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Abstract

Plain language summary

Background The population distribution of age-related functional impairments (ARFls) and
their associations with mortality and life expectancy (LE) among Chinese adults remain
poorly understood.

Methods We included 12,906 participants (mean age: 62.6 years) from the China Health and
Retirement Longitudinal Study. Visual impairment, hearing impairment, cognitive
impairment, sleep disorder, depressive symptoms, and disability in activities of daily living
(ADL) were assessed. Cox proportional hazards models were used to estimate the
associations of ARFIs with all-cause mortality. Life expectancy at age 50 was estimated by
the presence and number of key ARFls.

Results The six ARFls exhibit distinct distributions by ages and provinces across China.
During the 9-year follow-up, ADL disability, cognitive impairment, and depressive
symptoms are independently associated with 64% (95% confidence interval [CI]:
48%-80%), 41% (21%—-64%), and 20% (8%—-33%) higher risks of mortality, corresponding
to LE losses of 4.45, 3.08, and 1.59 years at the age of 50 years. A greater number of key
ARFls is associated with higher mortality risk in a dose-response manner (hazard ratios
[95% Cl] vs. none: 1.23[1.11-1.36] for one, 1.42 [1.26-1.61] for two, and 1.86 [1.47-2.36] for
three) and greater LE loss (1.63 [1.35-1.90] years for one, 3.37 [3.02-3.71] for two, and 4.96
[4.22-5.71] for three, with three ARFIs accounting for 17% of total LE).

Conclusions The study highlights the important roles of co-existing ARFls in mortality and
LE loss. Integrated prevention strategies and management systems for multiple functional
impairments are warranted in the context of rapid population aging.

Age-related functional impairments (ARFls)
are prevalent in aging populations, yet how
they relate to death or longevity is uncertain.
Global population aging poses major chal-
lenges to the public health systems, but the
prevalences of ARFls and their joint associa-
tions with life expectancy remained unclear.
We studied Chinese adults from age 50
onward and found that inability to carry out
normal daily living activities, cognitive
impairment, and depressive symptoms are
independently associated with an increased
risk of death. The number of specific ARFls
was associated with loss in life expectancy in
a dose-response manner. Our findings high-
light the importance of addressing multiple
functional impairments simultaneously. Given
the disproportionate burden of ARFls in
socioeconomically disadvantaged regions,
integrated and equity-oriented prevention
strategies are urgently needed to mitigate
health disparities.

Global population aging poses major challenges to the public health sys-
tems, especially for China with one of the largest and growing aging
populations. In China, the population aged over 60 years is expected to
increase from 254 million (18% of the population) in 2019 to 402 million
(28%) in 2040, which necessitates effective strategies to improve the
quality of life in later life. Aging is characterized by multiple functional
impairments,** and these age-related functional impairments (ARFIs), such
as sensory, physical, mental, and cognitive impairments, often co-exist and

are bidirectionally associated with each other.” While the age-standardized
prevalence of some ARFIs remained stable over the past decades,”® accel-
erated population aging resulted in increased burdens of these ARFIs (e.g.,
the prevalence of hearing impairment increased by 27.8% from 1990 to
2019)"* and highlighted the need to investigate these conditions within an
integrated context to facilitate effective prevention. Prior evidence from the
Global Burden of Disease also documented a higher prevalence of ARFIs in
lower-income regions.”” Given China’s rapidly aging population and
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substantial regional disparities in socioeconomic development, it is critical
to understand the distribution and burden of ARFIs and examine regional
variations within China to identify vulnerable subpopulations and inform
targeted interventions. Importantly, several ARFIs, such as depression,
visual impairments, and hearing loss, can be prevented or treated.*”” For
instance, depression in older adults can be effectively managed through both
behavioral and pharmacotherapeutic approaches.”’ Additionally, regular
screenings and corrective measures, such as glasses and hearing aids, can
help mitigate the progression of visual and hearing impairments and reduce
the risk of subsequent ARFIs.

However, the independent and joint roles of the ARFIs in long-term
healthy aging remained unclear. First, while it has been widely acknowl-
edged that ARFIs often co-exist, their combined contribution to loss in life
expectancy has not been quantified. In previous studies, individual ARFIs
have been respectively associated with higher risk of mortality''™", but
whether all ARFIs are independent contributors is unknown. Under-
standing their independent and joint associations with mortality risk and
loss in life expectancy will help prioritize key ARFIs for targeted prevention
in health policy to maximize the public benefits. Second, existing evidence
on the associations of ARFIs with healthy aging was limited and mostly
based on Western populations'*", and evidence from Asian populations,
especially the aging Chinese population, is rare. Given the differences in
genetics, lifestyle, and healthcare accessibility, the distributions of these
ARFIs may vary among groups with different sociodemographic and geo-
graphic characteristics, and a nuanced examination will provide a basis for
targeted intervention implementation. In China, which resides the largest
aging population, several studies have characterized the prevalence of and
associations between aging phenotypes™*’. However, few have compared
their prevalence and associations in the same population to facilitate
comparison across ARFIs.

In this large-scale, prospective cohort study, we used data from the
nationally representative China Health and Retirement Longitudinal Study
(CHARLS). Among 12,906 Chinese middle-aged and older adults, we
identify clear geographic disparities in the prevalence of six ARFIs, with
higher ARFI burdens in economically disadvantaged provinces. We find
that ADL disability, cognitive impairment, and depressive symptoms are
independently associated with increased mortality risk. The accumulation
of specific ARFIs shows a dose-response relation with life expectancy loss.
People with co-existing ADL disability, cognitive impairment, and
depressive symptoms experience an average of 4.96-year reduction in life
expectancy at age 50 compared with those with none.

Methods

Study population

CHARLS is a longitudinal study among middle-aged and older adults in
China with national representativeness”. The multistage stratified sampling
design based on population size and urbanicity within provinces facilitates
reasonable representation at the provincial level. From June 2011 to March
2012, CHARLS recruited 17,708 respondents from 150 counties in 28
provinces of mainland China (overall response rate = 80.5%). In 2013, 2015,
2018, and 2020, the CHARLS conducted four rounds of in-person follow-
ups. A detailed description could be found in the cohort profile*. The
CHARLS was approved by the Biomedical Ethics Review Committee of
Peking University (IRB Protocol: IRB00001052-11015). Written informed
consent was obtained from all participants prior to data collection. The
present secondary analysis was approved by the Institutional Review Board
of the School of Public Health, Zhejiang University (ZGL202101-8). De-
identified CHARLS data were obtained from the official CHARLS website
after completion of user registration (http://charls.pku.edu.cn).

Among the 17,708 participants recruited in 2011-2012, we excluded
4622 participants aged <50 years at baseline because cognitive assessments
were only administered to participants aged 50 years or older. We further
excluded 180 participants who had missing data on the six ARFIs of interest
(Supplementary Fig. S1). The formal analysis included 12,906 participants at

the baseline of CHARLS. For each step of analyses, different numbers of
participants were excluded because of the data availability or prevalent cases.

Assessment of age-related functional impairments

In the current study, we included six ARFIs, including visual impairment,
hearing impairment, cognitive impairment, sleep disorder, depressive
symptoms, and activities of daily living (ADL) disability, which were pre-
valent in older populations, potentially associated with mortality in later life,
and reliably measured in CHARLS.” Visual impairment and hearing
impairment were defined using self-reports. Participants were asked how
good their vision and hearing are in their usual state, with assistive devices if
normally used. Participants who reported either fair or poor were classified
as having visual or hearing impairment, respectively’>*’. Cognitive
impairment was defined using the cognitive function score, with a score
(range: 0-31)” set at less than the population mean minus 1.5 times the
standard deviation (SD), based on the normative distribution in each wave.
The cognitive function test included the serial 7’s test (subtracting 7 from
100 for 5 times, range: 0-5 points), orientation (describing the day, month,
year, and the day of the week, range: 04 points), picture drawing (copying
an assigned picture, range: 0-1 point), and immediate and delayed word
recall (10 words for each, range: 0-20 points). According to a previous study,
individuals sleeping less than 7 h a night and feeling unrested more than
three nights per week were defined as having a sleep disorder*”. The score of
10-item Centre for Epidemiologic Studies-Depression (CES-D) scale 210
indicated depressive symptoms™. ADL disability was defined as self- or
proxy-reported need for help with bathing, dressing, toileting, transferring,
or eating”. Details of the definitions were presented in Supplementary
Table S1.

Ascertainment of mortality

Survival status of all participants was collected at each follow-up visit of the
CHARLS, and all-cause mortality was documented from baseline to the end
of follow-up (September 2020). If a respondent’s death was reported, the
CHARLS team conducted a comprehensive exit interview with the infor-
mant to obtain detailed information. The exact dates of death were only
available in waves 2 and 5. For participants who died between these waves,
we used the interview date of the reporting wave as the time of death,

consistent with definitions used in previous CHARLS studies’".

Covariates

We included socioeconomic status, lifestyle factors, and health condi-
tions for confounding adjustments. Age was calculated from the date of
birth (ascertained via the registry) to the date of recruitment. Sex was self-
reported in the baseline questionnaire. Body mass index (BMI) is derived
by dividing the respondent’s measured weight (kg) by the squared value
of their measured height.”” Hukou regions (agricultural or non-agri-
cultural, according to household registration), living areas (urban or
rural), marital status (married/partnered or not), education level (illit-
erate, primary school, middle school, or high school or above), annual
houshold income ( <10,000, 10,000 to <20,000, 20,000 to <30,000, or
230,000 CNY), smoking status (never, former, or current), and alcohol
drinking status (never, former, or current) were all self-reported in a
structural questionnaire. Participants reported the frequency of
moderate-to-vigorous physical activity (MVPA) they did and were
classified into three groups (<1 time per month, 1-4 times per month, >4
times per month). Physician diagnoses of health conditions, including
stroke, cancer, memory-related diseases, psychiatric conditions, hyper-
tension, diabetes, heart diseases, lung diseases, arthritis, dyslipidaemia,
liver diseases, kidney diseases, digestive diseases, and asthma, were all
self-reported. Self-reported diagnoses of the health conditions showed
moderate-to-high accuracy in previous validation studies in CHARLS
and similar cohorts, and the rigorous quality control procedures in
CHARLS improved the reliability.*** The missing rates of covariates
were presented in Supplementary Table 2.
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Statistics and reproducibility

Baseline characteristics of the study participants (overall and by sex) were
described in mean (SD) for continuous variables and number (percentage)
for categorical variables. We calculated the prevalence at baseline and
incidence rates during the follow-up of the six ARFIs by age and sex, and
presented their prevalence by province in 2020. Penalized splines were
utilized to assess both linear and non-linear relationships between age and
the prevalence and incidence of ARFIs while controlling for overfitting”.
We conducted likelihood ratio tests to assess whether the standar-
dized prevalence of ARFIs significantly differs across provinces with
adjustments for age and sex. To explore the threshold below which the
prevalence of ARFIs disproportionately increases, we used segmented
regression approaches, adjusting for the percentage of the population aged
over 50 for each province. The Sankey diagram was used to visualize the flow
of participants across various categories (number) of functional impair-
ments and mortality status over time, providing an intuitive depiction of the
associations™. All descriptive data were sampling-weighted to account for
the multi-stage sampling procedure and ensure representativeness of the
Chinese population.

We assessed the pairwise longitudinal associations of ARFIs using Cox
proportional hazard models adjusted for age, sex, education, married status,
Hukou regions, living areas, family income, BMI, smoking status, drinking
status, history of stroke, cancer, hypertension, diabetes, and heart diseases, as
well as prevalence and incidence of other ARFIs to eliminate mediation or
confounding by other ARFIs. Person-time was calculated to the earliest
event of interested outcomes, mortality, or loss-to-follow-up. To assess the
associations of specific ARFIs with mortality, we first entered all ARFIs into
the Cox proportional hazard models with adjustment for covariates as in the
main analyses, and ARFIs showing independent associations with mortality
were defined as key ARFIs. To demonstrate the associations of co-existing
pairs of ARFIs with mortality, we assessed the relations of dyad combina-
tions of ARFIs at baseline with mortality with a similar approach. Fur-
thermore, we assessed associations of the number of key ARFIs (which were
significantly associated with mortality) at baseline with mortality risk (from
2011 to 2020).

Using the HRs estimated from the Cox models, we further calculated
the life expectancy at the age of 50 and life expectancy loss associated with
the specific ARFIs, combinations of ARFIs, and the number of key ARFIs.”
We used mortality incidence data of China from the Global Burden of
Disease 2019 *, the age-specific prevalence of co-existing ARFIs generated
from the current study, and the HRs associated with the number of ARFIs to
construct a life table to calculate the life expectancy and the life expectancy
loss. Briefly, we constructed a life table to assume a survival probability of 1 at
the age of 50 and calculated the age-specific survival probability using the
mortality incidence through 100 years, at which point the survival prob-
ability converged to 0. Life expectancy at each age was calculated as the area
under the survival probability-age curve after a specific age, and life
expectancy loss was calculated as the difference in life expectancy at the age
of 50. Parametric Monte Carlo methods were used to calculate the con-
fidence intervals in life expectancy loss, assuming a log-normal distribution
of HR and normal distributions of mortality incidence and ARFI prevalence.

We conducted several sensitivity analyses when investigating the
ARFI-mortality associations: (1) we additionally adjusted the models for
baseline self-rated general health, lung diseases, arthritis, dyslipidaemia,
liver diseases, kidney diseases, digestive diseases, and asthma; (2) we addi-
tionally adjusted the models for baseline psychiatric conditions and
memory-related diseases, which might be correlated with depressive
symptoms and cognitive impairment, respectively; and (3) we additionally
adjusted the models for MVPA as it might be influenced by ADL disability.

All statistical analyses were performed using R. We handled missing
values of the covariates using multiple imputations with chained equations
using the R package “mice™'. We conducted 50 iterations with 10 imputed
datasets (i.e., 50 x 10) and presented the pooled estimates. Two-sided P-
values < 0.05 indicate statistical significance. We applied Bonferroni cor-
rection to P-values in each step of analysis.

Results

Baseline characteristics of participants and prevalence of ARFls
In this study, we analysed data from 12,906 CHARLS participants aged 50
years or older, with complete data on all six ARFIs from 150 counties in 28
provinces of mainland China in 2011-2012. Of these participants, the
weighted mean age was 63.2 years (standard deviation [SD]: 9.0 years),
50.6% were women, 30.9% were illiterate, 29.2% were current smokers,
27.8% were current drinkers, and 40.7% were classified as overweight or
obese (Table 1). The study population reflects the geographical distribution
of Chinese adults aged 50 years or older, as shown in Supplementary
Table S3. There were no substantial differences in characteristics between
included and excluded participants, except for a higher proportion of urban
residents among those excluded (Supplementary Table S4). Among the
participants included in the study, those who were lost to follow-up had a
greater number of baseline ARFIs (mean: 1.17 vs. 0.98, Supplementary
Table S5).

The baseline prevalence was 35.8% for depressive symptoms, 26.2% for
sleep disorder, 19.0% for ADL disability, 10.7% for hearing impairment,
8.8% for cognitive impairment, and 6.9% for visual impairment. At baseline,
compared with men, women had a higher prevalence of visual impairment
(7.8% versus 5.9%), cognitive impairment (12.0% versus 6.1%), sleep dis-
order (31.9% versus 20.3%), depressive symptoms (43.2% versus 28.2%),
and ADL disability (21.6% versus 16.2%), but not hearing impairment
(10.6% versus 10.9%). The prevalence of all ARFIs increased with age and
was the highest among individuals aged 85 years and older, except for visual
impairment, which peaked in individuals aged 81-85 (Supplementary
Table S6).

The prevalence of ARFIs in 2020 showed distinct disparities across
provinces (Fig. 1 and Supplementary Table S7, P-values for heterogeneity
<0.001 for all ARFIs). Visual and hearing impairments were more prevalent
in Northern than Southern China. This trend was exemplified by the pre-
valence of visual impairment of 7.4% in Gansu versus 0.9% in Jiangsu,
similar to that of hearing impairment (7.9% in Inner Mongolia versus 1.9%
in Zhejiang). Sleep disorder (40.0% in Hubei versus 22.6% in Fujian),
depressive symptoms (59.3% in Gansu versus 29.8% in Zhejiang), and ADL
disability (30.9% in Guangxi versus 12.4% in Zhejiang) demonstrated the
higher prevalence in less developed regions. Segmented regression analysis
revealed potential threshold effects of GDP per capita on the prevalence of
ARFIs (Supplementary Table S8 and Fig. S2). Statistically significant
breakpoints (Bonferroni corrected P-values<0.05) were identified for
cognitive impairment (~85.1 thousand CNY), depressive symptoms (~43.7
thousand CNY), and ADL disability (~64.6 thousand CNY). The prevalence
of cognitive impairment, depressive symptoms, and ADL disability showed
different slopes before and after these breakpoints.

Incidence and co-existing progression of ARFls

During the study follow-up from 2011 to 2020 (median [interquartile], 9 [4,
9] years), depressive symptoms had the highest incidence rate (70.7 cases per
1000 person-years), followed by ADL disability (61.8), sleep disorder (58.7),
hearing impairment (34.7), visual impairment (24.3), and cognitive
impairment (21.9) (Supplementary Fig. S2). Before the age of 70, the inci-
dence rate of depressive symptoms was the highest, but in older age groups,
it was surpassed by ADL disability, a trend observed in both women and
men. In men, the incidence rates of sleep disorders and depressive symp-
toms exhibited less prominent or non-significant increases with increasing
age (P-values for linear trend =0.035 and 0.775, respectively), whereas
incidence of other ARFIs significantly increased with age (P-value for linear
trend<0.05, Supplementary Table S9). Women participants had higher
incidence rates of visual impairment (27.8 versus 20.7 cases per 1000 per-
son-years), coghitive impairment (26.8 versus 18.2), sleep disorder (72.1
versus 47.6), depressive symptoms (86.6 versus 58.6), and ADL disability
(75.1 versus 49.3, P-value < 0.001 for all aforementioned tests) compared
with men participants, while the gender-difference in incidence rates of
hearing impairment was not significant (35.6 versus 33.9, P-value = 0.487).
Meanwhile, the incidence of hearing impairment (81-85 versus >85 years:
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Table 1 | Baseline characteristics of the study participants

Characteristics Overall Sex
Men Women

N 12,906 6424 6482
Age, years, mean (SD) 63.2 (9.0) 63.0 (8.7) 63.4 (9.3)
Women, % 50.6 - -
Education, %

llliterate 30.9 14.0 47.3

Primary school 39.5 46.8 32.4

Middle school 16.8 21.9 11.9

High school or above 12.8 17.3 8.4
Married or partnered, % 82.0 87.8 76.4
Hukou regions, %

Agricultural hukou 70.7 69.2 72.3

Non-agricultural hukou 29.3 30.8 27.7
Living areas, %

Urban 48.3 47.4 491

Rural 51.7 52.6 50.9
Annual household income,
CNY, %

<10,000 41.9 41.5 42.4

10,000 to <20,000 14.0 13.7 14.3

20,000 to <30,000 10.8 11.0 10.6

>30,000 33.3 33.8 32.8
Smoking status, %

Never 60.3 28.2 91.6

Former 10.5 19.0 2.3

Current 29.2 52.9 6.1
Alcohol drinking status, %

Never 62.4 37.5 86.6

Former 9.8 15.0 4.9

Current 27.8 47.5 8.5
Body mass index, kg/m?, %
<18.5 7.9 71 8.8
18.5t0 <24 51.3 57.6 45.2
24 to0 <28 29.0 26.3 31.6
>28 1.7 9.1 14.4
Stroke, % 3.7 3.9 3.4
Cancer, % 1.0 0.8 1.2
Hypertension, % 30.6 29.0 32.2
Diabetes, % 7.5 6.5 8.5
Heart diseases, % 14.3 12.2 16.3
Visual impairment, % 6.9 59 7.8
Hearing impairment, % 10.7 10.9 10.6
Cogpnitive impairment, % 8.8 6.1 12.0
Sleep disorder, % 26.2 20.3 31.9
Depressive symptoms, % 35.8 28.2 43.2
Activities of daily living 19.0 16.2 21.6

disability, %

All descriptive data were sampling-weighted to account for the multi-stage sampling procedure and
ensure representativeness of the Chinese population. Means and standard deviations (SDs) were
reported for continuous variables, and percentages were reported for categorical variables.

126.0 versus 102.5), cognitive impairment (70.4 versus 35.5), sleep disorder
(58.9 versus 40.4), declined after the age of 80 years, while other ARFIs still
maintained an upward trend. An increasing proportion of participants had
co-existing ARFIs during follow-up (Supplementary Fig. S3), and co-
existing patterns became more diverse (Supplementary Fig. S4). For

example, at baseline (2011-2012), 29.8% (3054) of the participants had co-
existing ARFIs, which increased to 68.0% among survivors in 2020. The
most prevalent co-existing combination in 2011 was depressive symptoms
and sleep disorder, whereas by 2020, the triad of depressive symptoms, sleep
disorders, and ADL disability became the top pattern due to the incidence of
ADL disability at older age.

Pairwise associations of ARFls

We examined the pairwise longitudinal associations among ARFIs, as
shown in Fig. 2, to assess whether the presence of a specific ARFI at baseline
was associated with the risk of developing another ARFI during follow-up.
After adjustments for age, sex, education, married status, regions according
to household registration, living areas, family income, BMI, smoking status,
drinking status, history of stroke, cancer, hypertension, diabetes, and heart
diseases, and the other four ARFIs, depressive symptoms were significantly
associated with increased risks of all other ARFIs, with hazard ratios (HRs)
ranging from 1.43 for cognitive impairment (95% CI: 1.26, 1.62) to 1.74 for
sleep disorder (95% CI: 1.61, 1.88). Likewise, baseline ADL disability was
associated with higher risks of all other ARFIs: visual impairment (HR: 1.48;
95% CI: 1.32, 1.66), depressive symptoms (1.38; 1.24, 1.53), hearing
impairment (1.25; 1.13, 1.39), and sleep disorder (1.23; 1.11, 1.35), with all
Bonferroni-corrected P-values < 0.05, except for cognitive impairment
(1.065 0.92, 1.23). Sleep disorders were also predictive of increased risks of
subsequent depressive symptoms (1.49; 1.36, 1.64), visual impairment (1.23;
1.10, 1.38), and ADL disability (1.20; 1.11, 1.29). After Bonferroni correc-
tion, baseline visual, hearing, and cognitive impairments were not inde-
pendently associated with the development of other ARFIs during
follow-up.

Associations of ARFls with mortality

We evaluated the independent associations of baseline ARFIs with all-cause
mortality during follow-up. After multivariable adjustments, three key
ARFIs were significantly associated with increased mortality risks inde-
pendent of other ARFIs: ADL disability was related to 66% (95% CI: 51%,
83%) higher mortality risk, followed by cognitive impairment (40%; 95% CI:
20%, 63%), and depressive symptoms (18%; 95% CI: 6%, 30%). In contrast,
the other ARFIs, i.e., visual impairment, hearing impairment, and sleep
disorder, were not significantly associated with mortality risk, with HRs
(95% CIs) being 1.08 (0.94, 1.24), 0.96 (0.85, 1.07), and 0.97 (0.87,
1.08) (Fig. 3).

We further examined the combined associations of ARFIs with
mortality risk to identify the most impactful combinations of impair-
ments, as presented in Supplementary Table S10 and Fig. S5. ARFI dyads
involving cognitive impairment and ADL disability had the strongest
associations. Compared with participants with neither, those with co-
existing cognitive impairment and ADL disability had 104% higher risk
(95% CI: 63%, 154%) of mortality and 9.90 years (95% CI: 8.10, 11.70)
loss in life expectancy, followed by the combinations of ADL disability
and visual impairment (HR: 1.70; 95% CI: 1.42, 2.04), ADL disability and
hearing impairment (1.62; 1.39, 1.89), ADL disability and depressive
symptoms (1.62; 1.42, 1.83), and cognitive impairment and depressive
symptoms (1.53; 1.25, 1.86).

The number of key ARFIs (ADL disability, cognitive impairment, and
depressive symptoms) showed dose-response associations with higher risk
of mortality and loss in life expectancy. Each additional key ARFI was
associated with a 21% (95% CI: 15%, 27%) increased risk of mortality.
Compared to individuals with no key ARFIs, those with one, two, and three
key impairments had 20% (8%, 33%), 46% (30%, 65%), and 75% (37%,
123%) higher risks of mortality, respectively (Fig. 3). In the sensitivity
analyses additionally adjusting the models for self-rated general health, lung
diseases, arthritis, dyslipidaemia, liver diseases, kidney diseases, digestive
diseases, and asthma, the associations for depression symptoms attenuated
to null, while those for cognitive impairment and ADL disability remained.
Additionally, adjusting for psychiatric and memory-related conditions did
not significantly change the findings. When we additionally adjusted the
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A. Visual impairment

B. Hearing impairment

Prevalence (%)

D. Sleep disorder

Fig. 1 | Weighted prevalence of age-related functional impairment by province in
CHARLS population (50 years and older) in 2020 (N = 12906). ADL: activities of
daily living. All descriptive data were sampling-weighted to account for the multi-
stage sampling procedure and ensure representativeness of the Chinese population.
Panels A to F presented the national distribution of the prevalence for visual
impairment (A), hearing impairment (B), cognitive impairment (C), sleep disorders
(D), depressive symptoms (E), and ADL disability (F). All age-related functional

C. Cognitive impairment

Prevalence (%) Prevalence (%)

F. ADL disability
Prevalence (%)

N

24

Prevalence (%)

20

impairment demonstrated statistically significant differences across provinces
(P-values for heterogeneity were 1.3 x 1077,2.8 x 1077, 8.8 x 107,53 x 107",
23x107%, and 5.9 x 10 for visual impairment, hearing impairment, cognitive
impairment, sleep disorders, depressive symptoms, and ADL disability) under
likelihood ratio test. Gray indicated no or insufficient data (<200 participants) for the
province in 2020. The map was colored based on the standard map provided as GS
(2022)1061 without shape modification.

models for moderate-to-vigorous physical activity, the associations were not
substantially changed (Supplementary Table S11).

Associations of key ARFls with life expectancy at the age of

50 years

Based on the findings on the above-mentioned ARFI-mortality associations,
we calculated the life expectancy at the age of 50 for populations with
different ARFI profiles (Fig. 4A, B and Supplementary Table S12). The
CHARLS participants had an average life expectancy of 28.18 (95% CI:
27.02, 29.40) years at the age of 50. Participants with cognitive impairment
had a life expectancy of 25.89 (25.51, 26.27) years, which was 3.02 (95% CI:
2.61, 3.43; corresponding to a 10.4% reduction) less than those without
cognitive impairment (28.91, 95% CI: 28.75, 29.06). Similarly, participants
with depressive symptoms and ADL disability had life expectancy (95% CI)
0f27.35(27.16,27.53) and 25.33 (25.14, 25.53) years, respectively, which was
1.44 (1.20, 1.68; corresponding to a 5.0% reduction) and 4.65 (4.40, 4.89;
corresponding to a 15.5% reduction) years less than non-impaired
populations.

Similarly, participants with a larger number of key ARFIs had less life
expectancy at the age of 50 (Fig. 4C and Supplementary Table S12). Parti-
cipants with 0 key ARFI had a life expectancy of 29.57 (95% CI: 29.41,29.72)
years, which was 1.63 (1.35, 1.90) years longer than those with exactly one
key ARFI (27.94; 95% CI: 27.71, 28.17), 3.37 (3.02, 3.71) years longer than
those with two (26.20; 95% CI: 25.90-26.51), and 4.96 (4.22, 5.71) years
longer than those with three (24.60; 95% CI: 23.88, 25.33). Namely, com-
pared with 0 key ARFI at baseline, the percentage difference in life expec-
tancy was 5.5% for one, 11.4% for two, and 16.8% for three key ARFIs.

Discussion

In this prospective study among Chinese middle-aged and older adults, we
systematically examined the population distributions of the prevalence and
incidence of six age-related functional impairments. We highlighted the
central roles of sleep disorders, depressive symptoms, and ADL disability,
which demonstrated independent associations with other functional
impairments and identified ADL disability, cognitive impairment, and
depressive symptoms as independent key predictors of all-cause mortality.

The number of these impairments exhibited a dose-response relationship
with mortality risk and contributed to an estimated loss of up to 16.8% in life
expectancy at age 50. These findings highlight the need for integrated pre-
vention strategies and management for multiple functional impairments in
the context of rapid population aging and widening health disparities.

In our analysis, the prevalence of the ARFIs increased with age, which is
consistent with previous studies”™"’. Notably, women had a relatively higher
prevalence of all ARFIs except for hearing impairments, particularly at
younger ages, which is consistent with previous studies in Western
populations®. Existing literature has established that incidence rates of
visual impairment, cognitive impairment, sleep disorder,and ADL disability
increased with age”™, while the incidence of hearing impairment and
depressive symptoms was less understood in the Chinese population. In this
study, we showed that the incidence of visual, hearing, cognitive, and ADL
impairments increased with age, while the reduction in the incidence rate of
certain ARFIs after the age of 85 years could be due to survivor bias.
Importantly, many of the ARFIs may be under-reported or underdiagnosed
when relying solely on self-reported diagnoses. This limitation was miti-
gated by the use of standardized assessments, such as CES-D for depressive
symptoms, which were uniformly administered to the study population.
Our finding of regional disparities in the burden of ARFIs, with a higher
prevalence in lower-income provinces, aligns with evidence from the Global
Burden of Disease, which documented higher prevalence of ARFIs, such as
hearing impairment’, visual impairment’, and certain mental conditions™,
in lower-income countries. These findings underscore the importance of
tailoring public health strategies to promote health equity among older
adults across China’s vast and socioeconomically diverse regions.

Our findings on the interrelationships among ARFIs build upon
existing knowledge® ™’ by offering a more comprehensive and integrated
perspective. For example, while previous research among older Chinese
adults has shown that accelerated vision decline is associated with higher
odds of ADL disability and cognitive impairment™, few studies have
systematically assessed the bidirectional associations of multiple ARFIs
within the same context, especially among Chinese older adults™”. In
our earlier work in 17,914 participants from the Health and Retirement
Study followed for 20 years’, all ARFIs were found to have bidirectional
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Exposure Outcome Cases/PY HR [95% Cl] P-value
Visual impairment
Hearing impairment 2369/87890 — 1.01[0.85, 1.19] 0.921
Cognitive impairment 1387/72098 ——— 1.06 [0.85,1.31] 0.614
Sleep disorder 3289/63555 —— 1.08[0.94,1.24] 0.255
Depressive symptoms 3325/51161 e 1.03[0.88,1.20] 0.733
ADL disability 3949/73166 — 1.22[1.07, 1.37] 0.002
Hearing impairment
Visual impairment 1683/83054 s 0.97[0.83,1.14] 0.727
Cognitive impairment 1387/72089 —— 0.91[0.75, 1.10] 0.318
Sleep disorder 3287/63542 F—e—i 0.83[0.73,0.95] 0.008
Depressive symptoms 3323/51164 — 0.90[0.78,1.03] 0.135
ADL disability 3948/73176 —— 1.15[1.04, 1.28] 0.007
Cognitive impairment
Visual impairment 1299/71216 —— 0.97[0.81,1.16] 0.763
Hearing impairment 1835/75280 —— 0.95[0.82,1.11] 0.558
Sleep disorder 2811/54547 —e—i 0.94[0.82,1.08] 0.373
Depressive symptoms 2911/45577 — 1.20[1.05,1.38] 0.010
ADL disability 3187/63486 —— 1.08[0.96,1.21] 0.221
Sleep disorder
Visual impairment 1631/81224 —— 1.23[1.10,1.38] 3.4x10*
Hearing impairment 2306/85920 — 1.03[0.93,1.14] 0.549
Cognitive impairment 1380/70983 H—— 1.08[0.95,1.23] 0.232
Depressive symptoms  3288/50509 —— 1.49[1.36,1.64] 6.8x10"
ADL disability 3852/71507 e 1.20[1.11,1.29] 4.5x10°
Depressive symptoms
Visual impairment 1627/80688 F—— 1.67[1.49,1.87] 1.1x10*®
Hearing impairment 2303/85398 —— 1.54[1.40,1.69] 2.0x107®
Cognitive impairment 1377/70859 —— 1.43[1.26,1.62] 1.6x10°®
Sleep disorder 3235/62052 e 1.74[1.61,1.88] 4.3x10*
ADL disability 3812/71007 i 1.64 [1.53,1.77] 2.6x10*
ADL disability
Visual impairment 1682/82935 —— 1.48[1.32,1.66] 2.4x10*
Hearing impairment 2361/87753 = 1.25[1.13,1.39] 1.5x10°
Cognitive impairment 1385/72037 ——— 1.06[0.92,1.23] 0.406
Sleep disorder 3281/63458 —— 1.23[1.11,1.35] 4.7x10°
Depressive symptoms  3322/51097 —— 1.38[1.24,1.53] 5.9x10°

Fig. 2 | Hazard ratios for the pairwise associations between the ARFIs

(N =12906). ARFI age-related functional impairment, PY person-year, HR hazard
ratio, CI confidence interval, ADL activities of daily living. Error bars indicate two-
sided 95% confidence interval. Bold fonts indicate statistical significance after

I I I I |
08 10 1.2 16 20

Bonferroni correction. All models were adjusted for age, sex, education, married
status, Hukou region, living areas, family income, smoking status, drinking status,
BML, history of stroke, cancer, hypertension, diabetes, and heart diseases, and pre-
sence of other ARFIs.

associations. Extending this investigation to the Chinese cohort, we
confirmed that sleep disorders, depressive symptoms, and ADL disability
were each independently associated with subsequent development of
other ARFIs, and visual impairment and sleep disorders were also
associated with ADL disability. While the differences between the two
cohorts might be attributable to the genetic, economic, and cultural
differences between the study populations, the US-based cohort had
longer follow-up of >20 years, which may enable the detection of weaker
associations. In aggregate, while ARFIs are broadly interconnected, cer-
tain impairments exhibit stronger and more consistent associations with
others. Of note, ADL disability may be an overall indicator of severe
functional impairments, reflecting underlying deterioration in physical,
cognitive, and neurological systems that predisposes individuals to sub-
sequent impairments in other functional domains.

Recognizing that not all ARFIs were independently associated with
mortality risk, we further identified ADL disability, cognitive impair-
ment, and depressive symptoms as independent key predictors of mor-
tality, whereas visual impairment, hearing impairment, and sleep
disorders were not, after adjusting for the presence and incidence of other
ARFIs. In previous studies, the associations for visual impairment®,
hearing impairment®, cognitive impairment®, depressive symptoms®,
and ADL disability** were each extensively reported, but those for sleep
disorders® were less conclusive. Our findings suggest that some pre-
viously observed associations may be mediated or confounded by co-
occurring impairments. When investigating the dyads of ARFIs, com-
binations involving cognitive impairment and ADL disability were most
strongly associated with increased mortality risk, which confirmed our
previous results in US adults’. As such, the number of the key ARFIs
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Fig. 3 | Associations of specific ARFIs and the

Cases/PY HR [95% CI] P-value

number of key ARFIs with mortality (N = 12618). —
ARFI age-related functional impairment, PY per- Specific ARFI
son-year, HR hazard ratio, CI confidence interval, ~ Visual impairment 1986/101568 e 1.08[0.94,1.24] 0.258
ADL activities of daily living. Error bars indicate  Hearing impairment 1808/98120 e 0.96[0.85,1.07]  0.438
two-sided 95% confidence interval. Bold fonts L .
L L . . Cognitive impairment 1146/82147 — 1.40[1.20,1.63] 1.8x10°
indicate statistical significance after Bonferroni ]
correction. All Cox proportional hazards models Sleep disorder 1470/78244 = 0.97[0.87,1.08] ~ 0.538
were adjusted for age, sex, education, married status, Depressive symptoms 1138/66227 —— 1.18[1.06,1.30]  0.002
Hukou region, living areas, family income, smoking - Apy_isability 1439/89022 F——  1.66[1.51,1.83] 2.2x10%
status, drinking status, BMI, history of stroke, can- Th S —
cer, hypertension, diabetes, and heart diseases. The € number ot key s
models for the specific ARFIs with mortality were ~ Without any ARFI 855/58033 ¢ 1.00 [Reference]
additionally adjusted for the presence of With one ARFI 715/33806 —— 1.20[1.08,1.33]  4.8x10*
other ARFIs. With two ARFls 443/14009 ——i 1.46[1.30,1.65]  6.9x10%°

With three ARFls 74/1700 ————> 1.75[1.37,2.23]  6.5x10°

Each additional ARFI 7981/227657 [ 1.21[1.15, 1.27] 2.5x10?

I I I
1.0 1.5 2.0

showed a dose-response association with risk of mortality, which sug-
gested their synergistic roles in predicting mortality’. These key
ARFIs may synergistically predict mortality via interrelated biological
and behavioral pathways such as chronic inflammation, neurodegen-
eration, and stress-response dysregulation, which all accelerate functional
decline®. For example, depression involves HPA-axis dysfunction,
elevating cortisol and driving neuroinflammation and hippocampal
atrophy, which overlaps with cognitive impairment arising from amy-
loid/tau pathology and neuronal loss and ADL disability stemming from
frailty’.

We further quantified the health impacts of key ARFIs by estimating
their associated loss in life expectancy. Compared with individuals
without any of the three key impairments, those with all three experi-
enced a reduction of ~5 years in life expectancy at age 50, equivalent to a
17% decrease. In a previous study in the Chinese population”, adopting a
healthy lifestyle was associated with 8 years longer life expectancy at the
age of 30 years. Our study further extends the evidence and underscores
the importance of integrated prevention strategies (potentially through
lifestyle improvement) and management systems for multiple functional
impairments that are warranted to achieve healthy aging. Notably, we
adjusted the models using baseline covariates because our primary aim
was to assess the long-term associations of baseline ARFIs with mortality,
and future studies could explore the role of time-varying health status to
gain a more comprehensive understanding of the underlying
mechanisms.

As one of the few studies to systematically investigate and compare
the health impacts of multiple ARFIs within a single cohort, our findings
highlight the importance of early identification and intervention in these
impairments to mitigate their long-term consequences and improve the
overall health of the aging population. In both public health and clinical
settings, prioritizing key ARFIs may help prevent downstream impair-
ments and reduce the risk of premature mortality. Additionally, our
research provides information for designing and implementing strategies
targeted at individuals with specific functional statuses, with a particular
focus on cognitive function and the ability to perform daily activities.
Although some ARFIs were not directly associated with mortality and
longevity, they may be important predictors of the key ARFIs and help
identify at-risk populations for early intervention to promote long-term
well-being.

The major strengths of this study include its use of a nationally
representative sample and a comprehensive and systematic evaluation
of multiple ARFIs. The longitudinal design also enabled the exploration
of the temporal sequence of ARFIs that are crucial for establishing
potential causality. However, our study has several limitations. First,

this study, by its observational nature, does not rule out residual con-
founding and reverse causation, despite multiple sensitivity analyses
confirming the robustness of the main findings. Specifically, while the
temporal sequence of ARFIs at baseline remains undetermined, our
longitudinal analyses provide important insights into the progression of
ARFIs and their joint associations with mortality. Second, most ARFIs
are defined according to self-reports in questionnaires, which, while
extensively validated and widely used, are subject to recall bias and
subjectivity. While visual and hearing impairments are often considered
age-related, these conditions can also occur at younger ages, which
should be taken into account when interpreting the results. Addition-
ally, other ARFIs, such as motor function decline and muscle strength
reduction, were not included in this study because they are not con-
sistently measured in CHARLS and could directly lead to ADL disability
that has already been included in this study. Third, individuals residing
in nursing homes were excluded at the study baseline, given that few
older adults live in such institutions (~0.73% according to China’s
Seventh National Census in 2020), and only 0.6% of participants
entered nursing homes during the follow-up period. Although this
does not directly influence the validity of our findings, the general-
izability of our findings warrants further study. Fourth, the lack of exact
death dates for mortality events occurring between 2015 and 2018 may
have led to an overestimation of survival time and, consequently, an
underestimation of mortality risk, as is noted by previous studies’".
Nevertheless, this limitation would be more likely to attenuate,
rather than exaggerate, the observed associations. Finally, the 9-year
follow-up, while being one of the longest of its kind in Chinese middle
aged and older adults, may not be sufficiently long to fully capture the
longer-term associations and warrants future efforts with a longer
follow-up. Despite the overall attrition rate being relatively low, those
lost to follow-up had a higher mean number of co-existing ARFIs,
potentially attenuating the strength of the observed associations with
mortality.

Conclusions

The current study provides a detailed examination of the incidence and
interrelations of ARFIs in a large cohort of middle-aged and older adults in
China. We observed that depressive symptoms, ADL disability, and sleep
disorder were independent predictors of future ARFIs. ADL disability,
cognitive impairment, and depressive symptoms are independently asso-
ciated with a higher risk of mortality and loss of life expectancy. The
numbers of co-existing ARFIs were associated with higher mortality in a
dose-response manner and resulted in substantial loss of life expectancy.
These findings highlight the relative importance of ARFIs in the
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Fig. 4 | Association of individual and number of key ARFIs with life expectancy (N = 12618). ARFI age-related functional impairment, LE life expectancy, HR hazard
ratio, ADL activities of daily living. Panel A demonstrated the LE of overall population, with or without key ARFIs at the age of 50 years. Panel B showed the association of

number of ARFIs with LE and the LE at the age of 50 to 100 years.

identification of populations with high mortality risk and call for integrated
prevention strategies and management systems for multiple ARFIs to
achieve healthy aging.

Data availability

Data used in the study are publicly available from the CHARLS website:
http://charls.pku.edu.cn upon registration. The source data for the figures
are provided in Supplementary Data 1.

Code availability

All statistical analyses were conducted using R (version 4.3.0). The analysis
code has been deposited in a publicly accessible repository at Github® and
can be accessed at: https://github.com/YuanLabZ]U/arfis-charls-share. No
proprietary code was used.
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