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Abstract
Background: Identifying factors associated with cognitive impairment among older adults is critical. This
study aims to examine associations of fruit and/or vegetable intake (FVI), sleep quality and duration, and
their interactions with cognitive performance among older adults in China.

Methods: We utilize nationwide datasets in 2008 and 2011 in China to examine associations between
sleep quality and duration, FVI, and cognitive impairment. Interactions between sleep and FVI on
cognitive performance are also examined. All analyses are further stratified by gender, age group, and
urban-rural residence.

Results: When all covariates are fully adjusted for in the cross-sectional analyses, frequent FVI is
associated with a 29% lower risk of cognitive impairment compared with less frequent FVI, and daily
sleeping durations of ≤6h and ≥10h are associated with a 13% and a 51% higher risk of cognitive
impairment, respectively, as compared with the duration of 8h. Sleep quality is not significantly
associated with cognitive impairment compared with fair/poor sleep quality when all covariates are
adjusted, though it is associated with a 31% lower risk when only demographics are controlled for.
Interaction analyses reveal that frequent FVI offsets the higher risk of cognitive impairment for poor sleep
quality and excessive sleep durations. Subgroup analyses show a generally similar pattern for both sexes
but a more pronounced association for young older adults than for oldest-old adults. The patterns of the
interactions of FVI, sleep quality, and sleep duration with cognitive impairment differ by urban-rural
residence. However, associations of good sleep quality, adequate sleep duration, and frequent FVI with
the incidence of cognitive impairment over a 3-year follow-up period are mostly not significant.

Conclusions: The positive association of good sleep quality, appropriate sleep duration, frequent FVI, with
good cognitive is mainly cumulative or long-term. Frequent FVI could offset a higher risk of cognitive
impairment for poor sleep quality and/or excessive sleep durations. The associations are similar for both
sexes but are stronger in oldest-old adults and differ by urban-rural residence.

Background
With the rapid population aging, the number of older people with age-related disorders will likely grow,
especially people with cognitive impairment, the most common cause of dementia [1, 2]. Dementia is
considered one of the significant causes of disability among older adults and brings enormous social
and financial burdens at both family and societal levels [3]. It is estimated that around 50 million people
lived with dementia worldwide in 2015 and the number is projected to increase to 132 million by 2050 [4].
Meanwhile, the dementia cost was as much as US$ 818 billion in 2015 (1.1% of the global gross
domestic product (GDP), and it is projected to rise to US$ 2 trillion by 2030 [5, 6]. Since there are no
effective therapies available for curing dementia by far, early identification of modifiable factors for
cognitive impairment and implementation of preventive interventions have become public health
priorities [7, 8].
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Sleep is a fundamental biobehavioral process that helps to restore functional capacity and maintain both
physical and mental health [9, 10]. Sleep disturbances increase with age. More than half of older adults
aged 65 years or older are reported to be poor sleepers [11]. The impacts of sleep problems, such as poor
sleep quality [12, 13, 14] and short or long duration of night-time sleep [15, 16, 17] and longer and more
frequent daytime napping [18, 19], on cognitive functioning among older adults have been receiving
increasing attention recently. The findings are generally consistent, with the majority of cross-sectional
studies having suggested that a short sleep duration (usually 6 hours or less) [20, 21, 22], a long sleep
duration (usually 9 hours or more) [23, 24], or both (i.e., a U-shaped relationship or a V-shaped
relationship) [25, 26, 27, 28] are linked to an increased risk of cognitive impairment. Some studies have
also suggested that poor sleep quality may be linked to an increased risk of cognitive impairment as well.
However, a small number of studies have observed no association between sleep hours/quality and
cognitive decline [29]. Some longitudinal studies also investigate the association between the extreme
sleep durations (short and long sleep durations) at baseline and cognitive decline at follow-up. However,
the results were also mixed, with some reporting a positive association whereas others reported no
association [30, 31, 32].

The frequent fruit and/or vegetable intake (FVI) has been shown to improve the overall health condition
of older adults by moderating several physical or psychological behaviors, including sleeping patterns
[33, 34]. Experimental evidence has shown that high polyphenol content, melatonin, and serotonin in
fruits and vegetables might be beneficial to reducing oxidative stress and improving sleep quality [35, 36].
It also indicated that plant-based diets are more likely to improve energy metabolism, mitochondrial
function, and lower body obesity, which potentially helps older people prevent sleep disorders [37, 38].
Several studies have explored the associations between sleep duration and/or quality and FVI intake
among older adults. For example, Noorwali and colleagues found that higher FVI was associated with
shorter sleep duration among UK adult women [39]. Several other studies found that compared with daily
consumers, people seldom consuming fruits and vegetables had higher odds of reporting poor quality of
sleep [33, 34].

However, despite the well-established validity and statistical robustness of sleep duration or quality in
predicting cognitive functioning and the known associations between sleep and cognitive impairment [40,
41], it remains largely unknown whether the linkage between sleep and cognitive function varies across
different frequencies of intaking fruits and vegetable. Furthermore, it is reasonable to speculate that if the
frequency of FVI is linked to sleep quality and duration, the joint association of sleep duration and quality
and the frequency of FVI might be more pronounced for cognitive functioning. Nevertheless, there have
been rare to investigate this research question in the existing literature [42].

China is a country that has the largest population of older adults in the contemporary world, with an
estimated prevalence of dementia of approximately 6.6% in 2015-2018 among individuals aged 65 years
and older [43, 44, 45]. With the rapid population aging and socio-economic transformation, growing
prevalence of unhealthy diets [46, 47, 48], and sleep disturbance [49, 50, 51], there is a need to examine
how the frequency of FVI and sleep patterns affect cognitive function among older adults in China.
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Taken together, the current study aims to address the following gaps in the literature. First, though some
empirical studies have suggested the extreme sleep duration and poor sleep quality were associated with
higher risks of cognitive impairment among Chinese older adults, most of them were based on a small
sample from regional surveys (such as Beijing, Guangzhou, or Hebei province, Zhejiang Province) at
middle and young older ages [15, 52, 53]. Using a nationally representative panel dataset from mainland
China from 2008 to 2011, we aim to investigate the associations between sleep duration and quality and
cognitive function, between FVI and cognitive function, and how sleep duration and quality and FVI are
jointly associated with cognitive function. Second, we aim to examine whether the FVI would moderate
the linkage of sleep duration/quality to cognitive impairment and how it varies by gender, age groups,
residence area as well as educational attainment.

Methods

Study population
The data used in our study were drawn from the 2008 and 2011 waves of the Chinese Longitudinal
Healthy Longevity Survey (CLHLS). The CLHLS is an ongoing project in mainland China (thereafter
China) and is one of the largest nationally representative longitudinal surveys focused on older adults in
the developing world. The first wave of the CLHLS was conducted in 1998, which mainly focused on the
oldest-old (aged 80 or older). There have been 9 waves by far. The fieldwork of the ninth wave was just
completed in October 2021. The first 8 waves of the CLHLS were conducted in randomly selected half of
countries and cities from 22 of 31 provinces in mainland China (plus one county in one of nine not-
sampled provinces). The survey areas covered nearly 90 percent of the total population of China
according to the Sixth National Census in 2010 [54]. The CLHLS was specially designed to interview all
centenarians in sampled counties/cities. For non-centenarians, the CLHLS aimed to recruit samples with
comparable sizes for ages from 65 to 99 by sex. In other words, CLHLS is not a random sample with an
over-sampling of very old adults and men. The information of respondents' socio-demographics, health
status, and lifestyles was obtained through in-home interviews with good quality of reliability and validity
[55]. The overall response rate for each wave was approximately 90%, and further details of the sampling
design and the overall data quality have been provided extensively elsewhere [55, 56].

For this study, we focused on respondents aged 65 to 105 years in 2008. Those who reported being 106
or older were excluded because of insufficient information available to validate their extremely old ages
[57]. Our final sample included 16,209 respondents in 2008 (see Table 1 for unweighted sample
distribution and Appendix Table A1 for weighted distribution). The analytical sample for the incidence of
cognitive impairment from 2008 to 2011 was restricted to 7,042 respondents who were cognitively
unimpaired. Of other 9,167 respondents, 1,181 respondents (12.88%) experienced an incidence of
cognitive impairment during the three-year interval; 5,401 respondents (58.92%) died, and 2,585
respondents (28.20%) were lost to follow-up mainly due to a poor health condition.

Outcome variables
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Cognitive impairment
Cognitive functioning was measured using the Chinese version of the Mini-Mental State Examination
(MMSE), which was adapted from the scale developed by Folstein et al. for less cumbersome and more
practical, particularly to older adults and dementia syndromic patients [58]. It contains six segments,
namely orientation, registration, attention, calculation, recall, and language, and the total possible score is
30, with a lower score manifesting poor cognitive functioning. The MMSE in Chinese has been used
extensively and validated after accurate translation and appropriate modifications in line with the level of
education of older adults and other socio-economic or cultural statuses in China [59, 60, 61].

The MMSE in this study was classified into two categories: cognition impaired (score <24) and
unimpaired (score 24-30) [45, 54, 61]. However, considering the low level of educational attainment
among the oldest-old in China, particularly the female older adults in rural areas, an alternative criterion
with a score greater than 17 and 20 as cognitively unimpaired being applied to those who never attended
school and those who received 1-6 years of schooling, respectively [62, 63, 64, 65].

Unlike other questions in the CLHLS, all MMSE questions must be answered by the sampled persons
themselves instead of answering by any proxy (e.g., a spouse or family member). There are some
respondents (about 18% in 2008 and 16% in 2011) who cannot accomplish the MMSE test due to mental
or physical problems (coded as the option 'not able to answer' because of mental impairment and
physical illness). Following practice in the literature [66], we coded them as 'wrong'. An alternative
approach by coding them as missing values and imputing the missing values produced comparable
results. The imputation assumes that the answers to these MMSE questions would be the same if the
respondents had the same demographic characteristics, behavioral and psychosocial characteristics, and
health conditions (see Appendix Tables A2 and A3). We also excluded these missing values, and the
results are comparable to those imputed and those in which “unable to answer” was considered (see
Appendix Tables A4 and A5)

Explanatory variables

Sleep quality and duration
The 2008 and 2011 waves of the CLHLS included one self-rated question about the global sleep quality:
"how do you rate your overall sleep quality recently?" which is similar to Question 6 in the Pittsburgh
Sleep Quality Index (PSQI) [67]. The answer contained five categories: very good, good, so so, poor, and
very poor. We dichotomized response categories into good (very good/good) versus poor (so so/bad/very
bad), with poor as a reference category. Sleep duration was measured by the CLHLS self-rated question:
"how long do you sleep normally every day including napping?" According to prior studies, we excluded
samples whose self-reported actual sleep duration was abnormal (less than three hours per day) [68]. To
gauge possible non-linear associations between sleep duration and cognitive function, we categorized
sleep hours into ≤ 6h, 7h, 8h, 9h, and ≥ 10h, following the practice in prior studies [69, 70, 71, 72].
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Fruit and vegetable intake
The CLHLS included self-rated FVI frequency by questions: "how often do you eat fresh fruit nowadays?"
and "how often do you eat fresh vegetables nowadays?" Participants having fruits 'every day or almost
every day' or 'quite often' or participants having vegetables 'every day or almost every day' were classified
into the high frequency of FVI. Participants eating fruits or vegetables 'occasionally' and 'rarely or never'
were then encoded as the low frequency. The dichotomization of FVI frequency is to account for its very
skewed distribution. Its original ordinal categories were also analyzed as sensitivity tests and the
conclusions are similar.

Other covariates
To obtain robust results, we controlled some confounders that have been proven to be associated with
sleep quality and duration in previous studies, as well as those associated with cognitive function [44, 49,
68]. These factors include demographic background, socio-economic status (SES), family and social
connections, health practices, and health conditions. The demographic background was comprised of
chronological age, gender, ethnicity (Han vs. minority), and the current residence (urban vs. rural). SES
was measured by educational attainment (1+ vs. 0 years of schooling), self-reported economic status
(higher vs. lower), and adequate access to healthcare (yes vs. no). Family and social connections were
measured by marital status (currently married vs. non-married), numbers of children alive, and co-
residence with family members (yes vs. no). Health practices were measured by currently smoking (no vs.
yes), current alcohol drinking (no vs. yes), and doing regular exercise (yes vs. no). Finally, health condition
was measured by self-reported health with three categories (very/good, fair, and poor/very poor).

Analytical strategy
Three nested logistic regression models were designed to examine associations of sleep quality, sleep
duration, and FVI with cognitive impairment, using the data from the 2008 wave. Model I adjusted for
demographic variables, including age, gender, ethnicity, and rural-urban residence. Model II additionally
incorporated SES, family and social connections, and health practices into the modeling. Model III further
adjusted for self-reported health (SRH). One additional model was performed to examine the effects of
interactions between FVI and sleep quality and between FVI and sleep duration on cognitive impairment
after adjusting for other covariates. To order to test the robustness of the associations between FVI, sleep
quality and duration, and cognitive impairment, we also applied these designs to subgroups of men and
women, young-old and oldest-old adults, and by rural and urban residence.

Similar approaches were applied to the incidence of cognitive impairment modeling by using the
cognitive impairment condition in the 2011 wave among 7,042 respondents who were cognitively
unimpaired in the 2008 wave (see Appendix Tables A6 and A7). Sensitivity analyses were performed by
coding MMSE scores in a logarithm form for the cross-sectional analysis for the 2008 wave (see
Appendix Tables A8 and A9) and for the incidence of cognitive function from 2008 and 2011 waves for



Page 7/26

all models (see Appendix Tables A6 and A10). The results are similar, and the conclusions are the same.
All analyses were performed using STATA 16.0.

Results

Sample characteristics
Table 1 presents the unweighted distribution of the sample characteristics of the 16,209 participants who
took part in the baseline study in 2008 (see Table A1 for the weighted results). Most participants were
women (57.19%), aged 80 or older (73.56%) in comparison, and 39.78% lived in city/town. Nearly three-
quarters of the participants often consumed fruits and vegetables (73.10%). Almost two-thirds reported
having good sleep quality (65.09%), and nearly a quarter reported having an 8-hour sleep duration
(23.70%). The mean MMSE score among the participants was 22.26 (SD=7.98), whereas 26.05% of the
study participants were cognitively impaired in the 2008 wave. Among 7,042 participants who were
cognitively unimpaired and survived to the 2011 wave, the mean MMSE score was 24.32 (SD=6.97) and
16.61% became cognitively impaired.
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Table 1
Sample distributions of study variables (unweighted)

Characteristics Total Characteristics Total

Total sample 16,209    

Frequency of FVI   % Aged 80 or older 73.56

% high frequency of FVI 73.10 % Women 57.19

Sleep   % Han ethnicity 94.02

% Good sleep quality 65.09 % Urban 39.78

% ≤6 hours of sleep 26.00 Socioeconomic Status (SES)  

% 7 hours of sleep 13.01 % 1+ years of schooling 37.25

% 8 hours of sleep 23.70 % Economically rich 13.32

% 9 hours of sleep 8.33 % Adequate access to healthcare 93.29

% ≥10 hours of sleep 28.96 Family/Social Connections  

Cognitive health   % Currently married 31.95

Average MMSE score in 2008 (S.D.) 22.26 Average number of children alive (S.D.) 3.63

(7.98) (1.87)

% Cognitively impaired in 2008 26.05 % Living with family member(s) 82.62

Average MMSE score in 2011 (S.D.) * 24.32 Health Practice  

(6.97) % Not smoking at present 82.81

% Cognitively impaired in 2011 * 16.61 % Not drinking at present 83.05

Demographic Variables   % Doing regular exercise 27.73

Mean age (S.D.) 87.05 Health Condition  

(11.09) % Self-reported good health 43.31

Note: (1) All variables are measured at the 2008 wave of baseline unless otherwise stated. (2) High
frequency of fruits and vegetables intakes (FVI) refers to eating fruit and vegetable every day/almost
every day/quite often. (3) Mini-mental Status Examination (MMSE) score, age, and the number of
children alive are measured in mean, whereas all other variables are measured in percentage. (4) *
referring to data among 7,042 who survived to the 2011 wave.

 

Sleep duration, sleep quality, FVI, and cognitive impairment
Table 2 presents odds ratios (ORs) in the nested logistic regression models of cognitive impairment for
sleep quality, sleep duration, and FVI from cross-sectional analyses using the data of the 2008 wave.
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Model I shows that good sleep quality is associated with a 31% lower odds of cognitive impairment
(OR=0.69, 95% CI: 0.63-0.76) when only demographic factors plus two other exploratory variables (i.e.,
sleep duration and FVI) were controlled for. The reduction was reduced to 25% (OR=0.75, 95% CI: 0.68-
0.83) when SES and family and social connection factors were additionally controlled (p<0.001).
However, there was no longer a significant difference when health condition was additionally adjusted for
(Model III).

Table 2 also shows that too short (≤ 6h, OR=1.15, 95% CI: 1.01-1.31, p<0.05) and too long (≥ 10h,
OR=1.63, 95% CI: 1.46-1.83, p<0.001) sleep duration were both associated with cognitive function
impairment compared with 8h per day (Model I). The ORs were hardly altered after additionally
controlling for SES, family/social support, and health practice (≤ 6h, OR=1.17, 95% CI: 1.02-1.33, p<0.05;
≥ 10h, OR=1.62, 95% CI: 1.45-1.82, p<0.001) (Model II). The ORs were slightly reduced to 1.13 (95% CI:
0.98-1.29, p<0.1) for ≤ 6h and 1.51 (95% CI: 1.34-1.70) for ≥ 10h when health condition was further
adjusted (Model III).

The high frequency of FVI was associated with a 37% lower ORs of being cognitively impaired (OR=0.63,
95% CI: 0.58-0.69) when demographics and sleep quality and duration were controlled for (Model I). The
OR was mildly attenuated to 0.66 (95% CI: 0.61-0.73) and 0.71 (95% CI: 0.65-0.78) in Models II and III
respectively when additional covariates were controlled for (p<0.001).
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Table 2
Unweighted odds ratios of cognitive impairment for study variables, CLHLS, 2008

  Model I Model II Model III

Sleep quality      

Good (fair/poor) 0.69*** 0.75*** 0.94

Sleep duration      

≤ 6 hours (8) 1.15* 1.17* 1.13+

7 hours (8) 0.97 0.99 1.06

9 hours (8) 1.00 1.01 1.06

≥ 10 hours (8) 1.63*** 1.62*** 1.51***

Frequency of FVI      

High (low) 0.63*** 0.66*** 0.71***

Covariates      

Demographics      

Age 1.13*** 1.12*** 1.12***

Women (men) 1.45*** 1.39*** 1.40***

Han (non-Han minority) 2.03*** 2.16*** 1.95***

Urban (rural) 0.84*** 0.89** 0.92+

Socioeconomic Status (SES)      

1+ years of schooling (0)   1.27*** 1.34***

Economically rich (fair/poor)   0.80*** 0.90

Adequate access to healthcare (no)   0.74*** 0.84*

Family/Social Connections      

Currently married (no)   0.81*** 0.78***

Number of children alive   0.99 0.99

Living with family member(s) (no)   1.43*** 1.36***

Note: (1) FVI: Fruit and/or vegetable intakes. (2) Cognitive impairment is defined when an MMSE
score is less than 18 for the respondents with 0 years of schooling, MMSE score<21 for the
respondents with 1-6 years of schooling, or MMSE score<24 for the respondents with 7+ years of
schooling. (3) The category in the parentheses of a variable is the reference group of that variable. (4)
+, P<0.1; *, P<0.05; **, P<0.01; ***, P<0.001.
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  Model I Model II Model III

Health Practices      

Not smoking (smoking)   1.05 1.04

Not alcohol drinking (drinking)   1.18* 1.10

Doing regular exercise (no)   0.52*** 0.59***

Health Condition      

Fair self-reported health (poor)     0.33***

Good self-reported health (poor)     0.22***

-log likelihood 7193.2 7065.7 6619.8

Sample size (N) 16,209 16,209 16,209

Note: (1) FVI: Fruit and/or vegetable intakes. (2) Cognitive impairment is defined when an MMSE
score is less than 18 for the respondents with 0 years of schooling, MMSE score<21 for the
respondents with 1-6 years of schooling, or MMSE score<24 for the respondents with 7+ years of
schooling. (3) The category in the parentheses of a variable is the reference group of that variable. (4)
+, P<0.1; *, P<0.05; **, P<0.01; ***, P<0.001.

 

Interactions between sleep and FVI
Table 3 presents ORs for different combinations between sleep quality and FVI and between sleep
duration and FVI after considering all covariates. ORs of cognitive impairment were pronouncedly lower
in the categories of good sleep quality plus often FVI (OR=0.65, 95% CI: 0.57-0.75, p<0.001) and fair/poor
sleep quality but often FVI (OR=0.69, 95% CI: 0.59-0.79, p<0.001), respectively, compared with the
category of fair/poor sleep quality plus a low frequency of FVI (see Column Total). These associations
were consistent between older women and older men, although the association between the category of
good sleep quality but not often FVI and cognitive impairment was marginally stronger in older men
(OR=0.78, p<0.1) than in older women (OR= 0.98, p>0.1). The results further show that protective effects
of often having FVI were more significant in young and urban older adults compared with those in oldest-
old adults and rural older adults.
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Table 3
Unweighted odds ratios of cognitive impairment in Model IV for the interactions between sleep and FVI,

CLHLS, 2008

  Total Men Women Young-
old

Oldest-
old

Rural Urban

Panel A—Sleep quality
and FVI

             

fair/poor plus not often FVI (reference)

good but not often FVI 0.89 0.78+ 0.97 0.69 0.92 1.10 0.58***

fair/poor but often FVI 0.69*** 0.70** 0.68*** 0.53* 0.70*** 0.80* 0.48***

good plus often FVI 0.65*** 0.66*** 0.65*** 0.39*** 0.68*** 0.71*** 0.52***

-log likelihood 6626.2 2379.8 4235.4 562.3 6045.8 4131.6 2470.9

Sample size (N) 16,209 6,939 9,270 4,286 11,923 9,761 6,448

Panel B—Sleep hours
and FVI

             

≤6 hours and not often
FVI

0.99 0.84 1.09 0.81 1.00 0.85 1.43+

7 hours and not often
FVI

1.12 1.14 1.10 0.71 1.17 1.05 1.32

8 hours and not often FVI (reference)

9 hours and not often
FVI

1.19 1.16 1.34 1.01 1.20 1.22 1.21

≥10 hours and not
often FVI

1.17 1.12 1.21 1.04 1.19 1.29+ 1.01

≤6 hours and often FVI 0.73** 0.69* 0.76* 0.35** 0.78* 0.73* 0.76

7 hours and often FVI 0.62*** 0.62* 0.63*** 0.21** 0.68*** 0.55*** 0.75

8 hours and often FVI 0.61*** 0.64* 0.60*** 0.47* 0.62*** 0.63*** 0.58**

9 hours and often FVI 0.61*** 0.62* 0.60** 0.29* 0.64*** 0.52*** 0.80

≥10 hours and often
FVI

1.03 1.18 0.97 1.20 1.03 1.04 1.04

-log likelihood 6611.3 2371.9 4227.2 551.4 6034.9 4116.8 2469.4

Sample size (N) 16,209 6,939 9,270 4,286 11,923 9,761 6,448

Note: (1) Panel A controlled for all covariates in Table 1 plus sleep duration, whereas Panel B
controlled for all covariates in Table 1 plus sleep quality. The samples sizes for all models in Panel A
are the same as those in Panel B. (2) FVI: fruit and/or vegetable intakes. (3) Bold fonts indicate
reference categories of the interaction. (4) +, P<0.1; *, P<0.05; **, P<0.01; ***, P<0.001.
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With regard to the sleep duration, ORs of cognitive impairment for the high frequency of FVI with short (≤
6h, OR=0.73, 95% CI: 0.60-0.90, p<0.01) or moderate sleep duration (7h, OR=0.62, 95% CI: 0.50-0.79; 8h,
OR=0.61, 95% CI: 0.50-0.75; 9h, OR=0.61, 95% CI: 0.47-0.78) were significantly lower compared to the 8-
hour-sleep with low frequency of FVI among the entire sample (p<0.001). This pattern was similar
between older men and older women, although the pattern seemed more pronounced for young and rural
older adults. Furthermore, in most sub-population analyses, different sleep hours had no significant
relation with cognitive impairment if older adults did not frequently intake fruits or vegetables.
Supplementary analyses show that the linkage of sleep quality, sleep duration, and FVI with the incidence
of cognitive impairment in a 3-year follow-up period was weak (see Appendix Tables A6 and A7).

Discussion
This study investigated the independent and joint association of sleep patterns (quality and quantity) and
fruits and/or vegetables intake (FVI) with cognitive functioning among old adults in China using the
CLHLS. To the best of our knowledge, the present study is among the first to explore the interaction effect
of sleep patterns and FVI on cognitive functioning in a relatively large sample.

One major finding is that both poor sleep quality and an extreme sleep duration (≤ 6h or ≥10h per day)
were associated with cognitive impairment. This finding is in line with several empirical studies. For
instance, a systematic review meta-analysis of 11 cross-sectional and 7 prospective cohort studies
involving 35 independent samples (total N = 97,264) suggested that both short and long sleep duration
were accompanied by a significantly higher risk of developing cognitive impairment among older adults
[73]. Studies by Mousavi et al. [12] and Nakakubo et al. [13] also showed that older adults with poor sleep
quality had a significantly lower cognitive function and higher prevalence of cognitive impairment than
those with good sleep quality.

Our finding between sleep quality, sleep duration, and cognitive impairment is supported by some
neurological and pathological hypotheses. First, poor sleep quality is associated with higher rates of
cortical atrophy in frontal, temporal, and parietal lobes, which may have adverse effects on cognitive
health as shown in some prior studies [73]. Second, as sleep plays a vital role in the clearance of
metabolic waste from the brain, insufficient sleep time may have negative effects on the brain [74]. Some
experimental studies have demonstrated that sleep deprivation can not only result in neuronal losses in
the locus coeruleus [75] but induce pathology of Alzheimer's disease as well by an increased
accumulation of amyloid β in the brain [68, 76]. On the other hand, an excessive sleep duration
contributes to increases in systemic inflammation disorders [77], such as increases in activities in
interleukin-6 (IL-6) and C-reactive protein (CRP) [73, 78], which may have negative effects on brain
structure and lead to age-related cognitive impairment [79]. Furthermore, both short sleep (≤ 6h) and long
sleep (≥ 10h) duration may give rise to brain aging by increasing circadian dysfunction, degenerative
disease [19, 80], chronic inflammation [81], and risk of cardiometabolic disease [74, 82].
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Another important finding is that a higher frequency of FVI turned out to be significantly associated with
a lower risk of cognitive impairment, which is in accordance with previous findings [41, 83]. Research has
shown that fruits and vegetables contain many antioxidant nutrients and bioactive substances, such as
vitamins A\B\C\E, zinc, carotenoids, flavonoids, polyphenols [39, 84], phytoestrogens [85, 86], which have
been found to prevent the brain from oxidative stresses [83, 87], and thus help to protect against
damages of age-related neurologic dysfunction triggered by reactive oxygen species and other free
radicals [40]. Additionally, frequent FVI also generates a high fiber intake that positively influences gut
microbiota, which might also be linked to better cognitive health [40]. Last but not least, lignin and other
phytochemicals such as catechins, L-theanine, and caffeine found in the Chinese diet might also explain
the inverse association between FVI and cognitive impairment [41].

Our results also reveal significant associations with cognitive function for the interactions between sleep
and FVI. Specifically, compared with older adults reporting poor sleep quality plus the low frequency of
FVI, sleep quality plus high FVI frequency (no matter good or poor sleep quality) was associated with a
prominently lower risk of cognitive impairment. Furthermore, a high frequency of FVI could offset a higher
risk of cognitive impairment for older adults who have a short sleep duration. As abovementioned, both
proper sleep patterns and frequent FVI are associated with cognitive function through several biological
mechanisms. It is thus reasonable to postulate that the interactions between sleep patterns and FVI could
generate a mutually reinforcing effect on cognitive functioning. In addition, it has been shown that the
accumulation of proteinaceous amyloid β plaques [76, 88] and τ oligomers [89] would occur several years
before the onset of serious cognitive impairment [42]. Moreover, poor sleep quality or sleep disorders
might negatively affect glymphatic system activity [90], thus giving rise to amyloid accumulation [91]. In
such a case, frequent FVI could play an active role in improving cognitive functioning by regulating the
proper sleep patterns in that the polyphenol content in fruits and vegetables could alter sleep duration by
the gut-brain axis through the improvement of mitochondrial function and energy metabolism in sleep
processes, and the antioxidant content of fruits and vegetables might reduce oxidative stress or promote
sirtuin 1 (SIRT1) protein expression and thus improve sleep quality [35].

Finally, as the sub-population analyses suggested, the linkages of sleep quality/duration and FVI with
cognitive impairment are more pronounced in young older adults compared with those in oldest-old
adults. This may be because the incidence of poor sleep, longer sleep duration, and/or cognitive
impairment increases sharply with age [12, 92, 93] that are resulted from age-related deterioration in the
homeostatic process, circadian amplitude, thalamocortical and cortico-cortical rhythms (including delta
waves, sleep spindles, and slow oscillations) that may be associated with effects of sleep on brain
regions [94, 95, 96]. In this circumstance, it is reasonable to infer that the protective effects of FVI against
associations of poor sleep or excessive sleep duration to cognitive impairment are less prominent among
the oldest-old adults when they have frequent FVI.

For urban/rural difference in the association between sleep, FVI, and cognitive impairment, the linkage
between a longer sleep duration, FVI, and cognitive impairment is more pronounced in rural older adults
compared with those in urban older adults, while the linkage between sleep quality, FVI, and cognitive
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impairment seems stronger in urban older adults than in rural older adults. The excessive long sleep
duration [96] and the low frequency of FVI [98] have been a concern among rural older adults in China
due to their disadvantaged economic/educational statuses, rural lifestyle, and low access to social
security and healthcare [99, 100]. It is thus possible that the adequate sleep duration and the high
frequency of FVI could yield greater benefits to cognitive impairment in rural older adults [50, 101, 102,
103]. Consequently, rural older adults are more likely to be sensitive to the improvement of the nutritional
status, and the protective effect of FVI on cognitive functioning therefore may be more pronounced for
rural adults compared with urban older adults. However, the interaction between good sleep and frequent
FVI in linking with cognitive impairment seems more crucial to urban older adults than to rural older
adults. There is evidence that the sleep quality of urban older adults in China is a concern due to noises,
indoor and outdoor air pollution, shortages of housing, and crowdedness [104, 105, 106]. Therefore, it is
reasonable that the positive association of good sleep quality to cognitive function appears more
significant among urban older adults than among rural older adults. More research is clearly warranted to
shed light on urban-rural differential patterns for sleep duration, sleep quality, and FVI in associating with
cognitive function at older or even oldest-old ages.

Implications
Our findings have several clinical and policy implications. First, public health practitioners are supposed
to be aware of the potential adverse prognosis of extreme sleep duration, poor sleep quality, and less FVI
might be associated with cognitive impairment risk among older adults [48, 107]. Second, promoting
healthy sleep and diet habits (e.g., avoiding excessive time in bed, doing sleep hygiene practices, and
promoting dietary plans rich in vegetables and fruits) should be considered in future clinical practices to
mitigate cognitive impairment risk [108, 109]. Third, instead of focusing on regulating older adults'
sleeping behaviors directly, more comprehensive and indirect intervention strategies should be designed,
such as fruit and vegetable dietary therapies to reduce sleep-related cognitive impairment risk [34, 42].
Moreover, further research should define intervention strategies and provide more specific
recommendations to implement preventative and therapeutic strategies. Last but not least, it would be
interesting to investigate possible biological mechanisms underlying the linkage between the interaction
of sleep and FVI to cognitive functioning among older adults. These implications are important for
policymaking and interventions to promote healthy aging considering the enlarging number of older
adults who are not only at a higher risk of developing cognitive disorders but particularly vulnerable to
sleeping problems in the coming decades.

Limitations
When interpreting our findings, the following shortcomings should be taken into account. First, similar to
most epidemiological studies, information on the sleep duration in the CLHLS was obtained from a self-
reported single-item measure that used hourly categories as a response for sake of the lower cost and
easiness of administration. Thus, the recall errors cannot be fully excluded [110]. Nevertheless, such
biases should not be substantial as several prior validation studies have found that the self-reported
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sleep duration is usually well compared with sleep durations based on polysomnography or actigraphy
[111]. Second, information of respondents' sleep duration in the CLHLS did not explicitly ask participants
to differentiate daytime napping from the night sleep amount. Studies have shown that the sleep patterns
of daytime napping may be different from that of sleep overnight and may have independent and
different effects on cognitive functioning [27]. However, some empirical evidence has suggested that
daytime napping and nocturnal sleep may share similar mechanisms underlying their associations with
cognitive functioning [112], thus it may not be a serious issue to apply the daytime and nighttime
combined sleep duration in research. Third, measures on FVI in the CLHLS were relatively coarse, relying
on two single items regarding consumption frequency of fruits and vegetables and did not have more
specific information on consumption amount or types of fruits and vegetables, which would be subject to
some biases [110]. Though self-reported bias is a common limitation in most survey-based research,
future research should use more rigorous data collection methods to capture FVI patterns [34]. Last but
not least, due to the complexity and dynamics between sleep patterns and cognitive function, we are not
able to disentangle whether sleep altered the risk of cognitive impairment or different cognitive
performance resulted in variation of sleep. We welcome more research to shed light on this issue.

Conclusions
The results of this study indicate that good sleep quality, appropriate sleep duration, and FVI are
associated with a lower risk of cognitive impairment. More notably, FVI could offset the higher risk of
cognitive impairment for poor sleep quality and/or excessive sleep durations. However, these
associations are mostly cross-sectional or cumulative. The associations are similar for both sexes but are
stronger in young older adults and differ by urban-rural residence.
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