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Abstract

Background: The current study aimed to examine the association between drinking water quality and cognitive
function and to identify the direct and indirect effects of drinking water quality and dyslipidemia on cognitive func-
tion among older adults in China.

Methods: Primary data for the study were selected from China Health and Retirement Longitudinal Study (CHARLS,
2015) and 4,951 respondents aged 60 and above were included. Data on drinking water quality were selected from
the 2015 prefectural water quality data from the Institute of Public and Environment Affairs in China and measured by
the Blue City Water Quality Index. Dyslipidemia was measured by self-reported dyslipidemia diagnosis and lipid panel.
Three composite measures of cognitive function included mental status, episodic memory, and global cognition.
Mixed effects models were conducted to assess the associations between drinking water quality or dyslipidemia and
cognitive function. The mediation effects of dyslipidemia were examined by path analyses.

Results: Exposure to high quality drinking water was significantly associated with higher scores in mental status,
episodic memory, and global cognition (3=0.34, p<0.001 for mental status; 3 =0.24, p < 0.05 for episodic memory;
3=0.58, p<0.01 for global cognition). Respondents who reported dyslipidemia diagnosis had higher scores in the
three composite measures of cognitive function (3=0.39, p<0.001 for mental status; 3 =0.27 p <0.05 for episodic
memory; 3=0.66, p<0.001 for global cognition). An elevated blood triglycerides was only associated with higher
scores in mental status (3=0.21, p < 0.05). Self-reported dyslipidemia diagnosis was a suppressor, which increased the
magnitude of the direct effect of drinking water quality on mental status, episodic memory, and global cognition.

Conclusion: Drinking water quality was associated with cognitive function in older Chinese and the relationship
was independent of natural or socioeconomic variations in neighborhood environments. Improving drinking water
quality could be a potential public health effort to delay the onset of cognitive impairment and prevent the dementia
pandemic in older people.
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Background

Alzheimer’s disease and other related dementias
(ADRD) have become a leading cause of disability and
mortality in older adults worldwide [1, 2]. Given rapid
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has the largest number of older adults with dementia in
the world accounting for 25% of the worlds’ dementia
cases and the annual incidence of dementia is more than
0.36 million [4]. In the absence of cure for the disease,
dementia places a huge burden on families and health
care systems as older adults gradually lose their health,
independence, and ability to accomplish daily life [4].
Thus, preventing the progression of cognitive decline
to dementia among older adults is critical to combat
dementia epidemics [4, 5].

Studies have shown that environmental factors, such
as air pollution [5-7] are important risk factors of cogni-
tive decline. Emerging evidence also shows that drinking
water quality could be a risk factor of dementia [8—11]. A
variety of contaminants detected in drinking water, such as
disinfection byproducts (DBPs), pharmaceutical and per-
sonal care products (PPCPs), endocrine-disrupting com-
pounds (EDCs), antibiotic resistance genes, pathogens,
microcystin, and toxins produced by cyanobacteria, have
been found neurovirulent to people and to link to major
neurogenerative diseases including dementia [9, 11, 12].
These contaminants are toxic to human body and may lead
to DNA damage and death of brain cells, resulting in neu-
robehavioral impairment and cognitive dysfunction [8].
Additionally, exposure to polluted drinking water has been
found to be associated with a higher risk of having dys-
functional cholesterol status and developing dyslipidemia,
which is associated with brain aging and perhaps cognitive
dysfunction [11, 13, 14].

Dyslipidemia refers to a group of metabolic derange-
ments characterized by any or a combination of raised
low-density lipoprotein (LDL), raised total cholesterol
(TC), raised triglycerides (TG), and low high-density
lipoprotein (HDL) [15]. It is well established that cho-
lesterol is crucial in the development and functioning of
the central nervous system [16]. Elevated serum choles-
terol can promote the production and accumulation of
beta-amyloid plaques in brain and brain ischemia result-
ing in dementia [16, 17]. Apolipoprotein E (APOE) and
clusterin (CLU) involved in cholesterol transport and
metabolism, are associated with an increased risk of Alz-
heimer’s disease (AD), indicating the underlying predic-
tive roles of cholesterol metabolism in cognitive decline
[18-21]. Additionally, plasma metabolite molecules
distinguishing AD patients from controls is found to be
mostly derived from cholesteryl esters (CE) [19, 20]. Col-
lectively, these studies might support the hypothesis that
dyslipidemia are present in cognitive decline.

Dyslipidemia is a major risk factor of cardiovascu-
lar disease [22] and a growing body of research sug-
gests that cardiovascular risk factors and conditions are
possible mediators of the association between adverse
environmental exposure and cognitive decline [23-26].
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Epidemiological evidence has shown that contaminants
in drinking water can inhibit reverse cholesterol trans-
port, increase in plasma free fatty acid, and constrain
key regulators of lipid homeostasis, resulting in dyslipi-
demia [27]. Additionally, current research suggests that
dysfunctional lipid parameters, such as high LDL-C or
raised TG, is associated with cognitive decline [28-31]
or lower domain-specific cognitive function in older
adults [29, 30]. Therefore, it is reasonable to hypoth-
esize that dyslipidemia might mediate the relationship
between drinking water quality and cognitive function.

In China, the prevalence of dyslipidemia has exponen-
tially risen from 18.6% to 40.4% over the past 10 years due
to dramatic urbanization and socioeconomic transitions
[13, 15]. With the rapid industrialization and economic
development in China, environmental pollution has
become a serious problem in the country [8]. Water pol-
lution has been reported everywhere from surface water
to groundwater and from freshwater to seawater [12].
Chronic exposure to various contaminants in the envi-
ronment through inhalation of polluted air, consumption
of contaminated water or food, or skin contact has shown
to be related with adverse health outcomes including
dyslipidemia and cognitive impairment and early death
in Chinese [7, 8, 13]. However, environment-led neuro
injury is largely understudied because of the lack of evi-
dence with population data and the difficulties in finding
the related environmental toxins [11, 32]. There is even
less information on the relationship between drinking
water quality and cognitive function for older adults in
China and the population-based evidence is still unavail-
able. Although elevated LDL has been shown to be asso-
ciated with cognitive decline [33, 34], the relationship
between dyslipidemia and cognitive function has been
less explored and results have been inconsistent [5, 14].
Some studies reported no association or an inverse asso-
ciation between TC and cognitive function in adults aged
65 and above [35, 36], whereas others showed a positive
association in midlife with a longer follow-up obser-
vational period [5, 37]. Additionally, new lines of stud-
ies have suggested a positive association between water
contaminants and the incidence of dyslipidemia in China
[13, 38], however the evidence was limited to small pro-
vincial/state data, which hardly represents the population
characteristics in China.

In light of high prevalence of dyslipidemia and demen-
tia in China, it is critical to study how drinking water
quality is associated with dyslipidemia and cognitive
function and whether dyslipidemia mediates the rela-
tionship between drinking water quality and cognitive
function. If drinking water affects cognitive function via
dyslipidemia, the improvement of drinking water qual-
ity and correction of dyslipidemia may have considerable
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benefits for prevention of dementia in late adulthood
and for the reduction of health care and financial bur-
den. Therefore, the main aim of the current study was to
explore the relationship between drinking water quality
and cognitive function in adults aged 60 and above in
China. We also hypothesized that the relationship could
be mediated by dyslipidemia.

Methods

Data source

Data for this study were selected from the 2015 follow-
up survey of China Health and Retirement Longitudi-
nal Study (CHARLS). The national baseline survey of
CHARLS was conducted between June 2011 and March
2012 including17,705 respondents from 10,257 house-
holds. Subsequential biennial follow-ups were conducted
in 2013, 2015, and 2018.CHARLS interviews a nation-
ally representative sample of adults 45 years and older, as
well as their spouses when possible. The survey includes
information on various variables at individual, household,
and community levels. The sample was obtained through
multistage cluster sampling, with an overall response rate
of 80.5%, and nearly 64.2% in rural areas at the baseline
survey [39, 40]. Data on drinking water quality were not
available in the CHARLS so we used prefecture-level
(city-level) water quality data from the Institute of Public
and Environmental (IPE) Affairs in China (http://wwwen.
ipe.org.cn/). The IPE data on drinking water quality were
not collected until 2012 and only limited to major cities
in China from 2012-2013. The nation-wide prefecture-
level data on drinking water quality was collected in 2015
and beyond. Accordingly, we used the 2015 prefecture-
level water quality data from the IPE and merged them
with the 2015 CHARLS data by city names. We also col-
lected prefecture-level data on gross domestic product
(GDP) per capita from the China City Statistical Year-
book and other local yearbooks, and data on temperature
and precipitation from the Physical Sciences Laboratory
of the University of Delaware Air Temperature & Pre-
cipitation V5.01 (https://psl.noaa.gov/data/gridded/data.
UDel_AirT_Precip.html). Air pollution data (measured
by particulate matter <2.5 um; PM,;) were from the
Atmospheric Composition Analysis.

Group [41]. Data on terrain/typography and commu-
nity-level education came from the CHARLS community
survey conducted in 2011/2012.

Our study sample included 5,749 respondents aged
60 years and above who responded the baseline survey
in 2011/2012 and the 2015 follow-up survey. Among
those, approximately 3% of cases were missing on cogni-
tive function, 2% on self-reported dyslipidemia diagnosis,
less than 1% on blood TG, and 8% on control variables
due to item-nonresponse and lost to follow up in 2015.
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We deleted those missing cases and our final sample con-
sisted of 4,951 observations.

Measurement

Cognitive function

This study examined three composite measures of cogni-
tive function: mental status, episodic memory, and global
cognition. In CHARLS, mental status was assessed by
two cognitive tests, the Telephone Interview of Cogni-
tive Status (TICS) battery and figure drawing test [6]. The
TICS test included ten items on orientation and numeric
ability. Orientation was assessed by asking respondents to
name today’s date (month, day, year), season, and identify
the correct day of the week. Numeric ability was assessed
through the serial sevens test, which asked respondents
to subtract 7 from 100 (up to five times) and whether
additional explanation or a piece of paper and a pencil
was needed to complete the task. Correct answer to each
item was 1 point and the total TICS score ranged from
0 to 10. Figure drawing test assessed participants’ visual
and spatial abilities. Participants were asked to accu-
rately re-draw a previously shown picture. Participants
who successfully reproduced a similar picture received 1
point, and those who failed received 0 points. The final
score of mental status was the sum scores from TICS and
the figure drawing test, ranging from 0 to 11 [6]. Episodic
memory was assessed through an immediate word recall
based on respondents’ capacity to immediately repeat in
any order ten Chinese nouns just read to them, followed
by a delayed recall that tests respondents’ ability to repeat
the same list of words 4 min later [42]. A single score of
episodic memory was calculated by the sum of immedi-
ate and delayed recall scores, and it ranged from 0 to 20.
Last, global cognition was the sum score from scores of
mental status and episodic memory, ranging from 0 to
31. For all three measures, higher scores indicate better
cognitive function [29].

Drinking water quality

Drinking water quality was a component of the Blue City
Water Quality Index (BCWQI) developed by the IPE in
China. The BCWQI is developed to score quality of sur-
face water, groundwater, and drinking water based on the
annual national water quality data issued by the Chinese
government departments, which are collected by 600,000
water quality data points from 337 municipal cities and
25 counties every year [43]. In China, local ecology and
environment departments and local water and natural
resource departments provide the long-term monitor-
ing of surface water and groundwater quality [43]. The
BCWAQI for scoring drinking water quality was primar-
ily based on 2015 monitoring data for centralized drink-
ing water sources (referring specifically to water bodies
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that support communities of 1,000 people or more, in
both urban and rural areas) published by ecology and
environment bureaus at the provincial/state, munici-
pal and county level and above, combined with water
source remediation progress reports [43]. Drinking water
sources were comprehensively evaluated based on water
quality classifications, transgressions of pollution stand-
ards and the progress of environmental rectifications
[43]. Lower BCWQI scores indicated higher water qual-
ity, whereas higher BCWQI scores indicated lower water
quality. Due to skewness of data distribution, we grouped
the BCWQI scores into two groups based on the 2018
Blue City Water Quality Index report suggesting that
scores less than 7.6 indicating Excellent or Good qual-
ity (coded 1), whereas scores of 7.6 and above indicating
Moderate/Relatively Poor/Poor quality (coded 0) [43].

Dyslipidemia
Dyslipidemia was measured by lipid panel and self-
reported dyslipidemia diagnosis. The two measures of
dyslipidemia were used as two separate endogenous vari-
ables in our analytical models. Participants underwent
at least 10-h overnight fasting before taking 8 ml venous
blood samples by trained nurses in township hospitals
or at a local office of China Center for Disease Preven-
tion and Control (CDC) [44, 45]. Serum HDL, LDL, TC,
and TG were measured by enzymatic colorimetric assays
using an auto analyzer [44, 45]. Based on American Heart
Association classification, dyslipidemia was defined as:
HDL <35 mg/dl, LDL>130 mg/dl, TC>200 mg/dl, or
TG >150 mg/dl, or a combination of them [46]. Blood TG
was selected to be the biomarker measure of dyslipidemia
in the current study because evidence from the CHARLS
baseline data has shown that 15.2% of the middle aged
and older population suffered from high levels of TG,
which is a public health problem in China [44]. Moreo-
ver, our preliminary analyses showed that HDL, LDL, and
TC were not correlated with our cognitive outcomes.
Self-reported dyslipidemia diagnosis was measured by
a single survey question” Have you been diagnosed with
dyslipidemia by a doctor? by the time of interview. Partic-
ipants responded yes to the item, if they have been diag-
nosed with dyslipidemia by a doctor; and no, if they never
have had a diagnosis. In the 2015 follow-up survey, blood
collection occurred simultaneously with the interviews
and the shipping temperature was strictly controlled and
monitored by the CHARLS team [45].

Covariates In the current study, we included individ-
ual- and community-level covariates. Individual-level
covariates included age in years, gender (female ver-
sus male), residential area (urban versus rural), marital
status (married versus unmarried), educational levels
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(primary school or less versus middle school and above),
depressive symptoms [47], smoking status [5, 6], obesity
[48], chronic diseases such as diabetes and cardiovascu-
lar disease [5, 6]. The measure of depressive symptoms
was based on responses to the 10-item version of the
Center for Epidemiologic Studies Short Depression Scale
(CES-D 10). Each of the items had four response options
coded from O to 3. The total score was the sum of points
for all ten items. A dichotomous variable was created
using a score of 10 or greater to indicate the presence of
depressive symptoms [49]. Smoking status was measured
as current use of tobacco (yes/no). Obesity was deter-
mined by body mass index (BMI). BMI was defined as
weight in kilograms divided by height in meters squared,
and BMI > 28 was categorized as obese [6, 38]. To meas-
ure financial resources, we calculated annual household
living expenditures. The existing literature has shown
that household living expenditures are a better meas-
ure of economic resources available to the family than
income in developing countries [50]. The summed total
of annual household living expenditures was log-trans-
formed. Chronic diseases were measured as self-reported
diagnosis of diabetes or cardiovascular disease (yes/no).

Community-level covariates included community level
of education, prefecture-level GDP per capita in Chinese
yuan, annual total precipitation, average temperatures in
January and July, annual average PM, 5, and terrain/topog-
raphy [12]. In the CHARLS community survey, percentages
of adult residents having completed different levels of edu-
cation (i.e., illiterate/semi-illiterate, primary school, middle
school, high school, college, and graduate school) within
each community were collected. Based on the percentage
of each level of education, we calculated the percentage of
high school or above education within each community
and constructed a proxy variable using that percentage to
measure community-level education. A higher percentage
indicated a higher level of education within a community.
Prefecture-level GDP per capita was log-transformed to
correct skewness. The weather data from Udel-AirT_Pre-
cip V5.01 were mainly drawn from the Global Historical
Climatology Network and Legates and Willmott’s station
records of monthly and annual mean air temperature and
total precipitation, which provided monthly time series of
surface air temperature and precipitation with approxi-
mately 50 km*50 km resolution [51]. We applied ArcGIS
zonal statistics to extract annual average PM, ;, monthly
temperatures, and annual precipitations for each prefec-
ture. PM, ; refers to atmospheric particulate matter (PM)
that has a diameter of<2.5 um and PM,; level and has
been found to be an important factor associated with indi-
vidual cognitive function [23, 24, 52, 53]. China regional
PM,; (V4.CH.03) was estimated by combining Aerosol
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Optical Depth (AOD) retrievals from the NASA’s Medium
Resolution Imaging Spectroradiometer (MODIS), Multi-
angle Imaging Spectroradiometer (MISR), and Sea-View-
ing Wide Field-of-View Sensor (SeaWiES) satellite instru-
ments and coincident aerosol vertical profiles with the
GEOSChem chemical transport model, and subsequently
calibrated to regional ground-based observations using
geographically weighted regression (GWR) and it provided
annual time series of PM,; concentration with approxi-
mately 1 km x 1 km resolution [54—56]. We used the aver-
age annual PM, ; from 2000 to 2010 to capture the possibly
delayed effect of air pollution on cognitive function [57].
The temperatures in January and July and annual precipi-
tation were the average for 1981 to 2010 and were dichot-
omized to capture extreme weather conditions: annual
total precipitation (>=800 mm), temperatures in January
(<-10°C/14°F) and July (>28°C/82.4°F) [38]. Topography
has been shown a key factor associated with water quality
[58, 59]. Different landscape will influence the temperature,
pH scale, deposition, and pollution of water and all of those
affect drinking water quality [58, 59]. Terrain/topography
was measured by one item in the CHARLS community
survey: What is the main terrain/topography of your village
/community? with 5 response categories including plain,
hill, plateau, mountainous region, and basin. We recoded
this variable dichotomously as plain vs. others.

Statistical analysis
First, we utilized mixed-effects models with maximum
likelihood estimation to estimate the fixed and random
effect coefficients and variances of drinking water qual-
ity and dyslipidemia measures on each measure of cog-
nitive function, respectively. Next, path analyses with
maximum likelihood estimation were conducted to
examine whether the impact of drinking water quality on
each measure of cognitive function was mediated by dys-
lipidemia. The mixed effects models are appropriate to
assess the impacts of drinking water quality and dyslipi-
demia on cognitive function when the variables included
in the models occur at different levels [39]. In our study,
two-level linear mixed models were used with individu-
als as our level-1 variable and communities as the level-2
variable. In our models, the intercept(s) (grand mean
scores of cognitive function across individuals and com-
munities) and slopes (relationships of drinking water
quality, dyslipidemia, and cognitive function across indi-
viduals and communities) were specified as random at
level 2. We incorporated random intercepts for the clus-
ter variable ‘terrains’ This accounted for the correlation
of respondents within terrains.

Path analyses were performed to address the hypoth-
esized pathways between drinking water quality and
each measure of cognitive function through self-reported
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dyslipidemia diagnosis or blood TG after controlling for
individual- and community-levelcovariates. The effects
estimated in each path analysis were determined using
two ANCOVA models (12 ANCOVA models in total).
In the first ANCOVA model, the direct effect of drink-
ing water quality on cognitive function was determined
based on estimates from a model adjusting for the cor-
relations between exogenous variables at individual and
community levels. The second ANCOVA model exam-
ined the relationship between drinking water quality and
dyslipidemia (self-reported dyslipidemia or blood TG),
while adjusting the impacts of individual- and commu-
nity-level covariates. The indirect effect of drinking water
quality, passing through dyslipidemia, on cognitive func-
tion was calculated by multiplying the coefficient esti-
mate from the first model with the estimates from the
second model. The total effect is the sum of the direct
and indirect effects. We checked the normality of scores
of mental status, episodic memory, and global cognition
using one-factor ANOVAs, and 95% confidence intervals
(CIs) were used. Errors associated with scores of cogni-
tive functions were found to be normally distributed. All
analyses and procedures were conducted in SAS, version
9.4 (SAS Institute, Inc., Cary, North Carolina). Mixed
effects models used the PROC MIXED procedure and
path analyses used the PROC CALIS procedure.

Considering attrition from the baseline to the follow-
up survey and missing data on study variables that did
not occur at random, we also used multiple imputations
with multivariate normal distribution to replace those
missing cases and adjust for this potential bias in the
analyses (see Supplementary Materials for the results).
The results were not substantially different from those
without multiple imputations.

Results

Table 1 showed that the mean age of the participants
was 68 years old (SD=6.6) including 65.6% rural resi-
dents. Nearly 50.1% of participants were women and
84.3% were married. The average educational level was
low with approximately 80.37% having a primary school
or less education. Individuals with high levels of blood
TG (>150 mg/dl) accounted for 29.6% and those who
reported that they have had dyslipidemia diagnosis by a
doctor accounted for 32.2%. There were 69.9% of indi-
viduals living in areas with an BCWQI score less than 7.6
for drinking water, indicating either Excellent or Good
quality. The average scores of cognitive measures were
12.4 (SD=6.0, range 0-31) for global cognition, 6.9 for
mental status (SD=3.3, range 0—11), and 5.5 for episodic
memory (SD=3.6, range 0-20). For individual health
status, 20.3% of participants reported having diabetes
and 35.5% having cardiovascular disease. The obesity
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Table 1 Descriptive Characteristics of the Study Using CHARLS

2015 (N=4,951)
Mor% SD

Drinking Water Quality

Excellent/Good (BCWQI scores < 7.6) 69.87

Moderate/Relatively Poor/Poor (BCWQI scores> =7.6) 30.13
Having self-reported dyslipidemia 3221
Blood TG (> 150 mg/dl) 2961
Cognitive function, scores

Mental status (0-11) 6.91 3.34

Episodic memory (0-20) 548 3.63

Global cognition (0-31) 1240 6.04
Individual level covariates

Age, years 68.09 6.56

Female 50.39

Urban residence 3441

Annual household living expenditure (In) 9.12 2.14

Middle-school-or-above education 19.63

Married 84.29

Current cigarette smoker ° 4361

Having depressive symptoms 28.28

Having diabetic symptoms 20.30

Having cardiovascular diseases 3553

Obesity (BMI > =28 kg/m?) 11.14
Community-level covariates

Prefecture GDP per capita (In) 10.25 0.55

Community level of education (percentage of high  21.70 13.88
school or above education)

Annual total precipitation (> =800 mm) 59.87

Annual temperature in January (<-10°C/14°F) 13.27

Annual temperature in July (> 28°C/82.4°F) 2040

Plain terrain 42.15

Ten-year  average PM, s concentration (ug/m?, 46.88 18.79

Tkmx1km spatial resolution)

Note. Numeric variables presented as mean (SD) and categorical variables
presented as counts (%). SD standard deviation; M mean

@ Never smokers and past smokers combined as the reference group
b Annual average PM, s concentration from 2000-2010

rate was relatively low at 11.1% and 28.3% of respond-
ents had depressive symptoms. As for smoking status,
43.6% were current smokers. For community charac-
teristics, the mean percentage of high school or above
education at community level was 21.7% (SD=13.9%,
range 0-95%). The log of prefecture-level GDP per capita
was 10.25. Approximately 13.3% of areas had an average
January temperature <-10 °C/14°F, 20.4% had an average
July temperature> =28 °C/82.4°F, and 59.9% had annual
total precipitation> =800 mm. The average annual
PM, ; concentration from 2000 to 2010 was 46.88 pg/m?
(SD=18.8). As for geological terrain, 42.2% were plain.
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Tables 2, 3 and 4 presented the results from the mixed
effects models. Table 2 examined the associations
between drinking water quality and cognitive function
including mental status, episodic memory, and global
cognition. Exposure to high quality drinking water was
significantly associated with higher scores in mental sta-
tus, episodic memory, and global cognition (p=0.32,
p<0.001 for mental status; p=0.24, p<0.05 for episodic
memory; B=0.53, p<0.01 for global cognition). Tables 3
and 4 examined the associations between self-reported
dyslipidemia diagnosis or blood TG and the three cog-
nitive measures. In Table 3, respondents who reported
dyslipidemia diagnosis had higher scores in the three
composite measures of cognitive function (p=0.39,
p<0.001 for mental status; p=0.27 p<0.05 for episodic
memory; f=0.65, p<0.001 for global cognition). In
Table 4, an elevated TG cholesterol was associated with
higher scores in mental status (f=0.21, p <0.05), but not
with episodic memory or global cognition. However, the
impacts of drinking water quality and dyslipidemia (i.e.,
self-reported dyslipidemia or TG cholesterol) on cogni-
tive function did not vary by terrains.

Direct, indirect, and total effects for the hypothesized
mediation models were presented in Figs. 1, 2 and 3. As
shown in Fig. 1, the direct effect of drinking water qual-
ity on mental status was 0.05 (p<0.001) indicating that
good drinking water quality predicted higher scores of
mental status. The indirect effect of drinking water qual-
ity through self-reported dyslipidemia diagnosis on men-
tal status was negative (p=-0.01, p<0.001) and the total
effect of drinking water quality on mental status was 0.04
(p<0.001). This indicates suppression, which means that
the presence of dyslipidemia in the model increased the
magnitude of the direct effect of drinking water qual-
ity on mental status. In Fig. 2, the suppression effect of
self-reported dyslipidemia diagnosis was also found
for episodic memory, although the suppression effect
was not as strong as for mental status. The direct effect
of drinking water quality on episodic memory was 0.03
(»=0.02) indicating that high quality drinking water pre-
dicted higher scores of episodic memory. The indirect
effect of drinking water quality through self-reported
dyslipidemia diagnosis on episodic memory was nega-
tive (=-0.01, p=0.01) and the total effect of drinking
water quality on episodic memory was 0.02 (p=0.04).
Self-reported dyslipidemia diagnosis also increased the
effect of drinking water quality on global cognition rather
than decreasing it suggesting a suppression effect. In
Fig. 3, the direct effect of drinking water quality on global
cognition was 0.05 (p<0.001) indicating that high quality
drinking water predicted higher scores of global cogni-
tion. The indirect effect of drinking water quality through
self-reported dyslipidemia diagnosis on global cognition
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Table 2 Associations between Drinking Water Quality and Cognitive Function from Mixed Effects Models, CHARLS 2015 (N=4,951)

Mental Status

Episodic Memory

Global Cognition

Fixed effects

Intercept

Drinking water quality (ref. BCWQI scores > =7.6)
Individual-level controls

Age (years)

Female (ref. male)

Urban (ref. rural)

Annual household living expenditure (In)

Education (ref. primary school or below)

Married (ref. not married)

Current cigarette smokers

Having depressive symptoms

Having diabetes

Having cardiovascular disease

Obesity (ref. BMI < 28 km/m?)
Community-level controls

Prefecture GDP per capita (In)

Community level of education (percentage of high school or
above education)

Annual total precipitation (> =800 mm)
Annual temperature in January (<-10°C/14°F)
Annual temperature in July (> 28°C/82.4°F)

Ten-year ® average PM, s concentration (ug/m?, Tkmx1km
spatial resolution)

Random effects
Terrains (plain vs. others)
Residual

4.38"%%(0.97) 1095%%(1.13) 24.41%%%(1.07)
0.34%%(0.09) 0.24%(0.11) 0.58*(0.17)
-0.08**(0.01) -0.14%%%(0.01) -0.22%%%(0.01)
-1.87%%%(0.08) -0.14(0.10) -2.02%%(0.15)
0.76**(0.09) 0.65*%(0.10) 1.40%%(0.16)
0.14%%(0.02) 0.13%%(0.02) 0.27%%(0.04)
1.86**(0.11) 1.97%%%(0.12) 3.83%%(0.19)
0.20(0.13) 0.06(0.15) 0.28(023)
-0.11(008) -0.08(0.09) -020(0.15)
-0.82%%%(0.09) -0.87%%(0.11) -1.69%%(0.16)
0.10(0.10) 0.08(0.12) 0.19(0.18)
0.26*(0.09) 0.13(0.10) 0.40%(0.15)
0.19(0.13) 0.07(0.15) 0.24(023)
0.63*%(0.08) 0.24%(0.09) 0.94%%(0.14)
0.01%%(0.01) 0.01%(0.01) 0.02*%(0.01)
-0.02(0.10) -0.51%%(0.12) -0.51%%(0.18)
0.10(0.16) 039%(0.18) 048*(0.28)
-0.28%(0.11) -0.18(0.13) -047%(0.20)
-0.01(001) -0.01(001) -0.01(001)
0.02(0.02) 0.04(0.04) 0.1000.12)
776" (0.16) 1043*%%(0.21) 24.89%%(0.50)

Note. Values are based on SAS Proc Mixed and expressed as parameter estimates  (standard errors). Estimation method =ML (maximum likelihood); Satterthwaite

degrees of freedom
"p<.05,* p<.01,** p<.001

a. Annual average PM, ; concentration from 2000-2010

was negative (f=-0.01, p<0.001) and the total effect
of drinking water quality on global cognition was 0.04
(p<0.001). The indirect effects of drinking water quality
through blood TG on mental status or global cognition
were not significant indicating there was no mediation
effect of blood TG in the relationship between drinking
water quality and cognitive function. No significant rela-
tionships were observed for episodic memory.

Discussion

To our best knowledge, this is the first study to examine
the associations among drinking water quality, dyslipi-
demia, and cognitive function for older adults in China.
Using the mixed effects models, we found that exposure
to high quality drinking water was associated with better
cognitive function in older Chinese and the relationship
was independent of natural or socioeconomic variations
in neighborhood environments. This finding is consistent

with previous work suggesting a positive association
between drinking water quality and cognitive func-
tion using either Chinese or Western samples [8, 9, 11].
Despite cross-sectional evidence, this result is significant
in identifying and confirming the environmental risk fac-
tor that affected cognitive function in older adults using
a nationally representative sample. Improving drinking
water quality can be a potential public health effort to
delay the onset of cognitive impairment and prevent the
dementia pandemic in China.

Using the path analyses, we also investigated the path-
ways from drinking water quality to cognitive function
through the presence of dyslipidemia. Our finding sug-
gests that high quality drinking water was associated
with a lower risk of having dyslipidemia diagnosis in late
adulthood after controlling for individual characteristics
and neighborhood environments including community
level of education, terrain, PM, ., annual precipitation
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Table 3 Associations between Self-Reported Dyslipidemia Diagnosis and Cognitive Function from Mixed Effects Models, CHARLS

2015 (N=4,951)

Mental Status

Episodic Memory

Global Cognition

Fixed effects

Intercept 4.93%%*(0.95) 11.49%*(1.11) 16.46%**(1.72)
Self-reported Dyslipidemia 0.39***(0.09) 0.27*(0.11) 0.66***(0.17)
Individual-level controls
Age (years) -0.08**%(0.01) -0.14**%(0.01) -0.22**%(0.01)
Female (ref. male) -1.88%**(0.08) -0.15(0.10) -2.03%**(0.15)
Urban (ref. rural) 0.75***(0.09) 0.63***(0.10) 1.37***(0.16)
Annual household living expenditure (In) 0.14***(0.02) 0.13***(0.02) 0.27***(0.04)
Education (ref. primary school or below) 1.82%**(0.11) 1.96%%%(0.12) 3.77%*¥%(0.19)
Married (ref. not married) 0.13(0.13) -0.01(0.15) 0.15(0.23)
Current cigarette smokers -0.10(0.08) -0.07(0.10) -0.17(0.15)
Having depressive symptoms -0.81***(0.09) -0.87***(0.11) -1.67%%*(0.16)
Having diabetes -0.01(0.10) -0.01(0.12) -0.02(0.18)
Having cardiovascular disease 0.18%(0.09) 0.07(0.10) 0.26(0.16)
Obesity (ref. BMI < 28 km/m?) 0.16(0.13) 0.04(0.15) 0.19(0.23)
Community-level controls
Prefecture GDP per capita (In) 0.63***(0.08) 0.19*(0.09) 0.85***(0.14)
Community level of education (percentage of high school or  0.01***(0.01) 0.01(0.00) 0.02***(0.01)

above education)

Annual total precipitation (> =800 mm) 0.11(0.10) -0.43***(0.11) -0.31(0.18)
Annual temperature in January (<-10°C/14°F) 0.17(0.16) 0.41*(0.18) 0.57%(0.28)
Annual temperature in July (> 28°C/82.4°F) -0.30**(0.11) -0.21(0.13) -0.53**(0.20)
Ten-year @ average PM, . concentration (ug/m? TkmxTkm -0.01(0.01) -0.01(0.01) -0.01(0.01)
spatial resolution)
Random effects
Terrains (plain vs. others) 0.01(0.01) 0.03(0.04) 0.08(0.10)
Residual 7.68%**(0.15) 10.45%*%(0.21) 24.85%%*(0.50)

Note. Values are based on SAS Proc Mixed and expressed as parameter estimates 8 (standard errors). Estimation method =ML (maximum likelihood); Satterthwaite

degrees of freedom
"p<.05,* p<.01,**p<.001
@ Annual average PM, 5 concentration from 2000-2010

and temperature, and neighborhood GDP. This finding
was in agreement with previous epidemiological stud-
ies that used state- or community-level data to find the
detrimental impact of polluted water on blood lipopro-
tein [13, 38]. Our result contributed to the literature in
providing population-based evidence to confirm that
drinking water quality can be a modifiable risk factor of
dyslipidemia among older adults.

Moreover, self-reported dyslipidemia diagnosis was
found to be a suppressor in the relationship between
drinking water quality and cognitive function as the
association between drinking water quality and cogni-
tion is stronger after controlling for dyslipidemia status.
This finding added new evidence to the existing litera-
ture in identifying the suppression effect of dyslipidemia
in the pathway from drinking water quality to cognitive
function, thus provided the basis for future research to

identify the mechanism of the process. Our study sug-
gests that this suppression effect is largely due to the
positive association between the presence of dyslipi-
demia measured by either self-reported data or blood TG
and cognitive performance. These findings were some-
what surprising, but they are consistent with some prior
studies which reported an inverse association between
dementia and triglyceride levels in the short-term obser-
vational period after lipid measurement or measurement
in later life (age>65) [5, 35]. As the direct transport of
lipid in plasma takes longer time to pass through the
blood-brain barrier to arrive the brain, thus plasma
levels might not reflect the lipid levels in the brain over
a short period of time and longer periods might be
required to observe clinically evident cognitive decline
[5]. Our findings contribute to the existing literature by
providing new evidence based on both self-reported and
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Table 4 Associations between TG Cholesterol and Cognitive Function from Mixed Effects Models, CHARLS 2015 (N=4,951)

Mental Status Episodic Memory Global Cognition
Fixed effects
Intercept 4.98***(0.95) 11.42%%*(1.11) 16.44***(1.72)
Blood TG (ref. < =150 mg/dl) 0.21%(0.09) 0.10(0.10) 0.30(0.16)
Individual-level controls
Age (years) -0.08***(0.01) -0.14***(0.01) -0.22***(0.01)
Female (ref. male) -1.90%%%(0.09) -0.15(0.10) -2.06%%%(0.15)
Urban (ref. rural) 0.76***(0.09) 0.64***(0.10) 1.40%%%(0.16)
Annual household living expenditure (In) 0.14***(0.02) 0.13***(0.02) 0.27*%*(0.04)
Education (ref. primary school or below) 1.85%*%(0.11) 1.97%%%(0.12) 3.81**%(0.19)
Married (ref. not married) 0.21(0.13) 0.06(0.15) 0.29(0.23)
Current cigarette smokers -0.10(0.08) -0.08(0.10) -0.18(0.15)
Having depressive symptoms -0.81%**(0.09) -0.86***(0.11) -1.67%%*(0.16)
Having diabetes 0.09(0.10) 0.07(0.12) 0.16(0.18)
Having cardiovascular disease 0.26**(0.09) 0.14(0.10) 0.40**(0.15)
Obesity (ref. BMI < 28 km/m?) 0.12(0.13) 0.04(0.15) 0.16(0.23)
Community-level controls
Prefecture GDP per capita (In) 0.62***(0.08) 0.22***(0.09) 0.84***(0.14)
Community level of education (percentage of high school or  0.01***(0.01) 0.01(0.00) 0.02*%(0.01)
above education)
Annual total precipitation (> =800 mm) 0.10(0.10) -0.40***(0.11) -0.30(0.18)
Annual temperature in January (<-10°C/14°F) 0.18(0.13) 0.48***(0.15) 0.69%%(0.24)
Annual temperature in July (> 28°C/82.4°F) -0.31**(0.11) -0.20(0.13) -0.56**(0.20)
Ten-year ? average PM, ; concentration (ug/m3, TkmxTkm -0.01(0.01) -0.01(0.01) -0.01(0.01)
spatial resolution)
Random effects
Terrains (plain vs. others) 0.02(0.02) 0.03(0.04) 0.12(0.13)
Residual 7.77%*(0.16) 10.43**%(0.21) 25.00%**(0.50)

Note. Values are based on SAS Proc Mixed and expressed as parameter estimates  (standard errors). Estimation method =ML (maximum likelihood); Satterthwaite
degrees of freedom

"p<.05,* p<.01,** p<.001

2 Annual average PM, s concentration from 2000-2010

Self-reported
dyslipidemia diagnosis
-0.01%%* 0.05%**
a b
c(c)
Drinking water »| Mental status
quality 0.05%%%(0.04%4%)

Fig. 1 Hypothesized mediation model of relationships among drinking water quality, self-reported dyslipidemia, and mental status after controlling
for individual and community covariates. Standardized path coefficients were presented. a. Relationship between drinking water quality and
self-reported dyslipidemia. b. Association between self-reported dyslipidemia and mental status. c. Direct effect of drinking water quality on mental
status. ¢’ Total effect of drinking water quality on mental status through self-reported dyslipidemia. *p <0.05, **p <0.01, ***p <0.001

biomarker measures of dyslipidemia in an older popula- However, our study has serval limitations. First, drink-
tion and highlighting an area that warrants further inves-  ing water information was not collected by CHARLS and
tigation in the future. our alternative data from IPE were not collected until
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Self-reported
dyslipidemia diagnosis
-0.01%* 0.04%*
a b
c(c’) —
Drinking water Episodic memory
quality i
0.03%(0.02%)

Fig. 2 Hypothesized mediation model of relationships among drinking water quality, self-reported dyslipidemia, and episodic memory after
controlling for individual and community covariates. Standardized path coefficients were presented. a. Relationship between drinking water quality
and self-reported dyslipidemia. b. Association between self-reported dyslipidemia and episodic memory. c. Direct effect of drinking water quality on
episodic memory. c' Total effect of drinking water quality on episodic memory through self-reported dyslipidemia. *p <0.05, **p <0.01, ***p < 0.001

Self-reported
dyslipidemia diagnosis
-0.01%** 0.05%**
a b
c(c)
Drinking water »| Global cognition
quality 0.05%%*(0.04%*%)

Fig. 3 Hypothesized mediation model of relationships among drinking water quality, self-reported dyslipidemia, and global cognition after
controlling for individual and community covariates. Standardized path coefficients were presented. a. Relationship between drinking water quality
and self-reported dyslipidemia. b. Association between self-reported dyslipidemia and global cognition. c. Direct effect of drinking water quality on
global cognition. ¢’ Total effect of drinking water quality on global cognition through self-reported dyslipidemia. *p < 0.05, **p < 0.01, ***p <0.001

2015, thus our study does not capture changes in drink-
ing water quality or track changes in cognitive function.
Our cross-sectional evidence cannot ascertain a causal
relationship between drinking water quality and cogni-
tive function or explicate the mechanism of how dyslipi-
demia suppressed the predictor power of drinking water
quality on cognitive function. Existing literature suggests
that the onset of cognitive decline led by polluted water
or dyslipidemia could take more than 10-year follow-
up duration [60], we will further verify our results in
the future work using longer-term panel data. Second,
modest selection bias might exist, as older adults who
have undergone cognitive decline may not be as likely to
respond to the survey interview. Our estimated associa-
tions might not be applied to those not selected into our
cohort. Third, although we adjusted for many known risk
factors for dyslipidemia and cognitive function, we can-
not exclude the possibility of unmeasured confounding
factors. For example, whether or not older adults used
lipid-lowering drugs to control for their blood choles-
terol, lifestyle risk including diet, or contaminants in
drinking water were not adjusted in our analyses, as
the information is not available in CHARLS. Physical

activity is another important factor associated with cog-
nitive function in older adults [61, 62]. However, only
random sub-sample (half) of households were selected
to respond to the survey items on physical activity in
CHARLS. Therefore, half of respondents in our analytical
sample did not have data on physical activity. Although
we applied multiple imputation to address this issue (see
Supplementary Materials), this sampling issue on the
measure of physical activity in CHARLS might affect the
external validity of our results. Thus, we did not include
physical activity in our analytical model. Last, lipid meas-
urements were not taken routinely or at multiple time-
points during the observational period, thus we assessed
the association between dyslipidemia measured at a sin-
gle timepoint and cognitive decline risk, which is likely
to be weaker than associations assessed for an average
level over multiple timepoints of the risk factor because
of regression dilution bias [5, 63].

Despite these limitations, the findings of our study
add new knowledge to the growing literature on envi-
ronmental risk factors of cognitive health. Given the
rising prevalence of dementia in China, if high quality
drinking water is positive on cognitive function among
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older adults, these findings could be used as evidence
to advance policy, practice, and research in preventing
and/or delaying the onset of cognitive impairment.
Our findings provide implications for policymak-
ers in China to revise the existing safe drinking water
policy to strengthen monitoring and detecting drink-
ing water quality, especially areas where drinking
water was polluted. Policies are needed to allocate
more financial and technological resources to control
water pollution and provide safe and healthy drink-
ing water to the affected neighborhoods. Health care
policies are needed to require neurocognitive screen-
ing tests and assessment as a part of routine exams at
primary care settings for older adults, especially those
who live in areas with low quality drinking water, as
early detection is vital in preventing or postponing the
onset of dementia in older adults [64].

Despite relatively small correlation coefficients between
drinking water quality and dyslipidemia, our study provides
important information to health care professionals about
the relationship between environment and chronic diseases
and help them identify cardiovascular and/or behavioral
risk of cognitive decline, which would inspire creation of
cognitive-behavioral interventions to encourage drinking
safe and healthy water and the use of lipid-lowering drugs
to control blood cholesterol, given the high prevalence of
dyslipidemia in China. Moreover, public health education
including programs to improve awareness of the effects
of drinking water on health outcomes including cognitive
function for the general population should be created and
delivered to communities, especially those suffering from
water pollution. If these preventive efforts begin earlier, we
may be able prevent the dementia epidemic and optimize
quality of life for the aging population.

Conclusion

Our study suggested that high quality drinking water
was associated with better cognitive function among
older adults in China, and the presence of dyslipidemia
magnified the positive associations between drink-
ing water quality and cognitive function. Although
the causal association between drinking water qual-
ity and cognitive function cannot be defined using the
cross-sectional data, our results suggest drinking water
quality could be a risk factor of cognitive impairment,
which can be affected by blood cholesterol levels in late
adulthood.

Abbreviations

CHARLS: China Health and Retirement Longitudinal Study; ADRD: Alzheimer’s

disease and related dementias; AD: Alzheimer's disease; BMI: Body mass index;
DBPs: Disinfection byproducts; PPCPs: Pharmaceutical and personal care prod-
ucts; EDCs: Endocrine-disrupting compounds; LDL: Low-density lipoprotein;

Page 11 of 13

TC: Total cholesterol; TG: Triglycerides; HDL: High-density lipoprotein; GDP:
Gross domestic product; TICS: The Telephone Interview of Cognitive Status;
IPE: The Institute of Public and Environmental Affairs; BCWQI: The Blue City
Water Quality Index; CES-D 10: 10-Item Center for Epidemiological Studies
Depression Scale; ANCOVA: Analysis of covariance; SD: Standard deviation; IC:
Confidence interval; ML: Maximum likelihood; M: Mean; PM: Particulate matter;
AOD: Aerosol optical depth; MODIS: Medium resolution imaging spectroradi-
ometer; MISR: Multiangle imaging spectroradiometer; SeaWiFS: Sea-viewing
wide field-of-view sensor; APOE: Apolipoprotein E; CLU: Clusterin; CE: Choles-
teryl esters; GWR: Geographically weighted regression.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512877-022-03375-y.

Additional file 1: Supplementary Table 1. Associations between Drink-
ing Water Quality and Cognitive Function from Mixed Effects Models,
CHARLS 2015 Imputed Data (N = 5,749). Supplementary Table 2.
Associations between Self-Reported Dyslipidemia Diagnosis and Cogni-
tive Function from Mixed Effects Models, CHARLS 2015 Imputed Data (N
=5,749). Supplementary Table 3. Associations between TG Cholesterol
and Cognitive Function from Mixed Effects Models, CHARLS 2015 Imputed
Data (N = 5,749). Supplementary Figure 1. Hypothesized mediation
model of relationships among drinking water quality, self-reported dyslipi-
demia, and mental status after controlling for individual and community
covariates using the imputed data. Standardized path coefficients were
presented. Supplementary Figure 2. Hypothesized mediation model of
relationships among drinking water quality, self-reported dyslipidemia,
and episodic memory after controlling for individual and community
covariates using the imputed data. Standardized path coefficients were
presented. Supplementary Figure 3. Hypothesized mediation model of
relationships among drinking water quality, self-reported dyslipidemia,
and global cognition after controlling for individual and community
covariates using the imputed data. Standardized path coefficients were
presented.

Acknowledgements
Not applicable.

Authors’ contributions

XP planned the study, conducted literature review, performed all statistical analy-
ses, led data interpretation, and wrote the manuscript; YL helped plan the study,
conducted data management, and provided critical revisions to the manuscript
for important intellectual content; DZ helped with data management and LZ
helped plan the study. All authors read and approved the final manuscript.

Funding

This work is supported by the National Institutes of Health [grant number
RO3AG065637]. The funder had no role in the design, analysis, interpretation or
writing of the manuscript.

Availability of data and materials

The datasets generated and analyzed during the current study are not pub-
licly available due to concerns of outsourcing and arbitrary use of data but are
available from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

Ethics approval for the study was granted by the Ethics Review Committee of
Peking University, and all the participants provided signed informed consent
at the time of participation. All procedures of the study were performed in
accordance with approved guidelines and regulations.

Consent for publication
Not applicable.


https://doi.org/10.1186/s12877-022-03375-y
https://doi.org/10.1186/s12877-022-03375-y

Pan et al. BMC Geriatrics (2022) 22:683

Competing interests
The authors declare that there are no conflicts of interest.

Author details

'Department of Sociology, Texas State University, 601 University Drive, San
Marcos, TX 78666, USA. 2Department of Sociology, Anthropology, and Criminal
Justice, Clemson University, SC 29634 Clemson, USA. *Department of Nursing,
University of Massachusetts Boston, MB 02125 Boston, USA.

Received: 14 January 2022 Accepted: 29 July 2022
Published online: 18 August 2022

References

1. Kessing LV, Gerds TA, Knudsen NN, Jargensen LF, Kristiansen SM, Voutch-
kova D, et al. Association of lithium in drinking water with the incidence
of dementia. JAMA Psychiat. 2017;74(10):1005-10. https://doi.org/10.
1001/jamapsychiatry.2017.2362.

2. Sousa RM, Ferri CP, Acosta D, Guerra M, Huang Y, Jacob KS, et al. The
contribution of chronic diseases to the prevalence of dependence
among older people in Latin America, China and India: a 10/66 Dementia
Research Group population-based survey. BMC Geriatr. 2010;10:53.
https://doi.org/10.1186/1471-2318-10-53.

3. Vancampfort D, Stubbs B, Lara E, Vandenbulcke M, Swinnen N, Koyanagi
A. Mild cognitive impairment and physical activity in the general popula-
tion: findings from six low- and middle-income countries. Exp Gerontol.
2017;100:100-5.

4. Deng Q Liu W. Inequalities in cognitive impairment among older
adults in China and the associated social determinants: a decomposi-
tion approach. Int J Equity Health. 2021;20:82. https://doi.org/10.1186/
$12939-021-01422-5.

5. Iwagami M, Qizilbash N, Gregson J, Douglas |, Johnson M, Pearce N, et al.
Blood cholesterol and risk of dementia in more than 1.8 million people
over two decades: a retrospective cohort study. Lancet. 2021;2:e498-506.

6. LuoY,ZhongV, Pang L, ZhaoY, Liang R, Zheng X. The effects of indoor air
pollution from solid fuel use on cognitive function among middle-aged
and older population in China. Sci Total Environ. 2021;1(754):142460.

7. Crous-Bou M, Gascon M, Gispert JD, Cirach M, Sdnchez-Benavides G,
Falcon C, et al. Impact of urban environmental exposures on cognitive
performance and brain structure of healthy individuals at risk for Alzhei-
mer’s dementia. Environ Int. 2020;138:105546. https://doi.org/10.1016/j.
envint.2020.105546.

8. Gul,Yul FanY,WangSs, YangL, Liu K, et al. The Association between
trace elements exposure and the cognition in the elderly in China.

Biol Trace Elem Res. 2021;199:403-12. https://doi.org/10.1007/
$12011-020-02154-3.

9.  Cabral Pinto MMS, Marinho-Reis AP, Almeida A, Ordens CM, Silva MMVG,
Freitas S, et al. Human predisposition to cognitive impairment and its
relation with environmental exposure to potentially toxic elements.
Environ Geochem Health. 2018;40(5):1767-84. https://doi.org/10.1007/
510653-017-9928-3.

10. Tartaglione AM, Venerosi A, Calamandrei G. Early-life toxic insults and
onset of sporadic neurodegenerative diseases—an overview of experi-
mental studies. Curr Top Behav Neurosci. 2016,29:231-64.

11. LiuJ, GaoY, Liu H, Sun J, LiuY,Wu J, et al. Assessment of relationship on
excess arsenic intake from drinking water and cognitive impairment in
adults and elders in arsenicosis areas. Int J Hyg Environ Health. 2017;220(2
Pt B):424-30. https://doi.org/10.1016/j.ijheh.2016.12.004.

12. Wu J. Challenges for Safe and Healthy Drinking Water in China. Curr
Environ Health Rep. 2020;7(3):292-302. https://doi.org/10.1007/
540572-020-00274-5.

13. Jiang Q Xiao Y, Long P, LiW, Yu'Y, Liu Y et al. Association of plasma
metal concentrations with incident dyslipidemia: Prospective find-
ings from the Dongfeng-Tongji cohort. Chemosphere. 2021;131497.
https://doi.org/10.1016/j.chemosphere.2021.131497.

14. Grasset L, Smit RAJ, Caunca MR, Elfassy T, Odden MC, van der Grond J,
et al. Association of high-density lipoprotein cholesterol with cognitive
function: Findings from the PROspective study of pravastatin in the
elderly at risk. J Aging Health. 2020;32(9):1267-74. https://doi.org/10.
1177/0898264320916959.

20.

21.

22.

23.

24.

25.

26.

27.

28

29.

30

31

32.

33

34.

Page 12 of 13

. Opoku S, Gan Y, Fu W, Chen D, Addo-Yobo E, Trofimovitch D, et al. Preva-

lence and risk factors for dyslipidemia among adults in rural and urban
China: findings from the China National Stroke Screening and prevention
project (CNSSPP). BMC Public Health. 2019;19(1):1500. https://doi.org/10.
1186/512899-019-7827-5.

Varma VR, Oommen AM, Varma S, et al. Brain and blood metabolite
signatures of pathology and progression in Alzheimer disease: a targeted
metabolomics study. PLoS Med. 2018;15:21002482.

. Ong KL, Morris MJ, McClelland RL, et al. Relationship of lipids and lipid-

lowering medications with cognitive function: The Multi-Ethnic Study of
Atherosclerosis. Am J Epidemiol. 2018;187(4):767-76. https://doi.org/10.
1093/aje/kwx329.

. LiuL, LiH, lyer H, Liu AJ, Zeng Y, Ji JS. Apolipoprotein E induced cognitive

dysfunction: Mediation analysis of lipids and glucose biomarkers in an
elderly cohort study. Front Aging Neurosci. 2021;13:727289. https://doi.
0rg/10.3389/fnagi.2021.727289.

. Wong MW, Braidy N, Poljak A, Pickford R, Thambisetty M, Sachdev PS.

Dysregulation of lipids in Alzheimer’s disease and their role as potential
biomarkers. Alzheimers Dement. 2017;13:810-27.

Proitsi P, Kim M, Whiley L, et al. Plasma lipidomics analysis finds long
chain cholesteryl esters to be associated with Alzheimer’s disease. Trans|
Psychiatry. 2015;5:e494.

Kim M, Snowden S, Suvitaival T, et al. Primary fatty amides in plasma
associated with brain amyloid burden, hippocampal volume, and
memory in the European Medical Information Framework for Alz-
heimer’s Disease biomarker discovery cohort. Alzheimers Dement.
2019;15:817-27.

Stein R, Ferrari F, Scolari F. Genetics, dyslipidemia, and cardiovascular
disease: New insights. Curr Cardiol Rep. 2019;21:68. https://doi.org/10.
1007/511886-019-1161-5.

Schikowski T, Altug H. The role of air pollution in cognitive impairment
and decline. Neurochem Int. 2020;1(136):104708.

Weuve J, Bennett EE, Ranker L, et al. Exposure to air pollution in rela-
tion to risk of dementia and related outcomes: An updated systematic
review of the epidemiological literature. Environ Health Perspect.
2021;129(9):96001. https://doi.org/10.1289/EHP8716.

Saito S, Ihara M. Interaction between cerebrovascular disease and Alzhei-
mer pathology. Curr Opin Psychiatr. 2016;29(2):168-73.

Toledo JB, et al. Contribution of cerebrovascular disease in autopsy
confirmed neurodegenerative disease cases in the National Alzheimer’s
Coordinating Centre. Brain. 2013;136(Pt 9):2697-706.

Sigh MK, Singh PK, Yadav SS, Singh US, Dwivedi P, Yadaw RS. Attenuation
of Arsenic-induce dyslipidemia by fruit extract of Emblica Officinalis in
mice. Int J Nutr Pharmacol Neurol Dis. 2018;8(1):3-9. https://doi.org/10.
4103/ijnpnd.ijnpnd_69_17.

McFarlane O, Kozakiewicz M, Kedziora-Kornatowska K, et al. Blood lipids
and cognitive performance of aging Polish adults: A case-control study
based on the PolSenior Project. Front Aging Neurosci. 2020;12:590546.
https://doi.org/10.3389/fnagi.2020.590546 (Published 2020 Nov 17).
Rohr F, Bucholtz N, Toepfer S, et al. Relationship between lipoprotein (a)
and cognitive function - Results from the Berlin Aging Study Il. Sci Rep.
2020;10:10636. https://doi.org/10.1038/541598-020-66783-3.

Liu L, Zhang C, Lv X, et al. Sex-specific associations between lipids and
cognitive decline in the middle-aged and elderly: a cohort study of Chi-
nese adults. Alzheimers Res Ther. 2020;12(1):164. https://doi.org/10.1186/
$13195-020-00731-1 (Published 2020 Dec 7).

Ma YH, Shen XN, Xu W, Huang YY, Li HQ, Tan L, Tan CC, Dong Q, Tan L, Yu
JT. A panel of blood lipids associated with cognitive performance, brain
atrophy, and Alzheimer’s diagnosis: A longitudinal study of elders without
dementia. Alzheimers Dement. 2020;12:212041.

Tyler CR, Allan AM. The effects of arsenic exposure on neurological and
cognitive dysfunction in human and rodent studies: a review. Curr Envi-
ron Health Rep. 2014;1(2):132-47.

Benn M, Nordestgaard BG, Frikke-Schmidt R, Tybjaerg-Hansen A. Low LDL
cholesterol, PCSK9 and HMGCR genetic variation, and risk of Alzheimer's
disease and Parkinson’s disease: Mendelian randomisation study. BMJ.
2017;357 https://doi.org/10.1136/bmjj1648.

Power MC, Rawlings A, Sharrett AR, Bandeen-Roche K, Coresh J, Ballan-
tyne CM, et al. Association of midlife lipids with 20-year cognitive change:
A cohort study. Alzheimers Dement. 2018;14(2):167-77. https://doi.org/
10.1016/jjalz2017.07.757.


https://doi.org/10.1001/jamapsychiatry.2017.2362
https://doi.org/10.1001/jamapsychiatry.2017.2362
https://doi.org/10.1186/1471-2318-10-53
https://doi.org/10.1186/s12939-021-01422-5
https://doi.org/10.1186/s12939-021-01422-5
https://doi.org/10.1016/j.envint.2020.105546
https://doi.org/10.1016/j.envint.2020.105546
https://doi.org/10.1007/s12011-020-02154-3
https://doi.org/10.1007/s12011-020-02154-3
https://doi.org/10.1007/s10653-017-9928-3
https://doi.org/10.1007/s10653-017-9928-3
https://doi.org/10.1016/j.ijheh.2016.12.004
https://doi.org/10.1007/s40572-020-00274-5
https://doi.org/10.1007/s40572-020-00274-5
https://doi.org/10.1016/j.chemosphere.2021.131497
https://doi.org/10.1177/0898264320916959
https://doi.org/10.1177/0898264320916959
https://doi.org/10.1186/s12899-019-7827-5
https://doi.org/10.1186/s12899-019-7827-5
https://doi.org/10.1093/aje/kwx329
https://doi.org/10.1093/aje/kwx329
https://doi.org/10.3389/fnagi.2021.727289
https://doi.org/10.3389/fnagi.2021.727289
https://doi.org/10.1007/s11886-019-1161-5
https://doi.org/10.1007/s11886-019-1161-5
https://doi.org/10.1289/EHP8716
https://doi.org/10.4103/ijnpnd.ijnpnd_69_17
https://doi.org/10.4103/ijnpnd.ijnpnd_69_17
https://doi.org/10.3389/fnagi.2020.590546
https://doi.org/10.1038/s41598-020-66783-3
https://doi.org/10.1186/s13195-020-00731-1
https://doi.org/10.1186/s13195-020-00731-1
https://doi.org/10.1136/bmj.j1648
https://doi.org/10.1016/j.jalz.2017.07.757
https://doi.org/10.1016/j.jalz.2017.07.757

Pan et al. BMC Geriatrics (2022) 22:683

35.

36.

37

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Anstey KJ, Ashby-Mitchell K, Peters R. Updating the evidence on the asso-
ciation between serum cholesterol and risk of late-life dementia: review
and meta-analysis. J Alzheimers Dis. 2017;56:215-28.

Hersi M, Irvine B, Gupta P, Gomes J, Birkett N, Krewski D. Risk factors
associated with the onset and progression of Alzheimer’s disease: a
systematic review of the evidence. Neurotoxicology. 2017,61:143-87.
Shepardson NE, Shankar GM, Selkoe DJ. Cholesterol level and statin use
in Alzheimer disease: |. Review of epidemiological and preclinical studies.
Arch Neurol. 2011;68:1239-44.

Wang D, Wan S, Liu P Meng F, Ren B, Qu M, et al. Associations between
water iodine concentration and the prevalence of dyslipidemia

in Chinese adults: A cross-sectional study. Ecotoxicol Environ Saf.
2021,208:111682.

Li LW, Liu J, Zhang Z, Xu H. Late-life depression in Rural China: Do village
infrastructure and availability of community resources matter? Int J
Geriatr Psychiatry. 2015;30(7):729-36. https://doi.org/10.1002/gps.v30.7.
ZhaoY, Strauss J, Yang G, Giles J, Hu PP, Hu Y. China Health and Retire-
ment Longitudinal Study—2011-2012 national baseline users’guide.
Peking University. 2013. http://charls.pku.edu.cn/Public/ashelf/public/
uploads/document/2011-charls-wave1/application/CHARLS_natio
nalbaseline_users_guide.pdf.

Atmospheric Composition Analysis Group. Surface PM2.5. Data from:
Washington University in St. Louis (n.d.). Available online at: https://sites.
wustl.edu/acag/datasets/surface-pm2-5/ (Accessed 2 Feb 2022).

Bender AC, Austin AM, Grodstein F, Bynum JPW. Executive function,
episodic memory, and Medicare expenditures. Alzheimers Dement.
2017;13:792-800.

2018 Blue City Water Quality Index. Institute of Public & Environment
Affairs. 2019. https://wwwoa.ipe.org.cn//Upload/201909201147459274.
pdf Accessed 17 Nov 2021.

ZhaoY, Crimmins E, Hu PP, Hu Y, Ge T, Kim JK et al. China Health and Retire-
ment Longitudinal Study 2011-2012 national baseline blood data users’
guide. Peking University, China Center for Economic Research. 2014;25.
Chen X, Crimmins E, Hu PP, Kim JK, Meng Q, Strauss J, et al. Venous blood-
based biomarkers in the China Health and Retirement Longitudinal
Study: rationale, design, and results from the 2015 wave. Am J Epidemiol.
2019;188(11):1871-7. https://doi.org/10.1093/aje/kwz170.

Noori H, Gheini MR, Rezaeimanesh N, Sessa E, Calatozzo P, Maggio MG,
et al. The correlation between dyslipidemia and cognitive impairment

in multiple sclerosis patients. Mult Scler Relat Disord. 2019;36:101415.
https://doi.org/10.1016/j.msard.2019.101415.

Kim HK, Nunes PV, Oliveira KC, Young LT, Lafer B. Neuropathological rela-
tionship between major depression and dementia: a hypothetical model
and review. Prog Neuropsychopharmacol Biol Psychiatry. 2016,67:51-7.
Farr SA, Yamada KA, Butterfield DA, Abdul HM, Xu L, Miller NE. Obesity
and hypertriglyceridemia produce cognitive impairment. Endocrinology.
2008;149(5):2628-36. https://doi.org/10.1210/en.2007-1722.
Bjorgvinsson T, Kertz SJ, Bigda-Peyton JS, McCoy KL, Aderka IM. Psycho-
metric properties of the CES-D-10 in a psychiatric sample. Assessment.
2013;20:429-36.

Strauss J, Thomas D. Health over the life course. In: Schultz TP, Strauss

J, editors. Handbook of development economics, vol. 4. North Holland
Press: Amsterdam; 2008. p. 3375-474.

Willmott CJ, Matsuura K. Terrestrial air temperature and precipitation: monthly
and annual time series (1950 - 1999). 2001. http//climate.geog.udel.edu/
~climate/html_pages/README.ghcn_ts2.html. Accessed 10 Jan 2022.
Ailshire JA, Crimmins EM. Fine particulate matter air pollution and cogni-
tive function among older US adults. AJE. 2014;180(4):359-66.

Kulick ER, Wellenius GA, Boehme AK, Joyce NR, Schupf N, Kaufman JD,
Mayeux R, Sacco RL, Manly JJ, Elkind MS. Long-term exposure to air pollu-
tion and trajectories of cognitive decline among older adults. Neurology.
2020;94(17):e1782-92.

Zhang L, LuoY, Zhang Y, Pan X, Zhao D, Wang Q. Green Space, air pol-
lution, weather, and cognitive function in middle and old age in China.
Front Public Health. 2022;10: 871104. https://doi.org/10.3389/fpubh.2022.
871104.

Hammer MS, van Donkelaar A, Li C, Lyapustin A, Sayer AM, Hsu NC, et al.
Global estimates and long-term trends of fine particulate matter concen-
trations (1998-2018). Environ Sci Technol. 2020;54:7879-90. https://doi.
0rg/10.1021/acs.est.0c01764.

Page 13 of 13

56. van Donkelaar A, Martin RV, Li C, Burnett RT. Regional estimates of chemi-
cal composition of fine particulate matter using a combined geoscience-
statistical method with information from satellites, models, and monitors.
Environ Sci Technol. 2019;53:2595-611. https://doi.org/10.1021/acs.est.
8b06392.

57. ZengY, Gu D, Purser J, Hoenig H, Christakis N. Associations of environ-
mental factors with elderly health and mortality in China. Am J Public
Health. 2010;100(2):298-305.

58. Pratt B, Chang H. Effects of land cover, topography, and built structure
on seasonal water quality at multiple spatial scales. J Hazard Mater.
2012;209-210:48-58. https://doi.org/10.1016/j jhazmat.2011.12.068.

59. Lei C, Wagner PD, Fohrer N. Effects of land cover, topography, and soil on
stream water quality at multiple spatial and seasonal scales in a German
lowland catchment. Eco Indic. 2021;120:106940. https://doi.org/10.1016/j.
ecolind.2020.106940.

60. Peters R, Peters J, Booth A, Anstey KJ. Trajectory of blood pressure, body
mass index, cholesterol and incident dementia: systematic review. Br J
Psychiatry. 2020;216:16-28.

61. Carvalho A, Rea IM, Parimon T, Cusack BJ. Physical activity and cognitive
function in individuals over 60 years of age: a systematic review. Clin
Interv Aging. 2014,9:661-82. https://doi.org/10.2147/CIA.S55520.

62. Lautenschlager NT, Cox KL, Flicker L, et al. Effect of physical activity
on cognitive function in older adults at risk for Alzheimer disease: a
randomized trial [published correction appears in JAMA. 2009 Jan
21;301(3):276). JAMA. 2008;300(9):1027-1037. https://doi.org/10.1001/
jama.300.9.1027.

63. Prospective Studies Collaboration, Lewington S, Whitlock G, Clarke R,
Sherliker P, Emberson J, et al. Blood cholesterol and vascular mortal-
ity by age, sex, and blood pressure: a meta-analysis of individual data
from 61 prospective studies with 55,000 vascular deaths. Lancet.
2007;370:1829-39.

64. Pan X, Luo Y, Bishop NJ. Cognitive function among noncustodial grand-
parents in China and the United States: a cross-national perspective. Int J
Aging Hum Dev 2021;1-24. https://doi.org/10.1177/00914150211050877.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1002/gps.v30.7
http://charls.pku.edu.cn/Public/ashelf/public/uploads/document/2011-charls-wave1/application/CHARLS_nationalbaseline_users_guide.pdf
http://charls.pku.edu.cn/Public/ashelf/public/uploads/document/2011-charls-wave1/application/CHARLS_nationalbaseline_users_guide.pdf
http://charls.pku.edu.cn/Public/ashelf/public/uploads/document/2011-charls-wave1/application/CHARLS_nationalbaseline_users_guide.pdf
https://sites.wustl.edu/acag/datasets/surface-pm2–5/
https://sites.wustl.edu/acag/datasets/surface-pm2–5/
https://wwwoa.ipe.org.cn//Upload/201909201147459274.pdf
https://wwwoa.ipe.org.cn//Upload/201909201147459274.pdf
https://doi.org/10.1093/aje/kwz170
https://doi.org/10.1016/j.msard.2019.101415
https://doi.org/10.1210/en.2007-1722
http://climate.geog.udel.edu/~climate/html_pages/README.ghcn_ts2.html
http://climate.geog.udel.edu/~climate/html_pages/README.ghcn_ts2.html
https://doi.org/10.3389/fpubh.2022.871104
https://doi.org/10.3389/fpubh.2022.871104
https://doi.org/10.1021/acs.est.0c01764
https://doi.org/10.1021/acs.est.0c01764
https://doi.org/10.1021/acs.est.8b06392
https://doi.org/10.1021/acs.est.8b06392
https://doi.org/10.1016/j.jhazmat.2011.12.068
https://doi.org/10.1016/j.ecolind.2020.106940
https://doi.org/10.1016/j.ecolind.2020.106940
https://doi.org/10.2147/CIA.S55520
https://doi.org/10.1001/jama.300.9.1027
https://doi.org/10.1001/jama.300.9.1027
https://doi.org/10.1177/00914150211050877

	Associations among drinking water quality, dyslipidemia, and cognitive function for older adults in China: evidence from CHARLS
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Data source
	Measurement
	Cognitive function
	Drinking water quality
	Dyslipidemia

	Statistical analysis

	Results
	Discussion
	Conclusion
	Acknowledgements
	References


