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Abstract

Background Frailty describes an age-related state of deterioration in biological function. This study aimed to investi-
gate the association between frailty and cognitive function and its combined effects with lifestyles.

Methods A total of 3,279 participants from the Dongfeng-Tongji (DFTJ) cohort were tested the cognitive function by
using the Chinese version of Mini-mental State Examination (MMSE). Frailty was evaluated based on a 35-item frailty
index (FI). Frailty status was dichotomized into robust (FI <0.15) and frail (FI>0.15). Multivariate generalized linear
regression models and logistic regression models were used to estimate the associations of frailty with MMSE score
and cognitive impairment. We also analysed the modification and combined effects of lifestyle factors, including
smoking status, drinking status, and regular physical exercise, on the above associations.

Results Fl was significantly associated with lower MMSE score [3 (95%Cl) =-0.28 (-0.43, -0.13)] and cognitive impair-
ment [OR (95%Cl) =1.19 (1.04, 1.35)]. The association of frailty status with MMSE were found to be stronger among
ever smokers [3(95%Cl) =-1.08 (-1.64,-0.51)] and physical inactive individuals [3(95%Cl) =-1.59 (-2.63, -0.54)] while
weaker or not significant among never smokers [3(95%Cl)=-0.30 (-0.62, 0.01)] and physical active individuals
[B(95%Cl)=-0.37 (-0.65, -0.08))]. There were significant combined effects of frailty status with unhealthy lifestyles
including smoking, alcohol drinking, and physical inactive on cognitive impairment.

Conclusions Frailty was associated with cognitive impairment among Chinese middle-aged and elderly people,
while smoking cessation and regular physical exercise could attenuate the above associations, which highlight the
potential preventive interventions.
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Background

With the accelerating process of global population aging,
cognitive impairment is becoming a critical issue world-
wide. Recent study demonstrated that the prevalence of
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of disability adjusted life years (DALYs) due to dementia,
which brought huge burdens to the society and health-
care system [3]. In particular, more than 11 million car-
egivers provided an estimated 16 billion hours of care to
dementia patients with an unpaid dementia caregiving
equivalent to $271.6 billion in 2021. Moreover, its costs
extended to family caregivers’ increasing risk for emo-
tional suffering, as well as adverse mental and physical
health outcomes [4]. However, practical treatment for
MCI and effective cure for dementia are absent at present
[5]. Therefore, discovering potential modifiable risk fac-
tors and implementing primary prevention is paramount
for slowing cognitive decline and reducing risk of inci-
dent dementia.

Frailty describes an age-related state of deterioration
in functioning across multiple physiological systems,
resulting in increased vulnerability to adverse health out-
comes including falls, delirium, multimorbidity, cognitive
decline, admission to hospital, and increased mortality
[6-8]. It is estimated that frailty is present in millions of
elderly people worldwide [9]. One of the most commonly
used constructs to objectively quantify frailty is the frailty
index (FI) presented by Rockwood and colleagues, a
model that defines frailty as a state caused by the accu-
mulation of health deficits during the life course [10].
Symptoms, signs, diseases, and disabilities are considered
as deficits [10] and combined in FI with the ratio of defi-
cits present to the total number of deficits considered. FI
allows frailty to be regarded as gradable instead of arbi-
trary present or absent. Individuals with a higher FI score
indicate a higher degree of frailty. Therefore, the accumu-
lation of deficits FI model is reversible and sensitive to
modification [11], as reflected by its continuous feature.

Numerous studies have been conducted to investigate
the relationship between frailty and dementia in recent
years [12, 13]. Data from the UK Biobank incorporated
in 196,123 participants indicated that high frailty had
an increased dementia risk compared with those with
low frailty [HR (95%Cl)=3.68 (3.11, 4.35)] [14]. Moreo-
ver, a longitudinal study based on the Uniform Data Set
showed that among MCI patients, higher degree of frailty
was associated with a higher risk of developing demen-
tia [15]. A noteworthy feature of frailty is modifiability,
which means that an individual can shift between degrees
of frailty [16]. Thus, frailty is potentially reversible and
provides a probable target for dementia prevention. Simi-
larly, modifiable lifestyle factors including alcohol drink-
ing, smoking and physical inactive have been reported
to be risk factors for adverse brain outcomes [17-19]
and thus are also potential targets for preventing or
slowing the progression of cognitive decline [20-22]. A
study based on 550 subjects enrolled in the Whitehall II
cohort found that any level of alcohol consumption was
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associated with adverse brain outcomes including cogni-
tive decline [17]. Moreover, a study conducted in 1,697
German elder adults reported that history of lifetime
smoking was associated with increased risk of cognitive
decline [18]. Among former smokers, a longer time since
smoking abstinence was associated with better cognitive
function with reference to current smokers [18], indicat-
ing smoking cessation to be a potential prevention for
cognitive impairment. Abundant studies have also pro-
posed the protective role of physical activity on cogni-
tive function [23, 24]. However, none of the studies has
examined the potential interactive and combined effects
of frailty with lifestyle factors on cognitive function.

In this current study, we included 3,279 individu-
als within Dongfeng-Tongji (DFTJ) cohort, to investi-
gate the association of frailty with cognitive function by
using a 35-point cumulative deficit FI. We further tested
the effect modifications of lifestyle factors on the above
associations.

Methods

Study Populations

This study was carried out based on the Dongfeng-Tongji
cohort, whose details have been previously described
[25]. Briefly, the DFT] cohort was established in 2008—
2010, embedded within retirees from Dongfeng Motor
Corporation (DMC) in Shiyan, China. Participants were
followed up every five years through face-to-face inter-
view. In the second follow-up visit, we recruited 3291
retired workers from two large plants of DMC to col-
lect their cognitive function by using the mini-mental
state examination (MMSE) test. In the present study, we
excluded participants who were diagnosed with dementia
but had normal MMSE score (7 =12). The left 3,279 par-
ticipants were finally included in the following analysis
(Fig. S1). The Ethics Committee of Tongji Medical Col-
lege, Huazhong University of Science and Technology
approved this study and written informed consents were
provided by all participants.

Assessment of frailty

Frailty status of the study participants was assessed based
on a 35-item FI (Fig. 2), which was constructed follow-
ing the standard procedure presented by Samuel D Searle
and colleagues [26]. FI were calculated by using health
variables obtained through questionnaires and physi-
cal examination in the second follow-up of 2018. Health
variables were included for the construction of FI if they
met the following criteria: age-related, not becoming
universal at middle age and multidimensional in health
status [26]. After screening self-reported or measured
data, health variables including co-morbidity, medica-
tion usage, self-reported health problems and life quality,
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decline in physical performances (as measured by the
activities of daily living scale), and depressive symp-
toms (as measured by the geriatric depression scale)
were selected for construction of FI. The complete list of
health variables and their coding are available in Table
S1. Based on the FI distribution in this study and the lit-
erature reports [27, 28], a cut-off point of 0.15, the 75%
percentile of FI, was used to categorize the participants
into two groups: robust (FI<0.15) and frail (FI>0.15).

Assessment of cognitive function

In this study, we used a Chinese version of the Mini-
mental State Examination (MMSE) to evaluate the cog-
nitive function of study participants through face-to-face
questionnaire survey. MMSE is a 30-point test included
tests of presentation, registration, attention and calcula-
tion, recall, language, and visual-spatial skills. One point
is added for each correctly answered question. Lower
scores are more indicative of impaired cognitive func-
tion. The cut-off point for the determination of cognitive
impairment was 20 for individuals with 6 or less years of
education, and 24 for individuals with 7 or more years of
education, according to a previous study based on Chi-
nese population [29].

Assessment of covariates

Information on covariates including demographic char-
acteristics (age, gender, education level, marital status)
and lifestyle factors (smoking and drinking status, physi-
cal activity, etc.) were collected through face-to-face
questionnaire survey. Body mass index (BMI) was gen-
erated by dividing weight in kilograms by the square of
the height in meters. Education level was classified as pri-
mary school or below, junior or high school, college or
above. Marital status was dichotomized into single (sin-
gle, divorced, or widowed) and married. Participants who
had smoked > 1 cigarettes per day for at least 1 year were
defined as current smokers; those who had ever smoked
and had quitted smoking>6 months were defined as
former smokers; otherwise, they were defined as never
smokers [30]. Individuals who had drunk alcohol>1
time per week for at least 1 year were defined as cur-
rent alcohol drinkers; those who had ever drunk and had
quit drinking > 6 months were defined as former alcohol
drinkers; otherwise, they were defined as never alcohol
drinkers [31]. Because of the low proportions of former
smokers (8.9%) and former drinkers (4.7%) in the study
participants, we categorized current and former smok-
ers into ever smokers, and combined former and current
drinkers into ever drinkers. Regular physical exercise was
assessed on the basis of exercise duration and frequency
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of various exercise types. Those who exercised for at least
20 min/day over the last 6 months were considered as
regular physical exercisers; if not, they were considered
as non-regular physical exercisers [32].

Statistical analysis
Covariates and individual health variables identified
for inclusion in FI had less than 5% missing. Missing
data in covariates and health variables were filled with
median and mode by simple imputation for continu-
ous and categorical variables, respectively. Descriptive
characteristics for study participants were presented as
mean (& SD) for continuous variables or percentage (%)
for categorical variables. Student’s ¢-test and Chi-square
test were used to test the differences of general charac-
teristics between subjects with normal cognitive func-
tion and cognitive impairment. Multivariate generalized
linear regression model was performed to estimate the
association of frailty status and FI with MMSE score by
calculating regression coefficient () and 95% confidence
interval (CI). The multivariate logistic regression model
was used to estimate the associations of frailty status and
FI with cognitive impairment by calculate odds ratio (OR)
and 95% CI. We multiplied FI by 10 (range 1-10) for eas-
ier interpretation and p and OR would represent the pro-
portion of change for per 0.1 increase in FI score. Both
models were adjusted for age (<60, 61-70, 71-80, > 80)
and gender in Model 1, and further adjusted for marital
status, education levels, smoking status, drinking status
and regular physical exercise in Model 2. The potential
confounders were selected based on the literature reports
[33, 34]. The restricted cubic splines (RCS) were also
used to evaluate the linearity of the association between
FI and cognitive function. Furthermore, we conducted
stratified analysis by age (<70 or>70), gender, smoking
status (never or ever), drinking status (never or ever) and
regular physical exercise (yes or no) in both multivariate
linear and logistic regression models. The effect modifi-
cations of smoking status, drinking status and regular
physical exercise on the association of frailty status with
MMSE score and cognitive impairment were tested by
including a multiplicative interaction term [frailty sta-
tus (robust /frail) x lifestyle factors (categorical)] into
the regression models. We also evaluated the combined
effects of frailty status with lifestyle factors (smoking
status, drinking status and regular physical exercise) on
MMSE score and cognitive impairment by using multi-
variate linear and logistic regression models, respectively.
A two-sided P<0.05 was considered statistically signifi-
cant. All statistical analyses were performed using SPSS
(version 24) and R software (version 4.1.2).
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Results

Demographic characteristics of study participants

The study participants had a mean [SD] age of 69.6 [8.7]
years-old and a mean [SD] BMI of 23.92 [3.15]. There
were 58.1% females (n=1904), 78.5% never smokers,
75.9% never alcohol drinkers, and 91.2% regular physical
exercisers. Consistent with the previous study [26], FI of
the study subjects presented a gamma distribution with
a maximum score of 0.543 (Fig. 1), which makes it pos-
sible to be compared across studies. In total, the study
subjects had a mean (£ SD) FI of 0.098 (+0.078), and a
mean (4 SD) MMSE score of 25.77 (£3.59). 699 (21.3%)
participants met the criteria for frailty and 398 (12%) par-
ticipants had cognitive impairment. Table 1 shows the
distribution of descriptive characteristics for the study
participants stratified by cognitive function. Compared
to those with normal cognitive function, participants
with cognitive impairment were more likely to be less
educated, physically inactive, had higher FI and percent-
ages of frailty (all P<0.05, Table 1).

Associations of frailty and cognitive function

As shown in Table 2, compared with the robust
group, frail participants had a lower MMSE score [p
(95%CI)=-0.56 (-0.86, -0.27)] and a higher odds of
cognitive impairment [OR (95%CI)=1.30 (1.02, 1.66)]
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(Model 1). Such associations slightly attenuated after
further adjustment for marital status, education lev-
els, smoking status, drinking status and regular physical
exercise [B (95%CI)=-0.49 (-0.76, -0.21) for MMSE score
and OR (95%CI)=1.29 (1.00, 1.65) for cognitive impair-
ment] (Model 2). With per 0.1 increase in FI, there was
0.36 decrease in MMSE score (95%CI: -0.51, -0.20) and
1.20-fold increase in the odds of cognitive impairment
(95%CI: 1.05, 1.36) (Model 1). After further adjustment
for marital status, education levels, smoking status,
drinking status and regular exercise, for each 0.1 increase
in FI, there was a 0.28 decrease in MMSE score (95%CI:
-0.43, -0.13) and a 1.19-fold odds of cognitive impairment
(95%CI: 1.04, 1.35) (Model 2) (Table 2). We further tested
the dose—response relationship shapes between FI and
cognitive function with the RCS models. Spline regres-
sion analysis showed significant linear associations of FI
with both MMSE score and cognitive impairment (both
P for overall association <0.05, and P for nonlinear asso-
ciation > 0.05) (Fig. 2A and B).

Stratified analysis of frailty status and cognitive function

In the stratified analysis for the association between
frailty status and MMSE score, the association remained
significant in each subgroup by age, gender, smoking
status, drinking status and regular physical exercise.

I‘IIIE..
0.0 0.2 0.4

0.6

Frailty Index

Fig. 1 The distribution of frailty index among the study participants
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Table 1 Distribution of general characteristics for study participants (n=3279)
Variables Total Normal Cognitive impairment P
(n=3279) (n=2881) (n=398)
Age, mean £ SD (years) 69.6+8.7 694487 714+9.1 <0.001
Age, n (%) <0.001
<60 599 (18.3) 539(18.7) 60 (15.1)
61-70 973 (29.7) 868 (30.1) 105 (26.4)
71-80 1410 (43.0) 1237 (42.9) 173 (43.5)
>80 297 (9.1) 237(8.2) 60 (15.1)
Gender, n (%) 0.837
Males 1375 (41.9) 1210 (42.0) 165 (41.5)
Females 1904 (58.1) 1671 (58.0) 233 (58.5)
Education, n (%) 0.003
Primary school or below 1088 (33.2) 034 (32.4) 154 (38.7)
Junior/High school 2035 (62.1) 1799 (62.4) 236 (59.3)
College or above 156 (4.8) 148 (5.1) 8(2.0)
Marriage, n (%) 0.113
Single 482 (14.7) 413 (14.3) 69 (17.3)
Married 2797 (85.3) 2468 (85.7) 329 (82.7)
BMI, mean £ SD (kg/mz) 2392+£3.15 23.89+£3.15 24.10+£3.18 0.235
Smoking, n (%) 0.855
Never 2575 (78.5) 2262 (78.5) 313 (786)
Former 293 (8.9) 260 (9.0) 33(8.3)
Current 411 (12.5) 359 (12.5) 52(13.1)
Drinking, n (%) 0.236
Never 2489 (75.9) 2199 (76.3) 209 (72.9)
Former 155 (4.7) 131 (4.5) 24 (6.0)
Current 635(194) 551(19.1) 84 (21.1)
Regular physical exercise, n (%) 0.001
No 289 (8.8) 237 (8.2) 52(13.1)
Yes 2990 (91.2) 2644 (91.8) 346 (86.9)
Frailty index (FI), mean £ SD 0.098+0.078 0.097 £0.076 0.110£0.084 0.001
Frailty status, n (%) 0.008
Robust (FI<0.15) 2580 (78.7) 2287 (794) 293 (73.6)
Frail (FI>0.15) 699 (21.3) 594 (20.6) 105 (26.4)
MMSE score 25.77 £3.59 2667 £2.44 19.22£3.76 <0.001

Abbreviations: BMI Body mass index, MMSE Mini-mental state examination
Continuous variables are shown as mean =+ standard deviation (SD)

2 P values were calculated by using Student’s t test for continuous variables and Chi-square test for categorical variables

Moreover, we observed the significant effect modifica-
tions of age, smoking and physical activity on the above
association (P for interaction=0.032, 0.031 and 0.044,
respectively). Specifically, the effect of frailty status on
lower MMSE score was obviously shown among individ-
uals aged <70 [P (95%CI) =-0.82 (-1.22, -0.42), P<0.001],
ever smokers [B (95%CI)=-1.08 (-1.64, -0.51), P<0.001]
and physical inactive individuals [p (95%CI)=-1.59
(-2.63, -0.54), P=0.003], but was significantly attenu-
ated among individuals aged>70 [B (95%CI)=-0.28

(-0.66, 0.11), P=0.161], never smokers [p (95%CI)=-0.30
(-0.62, 0.01), P=0.059] and physical active subjects [f
(95%CI) =-0.37 (-0.65, -0.08), P=0.011]. However, we
did not find the significant effect modifications of gender,
and alcohol drinking status on the above association (all
P for interaction > 0.05) (Fig. 3).

As for cognitive impairment, we did not find sig-
nificant interactions of age, gender, physical exercise,
smoking and drinking status with frailty. However, the
effect of frailty status was predominately shown for
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Table 2 Associations of frailty with cognitive function among the study participants

Frailty Events/n MMSE score Cognitive impairment
B (95% CI) P OR (95% ClI) P
Model 1
Frailty status ®
Robust 293/2580 reference reference
Frail 105/669 -0.56 (-0.86,-0.27) <0.001 1.30(1.02, 1.66) 0.034
FI® 398/3279 -0.36 (-0.51,-0.20) <0.001 1.20 (1.05, 1.36) 0.007
Model 2
Frailty status ®
Robust 293/2580 reference reference
Frail 105/669 -0.49 (-0.76,-0.21) 0.001 1.29(1.00, 1.65) 0.045
FI® 398/3279 -0.28 (-0.43,-0.13) <0.001 1.19(1.04,1.35) 0.011

Abbreviations: Fl Frailty index, MMSE Mini-mental state examination

Model 1: adjusted for age (< 60, 61-70, 71-80, > 80), gender; Model 2: further adjusted for marriage status, education level, smoking status, alcohol drinking status,

and regular physical exercise

2 Robust: frailty index < 0.15; Frail: frailty index > 0.15; °Per 0.1 increased in frailty index

A
Overall association P < 0.001
Nonlinear association P = 0.528
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Fig. 2 The association between Fl and cognitive function based on restricted cubic spline function. A MMSE score. B Cognitive impairment.
Abbreviations: Fl, frailty index; MMSE, mini-mental state examination. Note: The spline plots were drawn by using 3 knots (1 oth 50t 9ot percentiles).
Models were adjusted for age, gender, marriage, education level, smoking status, drinking status and regular physical exercise

subjects who were aged <70 [OR (95%CI)=1.59 (1.07,
2.37), P=0.023], males [OR (95%Cl)=1.51 (1.04, 2.18),
P=0.030], ever smokers [OR (95%Cl)=1.93 (1.17, 3.18),
P=0.010], ever alcohol drinkers [OR (95%Cl)=1.63
(1.01, 2.61), P=0.044] and physical inactive individuals
[OR (95%Cl) =2.45 (1.21, 4.94), P=0.013] (Fig. S2).

Combined effects of lifestyles with frailty on cognitive
function

We illustrated the combined effects of frailty status with
lifestyle factors including dichotomous smoking sta-
tus, drinking status and regular physical exercise. It is
shown that, compared to never smokers with a robust
status, frail individuals and ever smokers were more
likely to have a lower MMSE score [B (95%Cl)=-1.03
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Variables Events/n B (95%CI) P-interaction
Age 0.032

<70 165/1572 = -0.82 (-1.22,-0.42)
>70 233/1707 = -0.28 (-0.66, 0.11)
Gender 0.268
Males 165/1375 = -0.67 (-1.09, -0.24)
Females 233/1904 F—=— -0.30 (-0.67, 0.06)
Smoking status 0.031
Never 313/2575 = -0.30 (-0.62, 0.01)
Ever 85/704 e -1.08 (-1.64, -0.51)
Drinking status 0.104
Never 290/2489 —=— -0.36 (-0.67, -0.06)
Ever 108/790 A -0.92 (-1.53,-0.32)
Regular physical exercise 0.044
No 52/289 f = { -1.59 (-2.63, -0.54)
Yes 346/2990 —=— -0.37 (-0.65, -0.08)
[ | | | 1 1

3 25 -2 -15

-1 05 0 05

Fig. 3 Stratified analysis for the association of frailty status with MMSE score. Abbreviations: MMSE, mini-mental state examination. Note: Models
were adjusted for age, gender, marriage, education level, smoking status, drinking status, and regular physical exercise

(-1.58, -0.47), P<0.001] and a higher odds of cognitive
impairment [OR (95%Cl)=1.54 (0.97, 2.43), P=0.065].
Compared to never alcohol drinkers with a robust sta-
tus, those within the frail and ever drinkers group had
a lower MMSE score [B (95%Cl)=-0.88 (-1.43, -0.32),
P=0.002] and a higher odds of cognitive impairment
[OR (95%Cl)=2.04 (1.30, 3.21), P=0.002]. Frail and
physical inactive individuals had a lower MMSE score
[B (95%Cl)=-1.56 (-2.27, -0.84), P<0.001] and a higher
odds of cognitive impairment [OR (95%Cl)=2.45 (1.45,
4.12), P=0.001] compared with the robust and physical
active group (Fig. 4A and B).

Discussion

In this cross-sectional study, we found that frailty, as
measured by a 35-item frailty index, was significantly
associated with decreased MMSE score and increase
odds of cognitive impairment. Furthermore, the asso-
ciations between frailty status with MMSE score were
stronger among individuals aged <70, ever smokers and
physical inactive individuals. Significant effect modifica-
tions were observed for age, smoking and regular physi-
cal exercise on the above association. More importantly,
our findings extended the previous literatures by describ-
ing the combined effects of frailty, smoking, alcohol
drinking and physical inactive on cognitive impairment.

The present findings about the association between
frailty and cognitive function were consistent with pre-
vious cross-sectional and longitudinal evidence where
frailty was estimated based on either continuous FI or
categorised frailty status. A cross-sectional study based
on 3,497 older Japanese adults found significant rela-
tionships between frailty and MCI [OR (95%CI) =2.0
(1.5, 2.5)] [35]. Furthermore, a prospective study embed-
ded within 7,439 U.S. community-dwelling older adults
showed that frail individuals had lower level (-0.03SD/
year, 95%CI: -0.04, -0.01) and steeper decline (-0.01SD/
year, 95%CI: -0.012, -0.005) in global cognitive function
than the robust [8]. In addition, a longitudinal study
incorporated 14,490 participants aged 50 years and older
from the National Alzheimer’s Coordinating Centre
found that per 0.1 increment in FI was associated with
elevated risk of developing MCI [HR (95%CI) =1.66
(1.55, 1.78)] [36]. In this study, we incorporated both
frailty measures: FI and dichotomised frailty status,
which allows our results to be compared across a wider
range of related studies. Additionally, while FI measures
the degree of frailty in each individual and quantitatively
summarize vulnerability, the analysis based on categori-
cal frailty status could contribute to the identification of
high-risk population at cognitive impairment. Our find-
ings provide comprehensive evidence for the relationship
of frailty and cognition among Chinese populations by
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Frailty status Smoking status B 95%CI)
Robust Never o reference

Robust Ever —s=— (.01 (-0.35,0.37)
Frail Never —a— -0.32 (-0.63, -0.01)
Frail Ever —— -1.03 (-1.58,-0.47)

Frailty status Drinking status

Robust Never B reference

Robust Ever —=—  0.02(-0.29, 0.34)
Frail Never —e— -0.36 (-0.67, -0.05)
Frail Ever —— -0.88 (-1.43, -0.32)

Frailty status Regular exercise

Robust Yes o reference
Robust No —— -0.26 (-0.73, 0.20)
Frail Yes —— -0.39 (-0.68, -0.10)
Frail No —a— -1.56 (-2.27,-0.84)
I I | | I |
25 2 -1.5 -1 05 0 05
B B (95%CI)
Frailty status Smoking status . OR (95%CI)
Robust Never T reference
Robust Ever '-'T 0.82 (0.57,1.17)
Frail Never - 1.14 (0.86, 1.52)
Frail Ever L'—' 1.54 (0.97,2.43)
Frailty status Drinking status
Robust Never T reference
Robust Ever ""H 1.26 (0.93, 1.70)
Frail Never e 1.18 (0.89, 1.58)
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Fig. 4 Combined effects of frailty status with lifestyles on cognitive function. A MMSE score (B) Cognitive impairment. Abbreviations: OR, odds
ratio; MMSE, mini-mental state examination. Note: Models were adjusted for age, gender, marriage, education level, smoking status, drinking status,
and regular physical exercise
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using a multidimensional accumulation of deficits index.
Further longitudinal studies are needed to elucidate the
result.

We observed that the associations of frailty status
with a lower MMSE score and higher odds of cognitive
impairment were more evident among physical inactive
individuals, but were significantly attenuated among sub-
jects with regular physical exercise. Together with the
effect modification of physical activity on the associa-
tion between frailty status and MMSE score, our findings
suggest that regular physical exercise may attenuate the
frailty induced cognitive impairment. The result is con-
sistent with previous clinical trials in elderly people with
frailty syndrome [37, 38]. A randomized clinical trial
embedded within Spanish community-dwelling geriatrics
found that a supervised-facility multicomponent exer-
cise program could reverse frailty and improve cogni-
tive functionality. A 9% increase in the MMSE score was
observed in the intervention group, whereas the control
group saw a maintained or even slightly lost in global
cognitive function (P =0.025) [37]. In a recent systematic
review and meta-analysis of 10 randomized trials, Rossi
and colleagues evaluated the effects of physical exercise
on the cognition of community-based senior adults with
frailty syndrome [38]. They found that the intervention
group displayed a significant increase in global cogni-
tion of 2.26 points, as measured by MMSE, compared to
the control groups (mean difference =2.26; 95% CI, 0.42
—4.09; P =0.02) [38]. Despite some studies showed that
physical exercise only improved domain-specific cogni-
tive performance instead of global cognitive function
[39], the present study is generally consistent with the
previous studies in this field. Several potential biological
explanations for the protective effect of physical exercise
on cognition proposed by previous studies are the facili-
tation of neuroplasticity [40], maintenance of brain vol-
ume [41], reduction of chronic stress, inflammation and
oxidation [42].

Similar effects were also found for smoking status. We
observed that the inverse associations between frailty
status and cognition were stronger in ever smokers while
weaker or not significant in never smokers, and smok-
ing could enhance the association between frailty status
and MMSE score. Few evidence reported the effects of
smoking in the association between frailty and cogni-
tion, however, studies have proposed that smoking was a
risk factor for cognitive decline [43] as well as a predic-
tor for developing frailty [44—46]. A study included 1,079
non-demented Chinese participants and found that ciga-
rette smoking was associated with both poorer global
cognition and tau pathologies [43]. Moreover, a system-
atic review based on 5 studies provided the evidence of
smoking as a predictor of worsening frailty status among

Page 9 of 12

community-dwelling middle-aged and older people [45].
In a longitudinal study of 2,542 elderly people in England
aged 65 or over, Kojima and colleagues also reported that
current smokers were more likely to develop frailty com-
pared with non-smokers [OR (95%CI) =1.60 (1.02, 2.51)]
[46]. Interventions of smoking cessation are able to effec-
tively halt cognitive decline among elderly people, which
was found by a clinical trial with a 24-month follow-up
[44], is also parallel with our findings. Therefore, the
current evidence suggests that there might be a poten-
tial difference in the frailty-cognition association among
never and ever smokers. Further research into its differ-
ence is critical to shed light on the result. The results also
addressed the importance of smoking cessation on pre-
venting cognitive impairment especially among the frail.
We found significant combined effects of frailty sta-
tus with unhealthy lifestyles including smoking, alcohol
drinking, and physical inactive on cognitive impairment.
Abundant evidence has shown that lifestyle factors
including smoking, alcohol drinking and physical exer-
cise were associated with cognitive function. In a sys-
tematic review and meta-analysis of 243 observational
prospective studies and 153 randomized controlled tri-
als, Yu and colleagues reported that smoking, physical
exercise, and frailty were evidence-based interventions
for AD prevention [47]. Although substantial heteroge-
neity exists in the observed associations between alcohol
consumption and cognitive impairment, various stud-
ies reported adverse effects of alcohol consumption on
cognitive function, giving evidence on the importance
of alcohol abstention for dementia prevention [48, 49].
A longitudinal population-based cohort study among
2,416 participants reported that heavy alcohol drinking
(>1.2 oz of ethanol consumption per day) in the midlife
(average age=52 years) could increase the risk for MCI
in the later life (average age =87 years) and decrease the
age at incidence [48]. A Mendelian randomization study
based on publicly available datasets also found that alco-
hol consumption was associated with an earlier age of AD
onset [49]. Moreover, lifestyle factors including smoking,
increased alcohol intake and physical inactive are well-
established modifiable risk factors for frailty [9], which
substantially overlap with those proposed for dementia.
Given the associations between lifestyle behaviours and
frailty as well as the proposed frailty-cognition link, we
may hypothesise that frailty not only impact cognitive
function through independent pathways but also act as a
mediator between lifestyle factors and cognition, which
has already been examined by a previous study [14].
Unhealthy lifestyles might exert a notable proportion of
their adverse effects on cognitive function through an
associated increment in degree of frailty, in other words,
by slowing the rate of health deficits accumulation. Our
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result indicated the public health implication of lifestyle
interventions on cognitive protection.

Previous studies had proposed several potential
underlying mechanisms for association between frailty
and cognitive function but there is no concurrence yet.
One of the possible intrinsic connection between frailty
and increased risk of dementia may be an underlying
increased risk of stroke and cerebrovascular disease [50].
Healthy lifestyles including physical exercise, smoking
and drinking cessation may prevent the onset of cardio-
vascular events and lower the risk of cognitive impair-
ment. Other potential mechanisms including chronic
inflammation, mitochondrial dysfunction, DNA methyla-
tion, hypothalamic—pituitary—adrenal axis dysfunction,
AD pathology, hormone, nutrition, and mental health
[12, 13], may also underline the above associations but
need further investigations.

In this study, we used a composite cumulative deficit
frailty index to evaluate the degree of frailty. Compared
with the phenotypic frailty definitions [51] described in
previous studies, FI could depict frailty in a more multi-
dimensional manner by including physical, psychological,
and social support items [12]. There were some limita-
tions of the present study. Firstly, there is a lack of objec-
tive physical measurements (gait speed, griping strength,
etc.) and laboratory tests (routine blood examination,
brain MRI, cerebrospinal fluid biomarkers, etc.) in assess-
ment of frailty [52]. Secondly, the healthy worker effect
in this study may cause underestimation in prevalence
of frailty and the observed frailty-cognition association.
Finally, the cross-sectional study design is insufficient
to infer causality. More longitudinal studies that are
based on cumulative burden index model and regularly
screened for MMSE score are warranted to validate these
observations.

Conclusion

In conclusion, we found significant associations between
frailty and cognitive impairment, and these effects could
be attenuated by never smoking and regular physi-
cal exercise. We also pointed out the combined effects
of frailty and lifestyle factors including smoking status,
drinking status and regular physical exercise on cognitive
impairment. Together, our findings proposed the suscep-
tibility of the frail to cognitive impairment and the public
health implication of lifestyle interventions on dementia
prevention, especially among the frail.
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