/
fslwiki/). Cerebellar regions of interest were identified
based on VBM results, while those in the amygdala and
hippocampus were identified by the automated
anatomical labelling atlas [50], and merged into a single
region of interest for each hemisphere. Initial
tractography was first performed in the native diffusion
space for each individual and further warped into the
standard MNI space, to produce a population-based
probability map of our postulated neuroanatomical
connections.
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Tractography entailed four steps: (1) individual diffusion-
weighted scans were affine-aligned to corresponding
non-diffusion-weighted scans, to correct for head
movement and eddy current distortion, then skull-
stripped using the Brain Extraction Tool [51]; (2) to
constrain subsequent analyses within white matter areas,
5ttgen (a MRTrix command-line tool that integrates the
Brain  Extraction Tool, and FSL's Automated
Segmentation Tool [52] and Integrated Registration and
Segmentation Tool [53]) was used to segment individual
T1lw anatomical scans into white matter, grey matter,
cerebrospinal fluid, subcortical regions, and diseased
tissue compartments; (3) using the MRtrix3 command-
line tools dwi2response and dwi2fod [54, 55], the voxel-
wise fibre orientation density function of each individual
was computed in native diffusion space; (4) a two-stage
registration approach [56] was used to transform the pre-
identified MNI-space regions of interest into native
diffusion space. The boundary-based registration
capability of FSL’s Linear Image Registration Tool [57]
was first used to calculate the transformation matrix
between non-diffusion-weighted images and
corresponding T1w anatomical scans. The second stage
transformation matrix was determined by registering each
Tlw scan to the standard MNI T1 template with a
nonlinear registration approach using FSL’s Non-Linear
Image Registration Tool [58]. To minimize interpolation
artefacts, we further merged these two transformation
matrices into a single matrix for each individual for
spatial transformation of regions of interest; (5) finally,
anatomically-constrained tractography [59] using the
iIFOD2 [32] algorithm was applied to reconstruct
hypothetical tracts connecting cerebellar regions of
interest to bilateral amygdala-hippocampal regions; the
seed and target maps were exchangeable between
cerebellum and amygdala/hippocampus, where 20
seeds/voxel were randomly planted in native diffusion
space. Tracts were depicted along the fibre orientation
density function with a 0.5 mm step-size, maximum 60°
turning angle, and minimum 0.1 amplitude. Having
established putative tracts, we first merged bi-directional
tracts between cerebellum and amygdala/hippocampus,
then converted them into binary map, where 1 represents
the tract intersecting the voxel. Finally, individual binary
tract maps were warped into the standard MNI space. By
summing the information from each participant,
normalized by the total participant number, the final
tractography image represents the proportion of subjects
in whom each pathway was present.

Extracting multiple quantitative diffusivity indices
of hypothetical anatomical connections

To investigate potential microstructural differences
between study groups in the hypothetical cerebellum
to amygdala/hippocampus connections, MNI-space

population-based probability maps were used as
templates for extracting multiple diffusivity indices in
native space. First, we used the command-line tool
DTIFIT (available in FSL) to estimate the voxel-wise
fractional anisotropy, mean diffusivity, radial
diffusivity, and axial diffusivity for each participant.
Then, the MNI-space population-based probability map
was spatial transformed into individual native space to
extract probability-weighted averages for the multiple
diffusivity indices of each hypothetical anatomical
connection [60].

Statistical analyses

All statistical analyses used SPSS Statistics for
Windows version 19.0 (IBM Corp. Released 2010. IBM
SPSS Statistics for Windows, Version 19.0. Armonk,
NY: IBM Corp.). Continuous variables were expressed
as mean plus/minus standard deviation, categorical
variables as proportions. Continuous data from PCDS
versus non-PCDS groups were compared by Student’s t
test; categorical data were compared by Chi-square
analysis, as appropriate. P < 0.05 was considered
statistically significant.

GMV and diffusivity differences between non-PCDS
and PCDS groups were determined using a voxel-wise
single-factor two-level ANCOVA procedure with
confounding factors of age, sex, total intracranial
volume, Center for Epidemiologic Studies Depression
Scale score, and cardiovascular risks including history
of hypertension, diabetes, dyslipidaemia, smoking, and
obesity (BMI > 30 kg/m?). The same statistical design
was also applied to the multiple quantitative diffusivity
indices of the hypothetical anatomical connections to
identify the between group difference (PCDS versus
non-PCDS groups) in white matter microstructural
properties.

We further stratified the analytic cohort into 50-64-
years-olds (middle-aged) and >65-year-olds (elderly)
to investigate potential effects of age on analytic
GMV results. The GLM_Flex toolbox
(http://mrtools.mgh.harvard.edu/index.php?title=GLM

Flex) was used to identify the anatomical correlates
(GMV) of PCDS, voxel-wise, in different age-groups.

The significance level for all voxel-wise analyses was
set at cluster-level family-wise error corrected P-value <
0.05 with a cluster-forming threshold of voxel-level P-
value < 0.001 and 113 voxel extents, determined from
results of Monte Carlo simulation with the command-
line tool 3dClustSim (10000 permutations with explicit
GM mask, version AFNI_18.1.18). Statistical results for
clusters with significant between-group main effects,
including cluster sizes, maximum Z-values, anatomical
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locations and corresponding MNI coordinates were
reported using the Peak nii toolbox (https://www.nitrc.
org/projects/peak_nii).

To investigate the potential associations between
observed neuroanatomical alterations and each
cognitive/physical task in our population, PCDS-
associated anatomical regions identified by the above
voxel-wise analysis were extracted and averaged for
each individual. Partial Pearson’s correlation analyses
which adjust corresponded confounding factors (for
domains of cognitive functions: age, sex, education and
TIV adjusted; for physical examinations: age, sex and
Tl adjusted) were then used to identify the potential
associations between regional GMV measures and
multiple domains of cognitive functions (including
scores of 10-minute CVVLT, Boston naming test,
verbal fluency test, Taylor complex figure test,
backward digit test, and clock drawing test) and
physical examinations (including handgrip and gait
speed) respectively. The statistical significances were
reported both with the threshold at an uncorrected P-
value<0.05 and a Bonferroni corrected P-value<0.05
(for seven regions).

Abbreviations

BMI: body mass index; GMV: gray-matter volume;
ILAS: I-Lan Longitudinal Aging Study; MCI: mild
cognitive impairment; MCRS: motoric cognitive risk
syndrome; MMSE: Mini-Mental State Examination;
MRI: magnetic resonance imaging; PCDS: physio-
cognitive decline syndrome.

AUTHOR CONTRIBUTIONS

All authors have read and approve of the final version
of the manuscript. Dr Chen, Wang and Chung had full
access to all of the data in the study and take
responsibility for the integrity of the data and the
accuracy of the data analysis. Liu, Peng, Chou, Chen,
Lin, Wang and Chung: study concept and design,
acquisition, analysis, and interpretation of data. Liu,
Chou and Chung: manuscript drafting. Chou and Lin:
MRI technical and material support. Peng, Lee and Liu:
Study subjects data collection and study execution.

CONFLICTS OF INTEREST

All authors have nothing to declare.

FUNDING

This study was supported by the Aging and Health

Research Center, National Yang Ming University,
Taipei, Taiwan; Center for Geriatrics and Gerontology,

Taipei Veterans General Hospital, Taipei, Taiwan; and
the Ministry of Science and Technology, Taiwan
(MOST 103-2633-B-400-002; MOST 108-2321-B-010
-013 -MY?2).

Dr David Neil (PhD), of Full Universe Integrated
Marketing Ltd., Taipei, Taiwan, provided editorial
services on behalf of Taipei Veterans General Hospital.

REFERENCES

1. World Health Organization. World Report on Ageing
and Health. Geneva, Switzerland: World Health
Organization, 2015. http://apps.who.int/iris/bitstream/
10665/186463/1/9789240694811 eng.pdf?ua=1.

2. Rosenberg A, Ngandu T, Rusanen M, Antikainen R,
Backman L, Havulinna S, Hanninen T, Laatikainen T,
Lehtisalo J, Levdlahti E, Lindstrom J, Paajanen T,
Peltonen M, et al. Multidomain lifestyle intervention
benefits a large elderly population at risk for cognitive
decline and dementia regardless of baseline
characteristics: the FINGER trial. Alzheimers Dement.
2018; 14:263-70.
https://doi.org/10.1016/j.jalz.2017.09.006
PMID:29055814

3. Ng TP, Feng L, Nyunt MS, Feng L, Niti M, Tan BY,
Chan G, Khoo SA, Chan SM, Yap P, Yap KB.
Nutritional, Physical, Cognitive, and Combination
Interventions and Frailty Reversal Among Older
Adults: A Randomized Controlled Trial. Am J Med.
2015; 128:1225-1236.e1.
https://doi.org/10.1016/j.amjmed.2015.06.017
PMID:26159634

4. Clegg A, Young J, lliffe S, Rikkert MO, Rockwood K.
Frailty in elderly people. Lancet. 2013; 381:752—62.
https://doi.org/10.1016/5S0140-6736(12)62167-9
PMID:23395245

5. Robertson DA, Savva GM, Kenny RA. Frailty and
cognitive impairment—a review of the evidence and
causal mechanisms. Ageing Res Rev. 2013; 12:840-51.
https://doi.org/10.1016/j.arr.2013.06.004
PMID:23831959

Yu WC, Chou MY, Peng LN, Lin YT, Liang CK, Chen LK.
Synergistic effects of cognitive impairment on physical
disability in all-cause mortality among men aged 80
years and over: results from longitudinal older
veterans study. PLoS One. 2017; 12:e0181741.
https://doi.org/10.1371/journal.pone.0181741
PMID:28746360

7. Kelaiditi E, Cesari M, Canevelli M, van Kan GA,
Ousset PJ, Gillette-Guyonnet S, Ritz P, Duveau F,
Soto ME, Provencher V, Nourhashemi F, Salva A,
Robert P, et al, and IANA/IAGG. Cognitive frailty:

www.aging-us.com 25331

AGING


https://www.nitrc.org/projects/peak_nii
https://www.nitrc.org/projects/peak_nii
http://apps.who.int/iris/bitstream/10665/186463/1/9789240694811_eng.pdf?ua=1
http://apps.who.int/iris/bitstream/10665/186463/1/9789240694811_eng.pdf?ua=1
https://doi.org/10.1016/j.jalz.2017.09.006
https://pubmed.ncbi.nlm.nih.gov/29055814
https://doi.org/10.1016/j.amjmed.2015.06.017
https://pubmed.ncbi.nlm.nih.gov/26159634
https://doi.org/10.1016/S0140-6736(12)62167-9
https://pubmed.ncbi.nlm.nih.gov/23395245
https://doi.org/10.1016/j.arr.2013.06.004
https://pubmed.ncbi.nlm.nih.gov/23831959
https://doi.org/10.1371/journal.pone.0181741
https://pubmed.ncbi.nlm.nih.gov/28746360

10.

11.

12.

13.

14.

15.

rational and definition from an (l.A.N.A./I.A.G.G.)
international consensus group. J Nutr Health Aging.
2013; 17:726-34.
https://doi.org/10.1007/s12603-013-0367-2
PMID:24154642

Canevelli M, Cesari M. Cognitive frailty: far from clinical
and research adoption. J Am Med Dir Assoc. 2017;
18:816-18.
https://doi.org/10.1016/j.jamda.2017.07.004
PMID:28843528

Lee WJ, Peng LN, Liang CK, Loh CH, Chen LK. Cognitive
frailty  predicting all-cause  mortality among
community-living older adults in Taiwan: a 4-year
nationwide population-based cohort study. PLoS One.
2018; 13:e0200447.
https://doi.org/10.1371/journal.pone.0200447
PMID:30001354

Ruan Q, Yu Z, Chen M, Bao Z, Li J, He W. Cognitive
frailty, a novel target for the prevention of elderly
dependency. Ageing Res Rev. 2015; 20:1-10.
https://doi.org/10.1016/j.arr.2014.12.004
PMID:25555677

Verghese J, Wang C, Lipton RB, Holtzer R. Motoric
cognitive risk syndrome and the risk of dementia. J
Gerontol A Biol Sci Med Sci. 2013; 68:412-18.
https://doi.org/10.1093/gerona/gls191
PMID:22987797

Verghese J, Annweiler C, Ayers E, Barzilai N, Beauchet
O, Bennett DA, Bridenbaugh SA, Buchman AS, Callisaya
ML, Camicioli R, Capistrant B, Chatterji S, De Cock AM,
et al. Motoric cognitive risk syndrome: multicountry
prevalence and dementia risk. Neurology. 2014;
83:718-26.
https://doi.org/10.1212/WNL.0000000000000717
PMID:25031288

Semba RD, Tian Q, Carlson MC, Xue QL, Ferrucci L.
Motoric cognitive risk syndrome: integration of two
early harbingers of dementia in older adults. Ageing
Res Rev. 2020; 58:101022.
https://doi.org/10.1016/j.arr.2020.101022
PMID:31996326

Liu LK, Guo CY, Lee WJ, Chen LY, Hwang AC, Lin MH,
Peng LN, Chen LK, Liang KY. Subtypes of physical frailty:
latent class analysis and associations with clinical
characteristics and outcomes. Sci Rep. 2017; 7:46417.
https://doi.org/10.1038/srep46417 PMID:28397814

Liu LK, Chen CH, Lee WJ, Wu YH, Hwang AC, Lin MH,
Shimada H, Peng LN, Loh CH, Arai H, Chen LK. Cognitive
frailty and its association with all-cause mortality
among community-dwelling older adults in Taiwan:

16.

17.

18.

19.

20.

21.

22.

23.

24,

https://doi.org/10.1089/rej.2017.2038
PMID:29644921

Wu YH, Liu LK, Chen WT, Lee WJ, Peng LN, Wang PN,
Chen LK. Cognitive function in individuals with physical
frailty but without dementia or cognitive complaints:
results from the I-Lan longitudinal aging study. J Am
Med Dir Assoc. 2015; 16:899.e9-16.
https://doi.org/10.1016/j.jamda.2015.07.013
PMID:26321467

Chen WT, Chou KH, Liu LK, Lee PL, Lee WJ, Chen LK,
Wang PN, Lin CP. Reduced cerebellar gray matter is a
neural signature of physical frailty. Hum Brain Mapp.
2015; 36:3666-76.
https://doi.org/10.1002/hbm.22870 PMID:26096356

Nishita Y, Nakamura A, Kato T, Otsuka R, lwata K,
Tange C, Ando F, Ito K, Shimokata H, Arai H. Links
between physical frailty and regional gray matter
volumes in older adults: a voxel-based morphometry
study. J Am Med Dir Assoc. 2019; 20:1587-92.€e7.
https://doi.org/10.1016/j.jamda.2019.09.001
PMID:31685397

Shimada H, Doi T, Lee S, Makizako H, Chen LK, Arai H.
Cognitive frailty predicts incident dementia among
community-dwelling older people. J Clin Med. 2018;
7:250.

https://doi.org/10.3390/jcm7090250 PMID:30200236

Sugimoto T, Sakurai T, Ono R, Kimura A, Saji N, Niida S,
Toba K, Chen LK, Arai H. Epidemiological and clinical
significance of cognitive frailty: a mini review. Ageing
Res Rev. 2018; 44:1-7.
https://doi.org/10.1016/j.arr.2018.03.002
PMID:29544875

Chen LK, Hwang AC, Lee WJ, Peng LN, Lin MH, Neil DL,
Shih SF, Loh CH, Chiou ST, and Taiwan Health
Promotion Intervention Study for Elders research
group. Efficacy of multidomain interventions to
improve physical frailty, depression and cognition: data
from cluster-randomized controlled trials. J Cachexia
Sarcopenia Muscle. 2020; 11:650-62.
https://doi.org/10.1002/jcsm.12534 PMID:32134208

Chen LK, Arai H. Physio-cognitive decline as the
accelerated aging phenotype. Arch Gerontol Geriatr.
2020; 88:104051.
https://doi.org/10.1016/j.archger.2020.104051
PMID:32278485

Halliday G. Pathology and hippocampal atrophy in
Alzheimer’s disease. Lancet Neurol. 2017; 16:862—64.
https://doi.org/10.1016/51474-4422(17)30343-5
PMID:29029840

Buckner RL. The cerebellum and cognitive function: 25

results from I-Lan longitudinal aging study. years of insight from anatomy and neuroimaging.
Rejuvenation Res. 2018; 21:510-17. Neuron. 2013; 80:807-15.
www.aging-us.com 25332 AGING


https://doi.org/10.1007/s12603-013-0367-2
https://pubmed.ncbi.nlm.nih.gov/24154642
https://doi.org/10.1016/j.jamda.2017.07.004
https://pubmed.ncbi.nlm.nih.gov/28843528
https://doi.org/10.1371/journal.pone.0200447
https://pubmed.ncbi.nlm.nih.gov/30001354
https://doi.org/10.1016/j.arr.2014.12.004
https://pubmed.ncbi.nlm.nih.gov/25555677
https://doi.org/10.1093/gerona/gls191
https://pubmed.ncbi.nlm.nih.gov/22987797
https://doi.org/10.1212/WNL.0000000000000717
https://pubmed.ncbi.nlm.nih.gov/25031288
https://doi.org/10.1016/j.arr.2020.101022
https://pubmed.ncbi.nlm.nih.gov/31996326
https://doi.org/10.1038/srep46417
https://pubmed.ncbi.nlm.nih.gov/28397814
https://doi.org/10.1089/rej.2017.2038
https://pubmed.ncbi.nlm.nih.gov/29644921
https://doi.org/10.1016/j.jamda.2015.07.013
https://pubmed.ncbi.nlm.nih.gov/26321467
https://doi.org/10.1002/hbm.22870
https://pubmed.ncbi.nlm.nih.gov/26096356
https://doi.org/10.1016/j.jamda.2019.09.001
https://pubmed.ncbi.nlm.nih.gov/31685397
https://doi.org/10.3390/jcm7090250
https://pubmed.ncbi.nlm.nih.gov/30200236
https://doi.org/10.1016/j.arr.2018.03.002
https://pubmed.ncbi.nlm.nih.gov/29544875
https://doi.org/10.1002/jcsm.12534
https://pubmed.ncbi.nlm.nih.gov/32134208
https://doi.org/10.1016/j.archger.2020.104051
https://pubmed.ncbi.nlm.nih.gov/32278485
https://doi.org/10.1016/S1474-4422(17)30343-5
https://pubmed.ncbi.nlm.nih.gov/29029840

25.

26.

27.

28.

29.

30.

31

32.

https://doi.org/10.1016/j.neuron.2013.10.044
PMID:24183029

Nadkarni NK, Nunley KA, Aizenstein H, Harris TB, Yaffe
K, Satterfield S, Newman AB, Rosano C, and Health ABC
Study. Association between cerebellar gray matter
volumes, gait speed, and information-processing ability
in older adults enrolled in the health ABC study. J
Gerontol A Biol Sci Med Sci. 2014; 69:996-1003.
https://doi.org/10.1093/gerona/glt151
PMID:24170673

Koziol LF, Budding D, Andreasen N, D’Arrigo S,
Bulgheroni S, Imamizu H, Ito M, Manto M, Marvel C,
Parker K, Pezzulo G, Ramnani N, Riva D, et al.
Consensus paper: the cerebellum’s role in movement
and cognition. Cerebellum. 2014; 13:151-77.
https://doi.org/10.1007/s12311-013-0511-x
PMID:23996631

Bernard JA, Seidler RD. Moving forward: age effects on
the cerebellum underlie cognitive and motor declines.
Neurosci Biobehav Rev. 2014; 42:193-207.
https://doi.org/10.1016/j.neubiorev.2014.02.011
PMID:24594194

Keser Z, Hasan KM, Mwangi BI, Kamali A, Ucisik-Keser
FE, Riascos RF, Yozbatiran N, Francisco GE, Narayana
PA. Diffusion tensor imaging of the human cerebellar
pathways and their interplay with cerebral
macrostructure. Front Neuroanat. 2015; 9:41.
https://doi.org/10.3389/fnana.2015.00041
PMID:25904851

Heath RG, Harper JW. Ascending projections of the
cerebellar fastigial nucleus to the hippocampus,
amygdala, and other temporal lobe sites: evoked
potential and histological studies in monkeys and cats.
Exp Neurol. 1974; 45:268-87.
https://doi.org/10.1016/0014-4886(74)90118-6
PMID:4422320

Blatt GJ, Oblak AL, Schmahmann JD. Cerebellar
connections with limbic circuits: anatomy and
functional implications. Handbook of the cerebellum
and cerebellar disorders. Netherlands: Springer, 2013.
https://doi.org/10.1007/978-94-007-1333-8 22

Guo W, Liu F, Zhang Z, Liu J, Yu M, Zhang J, Xiao C, Zhao
J. Unidirectionally affected causal connectivity of
cortico-limbic-cerebellar circuit by structural deficits in
drug-naive major depressive disorder. J Affect Disord.
2015; 172:410-16.
https://doi.org/10.1016/j.jad.2014.10.019
PMID:25451445

Tournier JD, Calamante F, Connelly A. Improved
probabilistic streamlines tractography by 2nd order
integration over fibre orientation distributions. Proc Int
Soc Magn Reson Med. 2010; 18:1670.

33.

34.

35.

36.

37.

38.

39.

40.

41.

https://cds.ismrm.org/protected/10MProceedings/file
s/1670 4298.pdf.

Beauchet O, Allali G, Annweiler C, Verghese .
Association of motoric cognitive risk syndrome with
brain volumes: results from the GAIT study. J Gerontol
A Biol Sci Med Sci. 2016; 71:1081-88.
https://doi.org/10.1093/gerona/glw012
PMID:26946101

Blumen HM, Allali G, Beauchet O, Lipton RB, Verghese
J. A gray matter volume covariance network associated
with the motoric cognitive risk syndrome: a
multicohort MRI study. J Gerontol A Biol Sci Med Sci.
2019; 74:884-89.
https://doi.org/10.1093/gerona/gly158
PMID:29985983

la Fougére C, Zwergal A, Rominger A, Forster S, Fes| G,
Dieterich M, Brandt T, Strupp M, Bartenstein P, Jahn K.
Real versus imagined locomotion: a [18F]-FDG PET-
fMRI comparison. Neuroimage. 2010; 50:1589-98.
https://doi.org/10.1016/j.neuroimage.2009.12.060
PMID:20034578

Zwergal A, Linn J, Xiong G, Brandt T, Strupp M, Jahn K.
Aging of human supraspinal locomotor and postural
control in fMRI. Neurobiol Aging. 2012; 33:1073-84.
https://doi.org/10.1016/j.neurobiolaging.2010.09.022
PMID:21051105

Leisman G, Moustafa AA, Shafir T. Thinking, walking,
talking: integratory motor and cognitive brain function.
Front Public Health. 2016; 4:94.
https://doi.org/10.3389/fpubh.2016.00094
PMID:27252937

Lockhart SN, DeCarli C. Structural imaging measures of
brain aging. Neuropsychol Rev. 2014; 24:271-89.
https://doi.org/10.1007/s11065-014-9268-3
PMID:25146995

Moran C, Phan TG, Chen J, Blizzard L, Beare R, Venn A,
Minch G, Wood AG, Forbes J, Greenaway TM, Pearson
S, Srikanth V. Brain atrophy in type 2 diabetes: regional
distribution and influence on cognition. Diabetes Care.
2013; 36:4036—-42.

https://doi.org/10.2337/dc13-0143 PMID:23939539

Cox SR, Lyall DM, Ritchie SJ, Bastin ME, Harris MA,
Buchanan CR, Fawns-Ritchie C, Barbu MC, de Nooij L,
Reus LM, Alloza C, Shen X, Neilson E, et al. Associations
between vascular risk factors and brain MRI indices in
UK biobank. Eur Heart J. 2019; 40:2290-300.
https://doi.org/10.1093/eurheartj/ehz100
PMID:30854560

Beauchet O, Celle S, Roche F, Bartha R, Montero-
Odasso M, Allali G, Annweiler C. Blood pressure levels
and brain volume reduction: a systematic review and
meta-analysis. J Hypertens. 2013; 31:1502-16.

www.aging-us.com

25333

AGING


https://doi.org/10.1016/j.neuron.2013.10.044
https://pubmed.ncbi.nlm.nih.gov/24183029
https://doi.org/10.1093/gerona/glt151
https://pubmed.ncbi.nlm.nih.gov/24170673
https://doi.org/10.1007/s12311-013-0511-x
https://pubmed.ncbi.nlm.nih.gov/23996631
https://doi.org/10.1016/j.neubiorev.2014.02.011
https://pubmed.ncbi.nlm.nih.gov/24594194
https://doi.org/10.3389/fnana.2015.00041
https://pubmed.ncbi.nlm.nih.gov/25904851
https://doi.org/10.1016/0014-4886(74)90118-6
https://pubmed.ncbi.nlm.nih.gov/4422320
https://doi.org/10.1007/978-94-007-1333-8_22
https://doi.org/10.1016/j.jad.2014.10.019
https://pubmed.ncbi.nlm.nih.gov/25451445
https://cds.ismrm.org/protected/10MProceedings/files/1670_4298.pdf
https://cds.ismrm.org/protected/10MProceedings/files/1670_4298.pdf
https://doi.org/10.1093/gerona/glw012
https://pubmed.ncbi.nlm.nih.gov/26946101
https://doi.org/10.1093/gerona/gly158
https://pubmed.ncbi.nlm.nih.gov/29985983
https://doi.org/10.1016/j.neuroimage.2009.12.060
https://pubmed.ncbi.nlm.nih.gov/20034578
https://doi.org/10.1016/j.neurobiolaging.2010.09.022
https://pubmed.ncbi.nlm.nih.gov/21051105
https://doi.org/10.3389/fpubh.2016.00094
https://pubmed.ncbi.nlm.nih.gov/27252937
https://doi.org/10.1007/s11065-014-9268-3
https://pubmed.ncbi.nlm.nih.gov/25146995
https://doi.org/10.2337/dc13-0143
https://pubmed.ncbi.nlm.nih.gov/23939539
https://doi.org/10.1093/eurheartj/ehz100
https://pubmed.ncbi.nlm.nih.gov/30854560

42.

43.

44,

45,

46.

47.

48.

49.

50.

https://doi.org/10.1097/HJH.0b013e32836184b5
PMID:23811995

American Psychiatric Association.
statistical manual of mental disorders.
Revised DSM-III-R. Washington DC:
Psychiatric Press, 1987.

Liu HC, Lin KN, Teng EL, Wang SJ, Fuh JL, Guo NW, Chou
P, Hu HH, Chiang BN. Prevalence and subtypes of
dementia in Taiwan: a community survey of 5297
individuals. J Am Geriatr Soc. 1995; 43:144-49.
https://doi.org/10.1111/j.1532-5415.1995.tb06379.x
PMID:7836638

Huang CY, Hwang AC, Liu LK, Lee WJ, Chen LY, Peng LN,
Lin MH, Chen LK. Association of dynapenia, sarcopenia,
and cognitive impairment among community-dwelling
older Taiwanese. Rejuvenation Res. 2016; 19:71-78.
https://doi.org/10.1089/rej.2015.1710
PMID:26165544

Chen LK, Lee WJ, Peng LN, Liu LK, Arai H, Akishita M,
and Asian Working Group for Sarcopenia. Recent
advances in sarcopenia research in Asia: 2016 update
from the Asian working group for sarcopenia. J Am
Med Dir Assoc. 2016; 17:767.e1-7.
https://doi.org/10.1016/j.jamda.2016.05.016
PMID:27372539

Diagnostic and
3rd ed.
American

Ashburner J, Friston KJ. Voxel-based morphometry—
the methods. Neuroimage. 2000; 11:805-21.
https://doi.org/10.1006/nimg.2000.0582
PMID:10860804

Schmidt P, Gaser C, Arsic M, Buck D, Forschler A,
Berthele A, Hoshi M, llg R, Schmid VJ, Zimmer C,
Hemmer B, Mihlau M. An automated tool for
detection of FLAIR-hyperintense white-matter lesions
in multiple sclerosis. Neuroimage. 2012; 59:3774-83.
https://doi.org/10.1016/j.neuroimage.2011.11.032
PMID:22119648

Ashburner J. A fast diffeomorphic image registration
algorithm. Neuroimage. 2007; 38:95-113.
https://doi.org/10.1016/j.neuroimage.2007.07.007
PMID:17761438

Panza F, Solfrizzi V, Barulli MR, Santamato A, Seripa D,
Pilotto A, Logroscino G. Cognitive frailty: a systematic
review of epidemiological and neurobiological
evidence of an age-related clinical condition.
Rejuvenation Res. 2015; 18:389-412.

https://doi.org/10.1089/rej.2014.1637 PMID:25808052

Tzourio-Mazoyer N, Landeau B, Papathanassiou D,
Crivello F, Etard O, Delcroix N, Mazoyer B, Joliot M.
Automated anatomical labeling of activations in SPM
using a macroscopic anatomical parcellation of the
MNI MRI single-subject brain. Neuroimage. 2002;
15:273-89.

51.

52.

53.

54.

55.

56.

57.

58.

59.

https://doi.org/10.1006/nimg.2001.0978
PMID:11771995

Smith SM. Fast robust automated brain extraction.
Hum Brain Mapp. 2002; 17:143-55.
https://doi.org/10.1002/hbm.10062 PMID:12391568

Zhang Y, Brady M, Smith S. Segmentation of brain MR
images through a hidden markov random field model
and the expectation-maximization algorithm. IEEE
Trans Med Imaging. 2001; 20:45-57.
https://doi.org/10.1109/42.906424 PMID:11293691

Patenaude B, Smith SM, Kennedy DN, Jenkinson M. A
bayesian model of shape and appearance for
subcortical brain segmentation. Neuroimage. 2011;
56:907-22.
https://doi.org/10.1016/j.neuroimage.2011.02.046
PMID:21352927

Tournier JD, Calamante F, Gadian DG, Connelly A.
Direct estimation of the fiber orientation density
function from diffusion-weighted MRI data using
spherical ~ deconvolution.  Neuroimage.  2004;
23:1176-85.
https://doi.org/10.1016/j.neuroimage.2004.07.037
PMID:15528117

Tournier JD, Calamante F, Connelly A. Determination of
the appropriate b value and number of gradient
directions for high-angular-resolution  diffusion-
weighted imaging. NMR Biomed. 2013; 26:1775-86.
https://doi.org/10.1002/nbm.3017 PMID:24038308

Wang PN, Chou KH, Chang NJ, Lin KN, Chen WT, Lan GY,
Lin CP, Lirng JF. Callosal degeneration topographically
correlated with cognitive function in amnestic mild
cognitive impairment and Alzheimer’'s disease
dementia. Hum Brain Mapp. 2014; 35:1529-43.
https://doi.org/10.1002/hbm.22271 PMID:23670960

Jenkinson M, Bannister P, Brady M, Smith S. Improved
optimization for the robust and accurate linear
registration and motion correction of brain images.
Neuroimage. 2002; 17:825-41.
https://doi.org/10.1016/s1053-8119(02)91132-8
PMID:12377157

Andersson JLR, Jenkinson M, Smith S. Non-linear
registration, aka spatial normalisation FMRIB technical
report TRO7JA2. FMRIB Analysis Group, Oxford, 2007.
https://www.fmrib.ox.ac.uk/datasets/techrep/tr07ja2/

tr07ja2.pdf.

Smith RE, Tournier JD, Calamante F, Connelly A.
Anatomically-constrained  tractography: improved
diffusion MRI streamlines tractography through
effective use of anatomical information. Neuroimage.
2012; 62:1924-38.
https://doi.org/10.1016/j.neuroimage.2012.06.005
PMID:22705374

www.aging-us.com

25334

AGING


https://doi.org/10.1097/HJH.0b013e32836184b5
https://pubmed.ncbi.nlm.nih.gov/23811995
https://doi.org/10.1111/j.1532-5415.1995.tb06379.x
https://pubmed.ncbi.nlm.nih.gov/7836638
https://doi.org/10.1089/rej.2015.1710
https://pubmed.ncbi.nlm.nih.gov/26165544
https://doi.org/10.1016/j.jamda.2016.05.016
https://pubmed.ncbi.nlm.nih.gov/27372539
https://doi.org/10.1006/nimg.2000.0582
https://pubmed.ncbi.nlm.nih.gov/10860804
https://doi.org/10.1016/j.neuroimage.2011.11.032
https://pubmed.ncbi.nlm.nih.gov/22119648
https://doi.org/10.1016/j.neuroimage.2007.07.007
https://pubmed.ncbi.nlm.nih.gov/17761438
https://doi.org/10.1089/rej.2014.1637
https://pubmed.ncbi.nlm.nih.gov/25808052
https://doi.org/10.1006/nimg.2001.0978
https://pubmed.ncbi.nlm.nih.gov/11771995
https://doi.org/10.1002/hbm.10062
https://pubmed.ncbi.nlm.nih.gov/12391568
https://doi.org/10.1109/42.906424
https://pubmed.ncbi.nlm.nih.gov/11293691
https://doi.org/10.1016/j.neuroimage.2011.02.046
https://pubmed.ncbi.nlm.nih.gov/21352927
https://doi.org/10.1016/j.neuroimage.2004.07.037
https://pubmed.ncbi.nlm.nih.gov/15528117
https://doi.org/10.1002/nbm.3017
https://pubmed.ncbi.nlm.nih.gov/24038308
https://doi.org/10.1002/hbm.22271
https://pubmed.ncbi.nlm.nih.gov/23670960
https://doi.org/10.1016/s1053-8119(02)91132-8
https://pubmed.ncbi.nlm.nih.gov/12377157
https://www.fmrib.ox.ac.uk/datasets/techrep/tr07ja2/tr07ja2.pdf
https://www.fmrib.ox.ac.uk/datasets/techrep/tr07ja2/tr07ja2.pdf
https://doi.org/10.1016/j.neuroimage.2012.06.005
https://pubmed.ncbi.nlm.nih.gov/22705374

https://doi.org/10.1016/j.neuroimage.2007.07.053
PMID:17931890

60. Hua K, Zhang J, Wakana S, Jiang H, Li X, Reich DS,
Calabresi PA, Pekar JJ, van Zijl PC, Mori S. Tract
probability maps in stereotaxic spaces: analyses of
white matter anatomy and tract-specific
quantification. Neuroimage. 2008; 39:336—47.

www.aging-us.com 25335 AGING


https://doi.org/10.1016/j.neuroimage.2007.07.053
https://pubmed.ncbi.nlm.nih.gov/17931890

SUPPLEMENTARY MATERIALS
Supplementary Methods

Demographics,  physical
laboratory measurements

examinations, and

Participants completed a questionnaire to elicit their
demographic information, cigarette smoking habits, and
medical history. Functional assessments included the
Functional Autonomy Measurement System (physical
function), the Center for Epidemiologic Studies
Depression Scale (mood status), and the Mini-Nutrition
Assessment (nutritional status).

Research nurses took anthropometric measurements
including waist circumference, and height and body
weight to derive the body mass index (BMI). Grip
strength of the dominant hand was measured using
digital dynamometry (Smedlay’s Dynamo Meter; TTM,
Tokyo, Japan); participants stood with their arms by
their sides and the best of three readings was used for
analysis. The time each subject took to walk 6 metres
was measured to assess physical performance. Body
composition was determined by whole body dual-
energy X-ray absorptiometry using a Lunar Prodigy
scanner (GE Healthcare, Madison, WI, USA).
Appendicular skeletal muscle mass was calculated as
the total lean mass of four limbs, then divided by height
(in metres) squared to derive the relative appendicular
muscle mass (kg/m?).

Cognitive function assessment and definition of
dementia

All participants ~ underwent a  face-to-face
neuropsychological examination administered by
trained interviewers. Global cognitive performance was
firstly assessed using the Mini-Mental State
Examination (MMSE). Since MMSE performance
largely depends on educational status, a population-
based study in Taiwan determined the MMSE cut-offs
according to different education years for correlation
with dementia, diagnosed according to DSM-III-R
criteria [1, 2]. Consequently, epidemiological studies of

the Taiwan population, including ILAS have defined
dementia as an MMSE score < 24 in well-educated
subjects (education years > 6) or < 14 in less-educated
subjects (education years < 6) [2]. ILAS also used this
definition of dementia, and this study excluded subjects
who met these criteria.

Participants also had comprehensive neuropsychological
assessments across multiple cognitive domains:

«  Verbal memory: delayed recall in the Chinese
Version Verbal Learning Test [3].

» Language: Boston Naming Test, and category
(animal) Verbal Fluency Test.

« Visuospatial function: Taylor Complex Figure
Test.

« Executive function: Backward Digit and Clock
Drawing Test

Cognitive impairment in each domain was defined as
a score in each test below 1.5 standard deviations of
age- an
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