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Abstract

Background It remains unclear whether anti-hypertensive medication use is associated with cognitive aging

in general Chinese middle-aged and older adults, as well as the interplay with socioeconomic status (SES). We aim

to examine associations of anti-hypertensive medication adherence, SES, and cognitive aging in Chinese middle-aged
and older adults.

Methods Our study was based on the China Health and Retirement Longitudinal Study, an ongoing longitudinal
national survey recruiting community-dwelling adults aged > 45 years. Baseline anti-hypertensive medication use
was assessed at wave 1. Longitudinal adherence to anti-hypertensive medication was assessed during waves 1 and 2.
SES was assessed using income, education, employment, and medical insurance. The annual rate of cognitive change
was assessed using cognitive Z scores. Linear mixed models were used to examine longitudinal associations.

Results A total of 9229 participants were included (mean [SD] age: 57.1 [8.9] years; men: 50.8%). After controlling
for blood pressure and other characteristics, participants taking anti-hypertensive medication at baseline, compared
to participants not using medication, had a significantly decelerated decline in global cognition (3=0.014; 95% confi-
dence interval [Cl], 0.003 to 0.025 SD/year; P=0.01) and memory (3=0.021; 95% Cl, 0.008 to 0.034 SD/year; P=0.001),
respectively. Similarly, participants with high anti-hypertensive medication adherence during follow-up had slower
declines in global cognition (3=0.014; 95% Cl, 0.002 to 0.027 SD/year; P=0.02) and memory (3=0.023; 95% Cl, 0.008
t0 0.038 SD/year; P=0.003), compared to the low adherence group. There were no significant differences in cogni-
tive decline between hypertension participants using or persistently adhering to medication and normotension
participants. The SES significantly interacted with anti-hypertensive medication in associations with cognitive aging,
with more evident associations observed in low SES subgroup (all P for interaction < 0.05). Several sensitivity analyses
were conducted, observing consistent findings.

Conclusions Adhering to anti-hypertensive medication was associated with decelerated cognitive aging in Chinese
community-dwelling middle-aged and older adults, especially in participants with low SES. These findings indicate
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that promoting anti-hypertensive medication use could be important to achieve healthy and inclusive cognitive
aging in general Chinese middle-aged and older adults living with hypertension.

Keywords Anti-hypertensive medication, Hypertension, Cognitive decline, Dementia

Background

Dementia has become a non-neglectable public health
challenge, accounting for substantial proportions of
mortality and disability around the world [1]. Accord-
ing to the World Alzheimer Report 2023, the number of
people living with dementia in the world is expected to
increase from 55 million in 2019 to 139 million in 2050,
with annual costs reaching 2.8 trillion dollars by 2030 [2].
WHO has listed risk reduction as one crucial aspect of
the global dementia action plan [3], necessitating further
investigations targeting modifiable risk factors to pro-
mote primary prevention.

Hypertension is one modifiable risk factor for demen-
tia. According to the Lancet Commission Report 2020
on Dementia Prevention, Intervention, and Care, midlife
(age 45 to 65 years) hypertension accounts for 1.9% of
dementia cases globally [1]. In low-income and middle-
income countries, the proportion of dementia attrib-
utable to midlife hypertension ranges from 4 to 9% [4].
Our previous work reveals associations between elevated
blood pressure (BP) since midlife with subsequent cogni-
tive decline and dementia onset [5].

So far, both observational and interventional studies
have found that controlling hypertension could be ben-
eficial in preventing dementia onset or cognitive decline.
The well-renowned Systolic Blood Pressure (SBP) Inter-
vention Trial (SPRINT) confirmed intensive SBP con-
trol of less than 120 mmHg, compared to 140 mm Hg,
achieved a 15% reduced risk in the combined outcome of
mild cognitive impairment or probable dementia [6]. At
the same time, no statistically significant protective effect
was observed for probable dementia alone [6]. A meta-
analysis of five randomized trials in patients aged>65
years found antihypertensive treatment use reduced
dementia risk by 13% after a median follow-up of 4.3
years, with a mean SBP/diastolic blood pressure (DBP)
lowering of 10/4 mm Hg [7]. Findings from observational
studies also suggested relationships between anti-hyper-
tensive medication and reduced dementia risk [8, 9].

Despite inspiring advances, few investigations have
examined associations between anti-hypertensive medi-
cation adherence, especially longitudinal adherence, with
long-term cognitive aging rate in general middle-aged
and older adults. There are other research gaps requir-
ing further investigations. First, current available trials
are based on highly selected clinical population, with
limited implications for the general population. Second,

accelerated cognitive decline is regarded as an impor-
tant indicator of the preclinical stage of dementia [10].
Nevertheless, most previous studies have exclusively
evaluated dementia onset, rarely accounting for the lon-
gitudinal rate of cognitive aging. Third, evidence is lack-
ing in the general Chinese middle-aged and older adults
[11], which had both a high prevalence of undiagnosed
hypertension and a high proportion of dementia bur-
den attributable to midlife hypertension [4, 12]. Finally,
socioeconomic status (SES) is a crucial and significant
determinant of healthy aging [13]. It has been found the
lower SES contributed to acceleration of aging in mul-
tiple facets, including physical, sensory, physiological,
cognitive, emotional, and social domains, independently
from other factors [14]. Previous studies also showed SES
was associated with inequalities in dementia onset [15].
Moreover, the SES disparities impact the adherence to
anti-hypertensive medication, indicating the necessity
of comprehensively exploring the interplay between the
two factors [16]. So far, few studies have comprehensively
examined the role of SES in associations between anti-
hypertensive medication and cognitive aging.

Therefore, we intend to investigate longitudinal asso-
ciations between anti-hypertensive medication use and
subsequent cognitive decline, based on a large, nationally
representative cohort of Chinese middle-aged and older
adults. We considered both baseline medication status
and adherence to medication during follow-up. We also
evaluated joint associations of anti-hypertensive medica-
tion use and SES on cognitive aging.

Methods

Study population

The current study is based on the China Health and
Retirement Longitudinal Study (CHARLS), an ongo-
ing national longitudinal survey recruiting commu-
nity-dwelling middle-aged and older adults>45 years,
covering more than 10,000 households and 17,000 indi-
viduals in 150 counties/districts and 450 villages/resident
committees across 28 provinces in China. A multistage
probability sampling was applied for selecting partici-
pants for enrollment at each survey. Several sampling
techniques were applied to ensure the representative-
ness, including probability-proportional-to-size sam-
pling, stratified sampling by region/districts and per
capita statistics on gross domestic product, etc. Further
details about CHARLS’s objectives, design (including the
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sampling framework), and methods can be found else-
where [17]. The CHARLS conducted surveys at regular
time intervals, which is called waves. Data is routinely
collected, including sociodemographic characteristics,
lifestyle factors, physical examination measurements,
clinical conditions and treatment, as well as cognitive
function. The baseline survey, e.g. wave 1, began in 2011,
with subsequent waves conducted every two or three
years, including wave 2 (2013), wave 3 (2015), and wave
4 (2018). We used the 7-year survey data for research,
with the wave 1 survey regarded as the baseline. The
CHARLS was approved by the Peking University Institu-
tional Review Board (IRB00001052-11015). Before being
included, all participants provided informed consent.
Among the 17,708 participants attending wave 1 of
CHARLS, we further excluded 175 participants with-
out basic demographic information (age and sex), 326
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participants reported memory-related disease at wave 1,
3778 participants without BP measurements at wave 1,
3015 participants without cognitive function measure-
ments at wave 1, and 1185 participants without cognitive
function re-assessments during waves 2 to 4. Finally, 9229
participants were included for analysis, with a detailed
selection procedure shown in Additional file 1: Fig. S1.
This study followed the Strengthening the Reporting
of Observational Studies in Epidemiology (STROBE)
reporting guideline. The study timeline and design are
presented in Fig. 1A.

Hypertension and anti-hypertensive medication

At baseline, both SBP and DBP were measured by trained
research staff three times at 45-s intervals, using the
Omron digital devices (Omron" HEM-7200 Monitor)
[17]. Aligning with a previous study [12], we used the

China Health and Retirement Longitudinal Study
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Fig. 1 Study timeline and anti-hypertensive medication time course. A Study timeline. B Proportion of anti-hypertensive medication use
during wave 1 and wave 2, restricted to participants with hypertension at baseline. The difference in proportion of medication use between wave 1
and wave 2 was examined using the chi-squared test, with asymptotic standard errors and 95% Wald confidence limits calculated
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average of the second and third BP readings to determine
the BP level. For hypertension diagnosis, participants
were asked whether a doctor had told them he/she had
hypertension, with further confirmation conducted by
research staff. According to the 2017 American College
of Cardiology/American Heart Association hypertension
guidelines [18], we defined hypertension as a physician-
confirmed diagnosis or mean SBP/DBP >140/90 mm Hg
or taking antihypertensive medication.

Participants were asked whether they used any West-
ern modern medicine to control hypertension. And
those answering “yes” were categorized as using anti-
hypertensive medication at the current wave. Based on
hypertension status and anti-hypertensive medication
use at baseline, we categorized baseline medication use
as 1) normotension, without using medication; 2) hyper-
tension not using anti-hypertensive medication; and 3)
hypertension using anti-hypertensive medication. Based
on baseline and wave 2, we categorized longitudinal
adherence to anti-hypertensive medication using the
number of waves reporting anti-hypertensive medication
use, including 1) normotension, without using medica-
tion; 2) hypertension with low adherence (not using anti-
hypertensive medication in both waves 1 and 2, e.g. using
medication for 0 wave); 3) hypertension with moderate
adherence (using anti-hypertensive medication in sin-
gle wave 1 or 2, e.g. using medication for 1 wave); and 4)
hypertension with high adherence (using anti-hyperten-
sive medication in both waves 1 and 2, e.g. using medica-
tion for 2 waves).

Socioeconomic status
We considered four indicators of SES, including fam-
ily annual income, education, employment status, and
medical insurance coverage, identical to our previous
work [19]. Family annual income was assessed as the
total income at the household level for the last calendar
year of each participant. Then, based on the median level
($2877.7, equivalent to 18130.0 in CNY), participants
were further categorized into annual income above the
median and below the median, respectively. Education
was categorized into three levels, including less than high
school, high school or equivalent (general educational
development), and college or above college. Employ-
ment status was grouped as employed (including partici-
pants with paid employment or self-employed, as well as
retired) and unemployed. Medical insurance coverage
was categorized into insured (covered by private health
insurance plans or public health insurance plans) and
uninsured.

In line with a previous study [20], we also used the
latent class analysis (LCA) to generate an overall SES
variable, based on above SES indicators. The LCA uses
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multiple observed categorical variables to derive a latent
variable with mutually exclusive latent classes. After
assessing model fitting statistics and referencing from the
previous study [20], a latent SES variable with two classes
was eventually identified based on item-response prob-
abilities, representing subpopulations of the lower and
upper SES, respectively. The item response probabilities
of identified latent classes were presented in Additional
file 1: Table S1. We also compared the distribution of SES
indicators between SES classes, supporting the validity of
identified SES classes (Additional file 1: Table S2).

Cognitive function

The outcome of the present study was the annual rate of
cognitive aging, estimated using repeated cognitive func-
tion measurements from surveys of CHARLS. Standard-
ized cognitive batteries of different cognitive domains
were administered to assess cognition function at each
wave of the CHARLS cohort, including memory func-
tion, executive function, and temporal orientation [21].
Further details regarding administered cognitive bat-
teries and scoring criteria were presented in Additional
file 1: Supplementary Methods. All cognitive batter-
ies have been applied by previous studies, with a higher
score indicating better cognitive performance [5, 12, 22,
23].

To reflect the annual rate of cognitive aging and ena-
ble comparison across test batteries, standardized cog-
nitive Z scores were calculated. First, we calculated Z
scores for each of the three cognitive domains (memory,
executive function, and orientation), using the mean and
standard deviation (SD) of raw cognitive scores at base-
line. Then, we calculated the global cognition Z score by
averaging the Z scores for the three cognitive domains
and re-standardizing the global Z score using the mean
and SD of the baseline global cognitive Z scores. Similar
approaches for handling raw cognitive scores have been
well-embraced in previous studies [5, 12, 22, 23]. For the
calculated Z score, a value of —1 at any given wave indi-
cated that the cognitive score was 1 SD below the mean
cognitive score at baseline. Both the global and domain-
specific cognitive Z scores were analyzed, to reflect the
annual rate of cognitive aging in global and sub-domains
of cognition, expressed as SD/year.

Covariates

Based on previous studies [5, 12], we selected covariates
for adjustment, all of which were assessed at baseline.
Sociodemographic characteristics included age (years),
sex, educational level, and cohabitation status (living
alone or not). Lifestyle factors included physical activity
(engaging in vigorous or moderate activities no less than
once weekly), alcohol consumption (at least once per
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week), and current smoking (yes or no). Clinical charac-
teristics included physical disability and reported diagno-
sis of chronic diseases, including hypertension, diabetes,
cancer, chronic lung disease, heart disease, stroke, and
kidney disease. Continuous measurements of SBP and
DBP were also adjusted in all analyses in the current
study, to show the magnitude of associations between
anti-hypertensive medication and cognitive aging inde-
pendently from BP levels. Physical disability was defined
as difficulties in one or more of the following basic activi-
ties of daily living: bathing, dressing, eating, getting in/
out of bed, and using the toilet.

Statistical analysis

The mean (SD) or the median (interquartile range [IQR])
were used for descriptive statistics of continuous vari-
ables and numbers (percentage) for categorical variables.
Differences in characteristics were tested using the analy-
sis of variance, chi-square test, or Kruskal-Wallis test.

To assess longitudinal associations between anti-hyper-
tensive medication and the rate of cognitive aging, linear
mixed models were applied to analyze the repeated cog-
nitive measurement data. Such models have been widely
embraced for handling longitudinal measurements of
continuous outcomes and can incorporate all available
follow-up data to derive the rate of change in certain
outcomes [5, 24, 25]. Following terms were included in
models as fixed effects, including main effects of anti-
hypertensive medication, time (follow-up year from
baseline, as a continuous variable), anti-hypertensive
medication X time interaction, and covariates. The coef-
ficient of the anti-hypertensive medication X time inter-
action represents longitudinal associations between
anti-hypertensive medication use and the annual rate of
cognitive decline (SD/year), with a positive value indicat-
ing decelerated decline and a negative value indicating
accelerated decline, respectively. At the participant level,
we also fitted random intercept and random slope of
time, to account for the individual difference in baseline
cognitive performance and longitudinal rate of cognitive
aging during follow-up, respectively [26].

To examine the interaction between SES and anti-
hypertensive medication, we performed the interaction
analysis. Aligning with a previous study [26], we fitted
linear mixed models to test for the interaction, by add-
ing fixed effects of the latent SES variable, two-way inter-
actions of anti-hypertensive medication with latent SES
variable and time, and three-way interactions between
anti-hypertensive medication, latent SES variable, and
time. We also evaluated joint associations between anti-
hypertensive medication, SES indicators, and cognitive
aging rate. Joint categories were created by combin-
ing anti-hypertensive medication use and SES variables.
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Then, we replaced the anti-hypertensive medication vari-
able with the joint categories in linear mixed models and
re-assessed the associations with cognitive aging.

Several sensitivity analyses were conducted. First, as
the anti-hypertensive medication adherence assessed
during waves 1 and 2 overlapped with the cognitive
measurements during waves 1 and 2, we excluded indi-
viduals with reported memory-related disease or devel-
oped cognitive impairment during waves 1 and 2, to
further address the reverse causation challenge. Based on
previous studies [5, 27], we defined cognitive impairment
as a global cognitive Z score below —1.5, as compared to
the population’s average cognitive performance. Then, we
re-evaluated the associations between anti-hypertensive
medication and cognitive aging. Second, participants in
the CHARLS were also asked about the usage of Chi-
nese traditional medicine to treat hypertension, which
was further considered when evaluating anti-hyperten-
sive medication. Third, in addition to global cognition
and memory, we evaluated associations between anti-
hypertensive medication and cognitive aging in other
cognitive domains, including executive function and
orientation. Fourth, in addition to baseline BP measure-
ments adjusted in primary analysis, follow-up BP meas-
urements (in wave 2) were further adjusted. Fifth, to test
whether associations between anti-hypertensive medica-
tion and cognitive aging were independent of SES and
examine the mediation effect of SES, we repeated linear
mixed model analysis by simultaneously controlling for
overall SES and SES indicators. Likewise, we conducted
linear mixed model analysis to examine associations
between overall SES and longitudinal cognitive aging,
with and without controlling for anti-hypertensive medi-
cation. Sixth, to help evaluate the reverse causation chal-
lenge, we analyzed associations between baseline and
follow-up cognitive performance with the longitudinal
adherence to anti-hypertensive medication, restricted to
individuals with hypertension. Seventh, we incorporated
data from waves 1 to 4 to evaluate the long-term adher-
ence to anti-hypertensive medication, by summing up
the number of waves reporting using anti-hypertensive
medication. Then we examined associations between
the updated longitudinal adherence score and cogni-
tive aging rate. Eighth, aligning with our previous work
[19], we further applied an inverse probability weighting
(IPW) approach to address the potential selection bias, as
a large number of participants were excluded in the cur-
rent study. The IPW approach was proposed to re-weight
the included study samples, while the analytical weight
for each individual was calculated as the inverse of the
probability of being included in the analysis [28]. Binary
logistic regression was used to estimate the weights, with
major baseline characteristics included as explanatory
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variables. Absolute standardized mean differences were
used for assessing the difference between included
and excluded participants [29]. We conducted a non-
response analysis to compare baseline characteristics of
included and excluded participants, to help evaluate the
selection bias [19]. Finally, we explored joint associations
between anti-hypertensive medication use and baseline
age, by categorizing participants into age groups by 60
(aged <60 years and aged>60 years) and 65 (aged <65
years and aged > 65 years), respectively.

Statistical analysis was conducted using SAS version
9.4 (SAS Institute) and R language 4.3.1 (R Foundation,
Vienna, Austria), with a two-tailed alpha of 0.05 consid-
ered statistically significant.

Results

Study population

Among the included 9229 participants (mean [SD] age:
57.1 [8.9] years; men: 50.8%), 5631 participants were cat-
egorized as normotension, 1537 participants were using
anti-hypertensive medication at baseline, and 2061 par-
ticipants not taking anti-hypertensive medication at
baseline. As shown in Table 1, among 3598 participants
with hypertension, those taking anti-hypertensive medi-
cation were more likely to be women, had better overall
SES, less prevalent alcohol consumption and smoking,
lower BP levels, and more prevalent major chronic condi-
tions (except for cancer, lung disease, and kidney disease)
than those not taking medication at baseline (all 7<0.05
for comparison). As shown in Additional file 1: Table S3,
among 3598 participants with hypertension, 1588 partic-
ipants had low adherence, 858 participants had moder-
ate adherence, and 1152 participants had high adherence
to anti-hypertensive medication, respectively. Similar
comparisons were observed between those with better
anti-hypertensive medication adherence and low adher-
ence, shown in Additional file 1: Table S3 (all P<0.05 for
comparison). As shown in Fig. 1B, the proportion of anti-
hypertensive medication use at wave 1 and wave 2 was
42.7% and 45.2%, respectively. A statistically significant
elevation of 2.5% (95% CI, 0.2% to 4.7%; P=0.036) was
observed in proportion using medication (Fig. 1B).

Associations between anti-hypertensive medication

and cognitive aging

As shown in Table 2, compared to participants not
using anti-hypertensive medication, those taking anti-
hypertensive medication at baseline had a significantly
decelerated decline in global cognition (3=0.014; 95%
confidence interval [CI], 0.003 to 0.025 SD/year; P=0.01)
and memory function (f=0.021; 95% CI, 0.008 to 0.034
SD/year; P=0.001), respectively. Similar decelerated cog-
nitive decline was also observed in the normotension
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group, shown in global cognition ($=0.018; 95% CI,
0.009 to 0.026 SD/year; P<0.001) and memory function
(B=0.028; 95% CI, 0.018 to 0.038 SD/year; P<0.001),
respectively (Table 2). Compared to the normotension,
participants not using anti-hypertensive medication at
baseline had significantly accelerated decline in global
cognition (p=-0.018; 95% CI, —0.026 to —0.009 SD/year;
P<0.001) and memory function (f=-0.028; 95% ClI,
—0.038 to —0.018 SD/year; P<0.001), respectively, while
no significant differences were observed for those taking
medication at baseline (Table 2).

For the longitudinal adherence to anti-hypertensive
medication, shown in Table 2, those with either high
adherence or normotension had a significantly deceler-
ated decline in both global cognition and memory func-
tion, compared to the low adherence group. Similarly,
when compared to the normotension group, those with
low medication adherence had significantly acceler-
ated decline in global cognition (p=-0.019; 95% CI,
—0.028 to —0.010 SD/year; P<0.001) and memory func-
tion (p=-0.028; 95% CI, —0.039 to —0.017 SD/year;
P<0.001), while no significant differences were observed
for those with high medication adherence (Table 2).

Cognitive trajectories by anti-hypertensive medication
use were presented in Fig. 2, which also showed steeper
cognitive declines in participants not using anti-hyper-
tensive medication at baseline or with low adherence
during follow-up, compared to their counterparts using
medication or with high adherence (all P<0.001 for med-
ication X time interaction).

Interactions and joint associations
between anti-hypertensive medication, socioeconomic
status, and cognitive aging
As shown in Figs. 3 and 4, significant interactions were
observed between anti-hypertensive medication and
overall SES. As presented in Fig. 3A and B, using anti-
hypertensive medication was consistently associated
with slower decline rates in global cognition and mem-
ory in the lower SES subgroup. By contrast, in the upper
SES subgroup, no significant differences were observed
in cognitive decline rates between participants using
and not using medication, with significant interactions
observed (all P for interaction < 0.05). Likewise, as shown
in Fig. 4A and B, the high longitudinal adherence to anti-
hypertensive medication was consistently associated with
slower cognitive aging rates in the lower SES subgroup,
compared to the null associations in the upper SES sub-
group. Significant interactions were observed (all P for
interaction < 0.05).

Compared to participants with low income and
not using medication, those with low income and
using medication had significantly decelerated global
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Table 1 Baseline characteristics of participants by baseline anti-hypertensive medication use

Characteristics Participants, No. (%) P value?
All participants With hypertension Normotension
N=9229 N=5631
Not using medication Using medication
N=2061 N=1537

Age, mean (SD), y 57.1(8.9) 59.1(9.3) 60.2 (8.5) 554 (84) <0.001
Sex <0.001

Men 4687 (50.8) 1106 (53.7) 719 (46.8) 2862 (50.8)

Women 4542 (49.2) 955 (46.3) 818 (53.2) 2769 (49.2)
Overall socioeconomic status® 0.003

Lower 8375 (90.7) 1910(92.7) 1390 (90.4) 5075 (90.1)

Upper 854 (9.3) 151 (7.3) 147 (9.6) 556 (9.9)
Education 0.007

Less than high school 8066 (87.4) 1846 (89.6) 1344 (87 .4) 4876 (86.6)

High school or equivalent 1020 (11.1) 182 (8.8) 171 (11.1) 667 (11.8)

College and higher 143 (1.5) 33(1.6) 22(14) 88(1.6)
Annual family income® <0.001

Below the median 4614 (50.0) 1113 (54.0) 776 (50.5) 2725 (484)

Above the median 4615 (50.0) 948 (46.0) 761 (49.5) 2906 (51.6)
Medical insurance coverage 0.06

Uninsured 575 (6.2) 149 (7.2) 83 (5.4) 343 (6.1)

Insured 8654 (93.8) 1912 (92.8) 1454 (94.6) 5288(93.9)
Employment status 0.001

Unemployed 269 (2.9) 53(2.6) 68 (4.4) 148 (2.6)

Employed 8960 (97.1) 2008 (97.4) 1469 (95.6) 5483 (97.4)
Living alone 881 (9.5) 259 (12.6) 189 (12.3) 433(7.7) <0.001
Physical exercise 2721 (29.5) 567 (27.5) 387(25.2) 1767 (31.4) <0.001
Alcohol consumption 1623 (17.6) 427 (20.7) 204 (133) 992 (17.6) <0.001
Current smoking 3004 (32.5) 741 (36.0) 384 (25.0) 1879 (33.4) <0.001
Systolic blood pressure, mean (SD), mmHg 1284 (20.8) 147.8 (184) 143.0 (21.7) 1173 (11.6) <0.001
Diastolic blood pressure, mean (SD), mmHg 755(12.1) 85.0(11.8) 816 (12.4) 704 (8.9) <0.001
Physical disability 1046 (11.3) 244 (11.8) 243 (15.8) 559(9.9) <0.001
Hypertension 3598 (39.0) 2061 (100.0) 1537 (100.0) 0(0.0) <0.001
Diabetes 564 (6.1) 126 (6.1) 232 (15.1) 206 (3.7) <0.001
Cancer 78(0.8) 18 (0.9) 16 (1.0) 44 (0.8) 0.60
Chronic lung disease 858 (9.3) 214 (104) 156 (10.1) 488 (8.7) 0.03
Heart disease 1071 (11.6) 225(10.9) 402 (26.2) 444 (7.9) <0.001
Stroke 189 (2.0) 41(2.0) 84 (5.5) 64 (1.1) <0.001
Kidney disease 496 (5.4) 121 (5.9) 92 (6.0) 283 (5.0) 0.17
Memory function score, mean (SD) 7.6(3.3) 7.4 (3.3) 7.4 (3.0) 7.7 (3.3) <0.001
Executive function score, median (IQR) 4.0 (3.0-5.0) 4.0 (3.0-5.0) 4.0 (3.0-5.0) 4.0 (3.0-5.0) 0.02
Orientation score, median (IQR) 3.0(3.0-4.0) 3.0(3.0-4.0) 4.0 (3.0-4.0) 3.0(3.0-4.0) <0.001

Abbreviations: SD Standard deviation, IQR Interquartile range
2 P value reported for differences between groups using analysis of variance, Kruskal-Wallis test, or chi-squared test

P Latent class analysis was used for classifying the overall socioeconomic status, derived using indicators of education, income, employment status, and medical
insurance

€ Median of annual family income was $2877.7 (to convert to Chinese yuan, multiplied by 6.3)

cognitive decline (B=0.022; 95% CI, 0.007 to 0.038 those with low education and using medication had
SD/year; Additional file 1: Fig. S2). Compared to par-  significantly decelerated global cognitive decline
ticipants with low education and not using medication, (f=0.015; 95% CI, 0.004 to 0.027 SD/year; Additional
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Table 2 Associations between anti-hypertensive medication use and annual rate of change in cognitive function
Anti-hypertensive medication No. of Global cognition (SD/y) Memory function (SD/y)
participants
B (95% CI)® P value B (95% CI)? Pvalue
Baseline anti-hypertensive medication use
Hypertension not using medication 2061 0 [Reference] NA 0 [Reference] NA
Hypertension using medication 1537 0.014 (0.003 to 0.025) 0.01 0.021 (0.008 to 0.034) 0.001
Normotension 5631 0.018 (0.009 to 0.026) <0.001 0.028 (0.018 t0 0.038) <0.001
Compared to normotension
Normotension 5631 0 [Reference] NA 0 [Reference] NA
Hypertension not using medication 2061 —0.018 (=0.026 to —0.009) <0.001 —0.028 (—=0.038 to —0.018) <0.001
Hypertension using medication 1537 —0.004 (-0.013 to 0.006) 044 —0.007 (-0.018 to 0.004) 0.23
Longitudinal adherence to anti-hypertensive medication
Hypertension, low adherence 1588 0 [Reference] NA 0 [Reference] NA
Hypertension, moderate adherence 858 0.012 (-0.002 to 0.026) 0.09 0.006 (—0.010 t0 0.023) 045
Hypertension, high adherence 1152 0.014 (0.002 t0 0.027) 0.02 0.023 (0.008 to 0.038) 0.003
Normotension 5631 0.019 (0.010 to 0.028) 0.001 0.028 (0.017 to 0.039) <0.001
Compared to normotension
Normotension 5631 0 [Reference] NA 0 [Reference] NA
Hypertension, low adherence 1588 —0.019 (-0.028 to —0.010) <0.001 —0.028 (-0.039 to —0.017) <0.001
Hypertension, moderate adherence 858 —0.007 (=0.019 to 0.005) 0.23 —0.022 (-0.036 to —0.008) 0.003
Hypertension, high adherence 1152 —0.005 (—0.015 to 0.006) 037 —0.005 (-=0.017 to 0.008) 0.45

Adjusted covariates included age, sex, education, cohabitation status, physical activity, alcohol consumption, current smoking, physical disability, hypertension,
diabetes, cancer, chronic lung disease, heart disease, stroke, kidney disease, and baseline measurements of blood pressure (systolic and diastolic blood pressure)

NA Not applicable

2 B coefficient was estimated using linear mixed models, with a positive value representing decelerated cognitive decline in comparison

file 1: Fig. S2). No significant joint associations were
observed for employment status and medical insur-
ance coverage (Additional file 1: Fig. S2). Similar pat-
terns of associations were observed in memory decline,
showing significant joint associations between baseline
anti-hypertensive medication, income, and education
(Additional file 1: Fig. S3).

Similarly, as presented in Additional file 1: Fig. S4, for
participants with low income or education, significant
decelerated global cognitive decline was only observed
in those with high anti-hypertensive medication adher-
ence or had normotension. Compared to participants
with low income and low adherence, shown in Addi-
tional file 1: Fig. S4, those with low income and high
adherence had significantly decelerated global cogni-
tive decline ($=0.026; 95% CI, 0.008 to 0.043 SD/year).
Similarly, compared to participants with low education
and low adherence, those with low education and high
adherence had significantly decelerated global cognitive
decline (3=0.015; 95% CI, 0.001 to 0.028 SD/year; Addi-
tional file 1: Fig. S4). No significant joint associations
were observed for employment status and medical insur-
ance coverage (Additional file 1: Fig. S4). Similar patterns
of associations were also observed for memory decline,
shown in Additional file 1: Fig. S5.

Sensitivity analyses

The observed associations were not materially changed
after addressing reverse causation (Additional file 1:
Table S4) and accounting for using Chinese tradi-
tional medicine to treat hypertension (Additional file 1:
Table S5). For the decline in executive function and ori-
entation (Additional file 1: Table S6), most associations
between anti-hypertensive medication use and cognitive
aging did not reach statistical significance. Further con-
trolling for BP measurements during follow-up also did
not change the results (Additional file 1: Table S7). Con-
trolling for the overall SES variable and SES indicators
did not attenuate associations between anti-hypertensive
medication and cognitive aging, shown in Additional
file 1: Table S8 and Additional file 1: Table S9. The upper
SES was consistently associated with slower annual
decline rates in global cognition and memory, no mat-
ter controlling for anti-hypertensive medication or not
(Additional file 1: Table S10). Further analysis showed
that both the better baseline cognitive performance and
the improved cognition during follow-up were associated
with elevated odds of high adherence to anti-hyperten-
sive medication, shown in Additional file 1: Table S11. As
shown in Additional file 1: Table S12, compared to hyper-
tension participants reported 0 wave of using medication,
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Fig. 2 Estimated cognitive trajectories by anti-hypertensive medication use. A Estimated trajectories of global cognition according to baseline
anti-hypertensive medication use. B Estimated trajectories of global cognition according to longitudinal anti-hypertensive medication adherence.
C Estimated trajectories of memory function according to baseline anti-hypertensive medication use. D Estimated trajectories of memory function
according to longitudinal anti-hypertensive medication adherence. Linear mixed models in Table 2 were applied to estimate the cognitive

trajectories, with identical covariates adjusted

hypertension participants reported all 4 waves of medi-
cation use had significantly decelerated memory decline
(p=0.020; 95% CI, 0.002 to 0.038 SD/year), while no
significant difference was observed in global cognitive
decline ($=0.014; 95% CI, —0.001 to 0.030 SD/year).
Similarly, participants reported medication use for 3
or 4 waves did not have accelerated declines in global

cognition or memory, compared to the normotension
group (Additional file 1: Table S12).

As shown in Additional file 1: Fig. S6, after the IPW
procedure, all baseline characteristics were well-bal-
anced between included and excluded participants.
Then, based on the IPW-weighted samples, all primary
results were not materially altered, showing consistent
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Fig. 3 Interactions between baseline anti-hypertensive medication use and overall socioeconomic status with cognitive decline rate. A
Interactions between baseline anti-hypertensive medication use and overall socioeconomic status with declines in global cognition; (B)
Interactions between baseline anti-hypertensive medication use and overall socioeconomic status with declines in memory function. Differences
in the annual rate of cognitive change were estimated using linear mixed models, controlling for age, sex, cohabitation status, physical activity,
alcohol consumption, current smoking, physical disability, hypertension, diabetes, cancer, chronic lung disease, heart disease, stroke, kidney disease,
and baseline measurements of blood pressure (systolic and diastolic blood pressure)

associations between anti-hypertensive medication use
and decelerated cognitive decline (Additional file 1:
Table S13). A total of 8479 participants were excluded
from the analysis, who were generally older, more likely
to be women, less educated, and living alone, compared
to included participants (Additional file 1: Table S14).

Using anti-hypertensive medication at baseline was not
associated with decelerated aging in global cognition in
participants aged > 60 or 65 years (Additional file 1: Fig.
S7), while significantly decelerated memory decline was
observed in medication users of the same age groups
(Additional file 1: Fig. S7). Similar joint association
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Fig. 4 Interactions between longitudinal anti-hypertensive medication adherence and overall socioeconomic status with cognitive decline rate. A
Interactions between longitudinal anti-hypertensive medication adherence and overall socioeconomic status with declines in global cognition; (B)
Interactions between longitudinal anti-hypertensive medication adherence and overall socioeconomic status with declines in memory function.
Differences in the annual rate of cognitive change were estimated using linear mixed models, controlling for age, sex, cohabitation status, physical
activity, alcohol consumption, current smoking, physical disability, hypertension, diabetes, cancer, chronic lung disease, heart disease, stroke, kidney

disease, and baseline measurements of blood pressure (systolic and diastolic blood pressure)

patterns were observed between anti-hypertensive
medication adherence and baseline age (Additional
file 1: Fig. S8), showing significantly decelerated mem-
ory decline associated with high medication adherence
in participants aged > 60 or 65 years.

Discussion

In the 7-year longitudinal cohort of Chinese middle-
aged and older community-dwelling adults>45 vyears,
we found both using anti-hypertensive medication at
baseline and high adherence during follow-up, compared
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to not using medication at baseline and low adherence
during follow-up, were associated with a slower rate of
cognitive aging, independently from BP levels and other
factors. Intriguingly, participants taking medication at
baseline or had high adherence during follow-up, com-
pared to those with normotension, did not have acceler-
ated cognitive aging. The observed associations remained
robust to sensitivity analyses, including the analysis to
address reverse causation and controlling for the SES.
Moreover, significant interactions and joint associations
were observed between anti-hypertensive medication
and SES in cognitive aging, with more pronounced asso-
ciations observed in the lower SES subgroup, supporting
the potential significance of promoting anti-hypertensive
medication use in addressing the ever-expanding socio-
economic inequalities in healthy cognitive aging. To the
best of our current knowledge, this is the first longitudi-
nal cohort study to simultaneously evaluate prospective
associations of anti-hypertensive medication use and SES
with long-term cognitive aging in Chinese middle-aged
and older adults, with robust findings observed.

Previous studies have explored associations between
anti-hypertensive medication use or BP control in rela-
tions to cognitive outcomes, reporting generally simi-
lar findings with ours. The SPRINT trial confirmed that
intensive SBP control could reduce the risk of mild cogni-
tive impairment by 19% among adults aged 50 years or
older with hypertension but without diabetes or a history
of stroke [6]. Although the SPRINT did not observe a sig-
nificant reduced risk of probable dementia, it supported
the cognitive benefits of controlling SBP. Another meta-
analysis of five randomized trials showed the efficacy of
antihypertensive treatment use in reducing dementia risk
by 13% in patients aged>65 years [7]. There were also
observational reports regarding associations between
anti-hypertensive medication and cognitive outcomes.
A meta-analysis of six prospective cohort studies found
in those with SBP/DBP>140/90 mm Hg, using anti-
hypertensive medication was associated with a 12%
reduced dementia risk, while no significant associations
were found in the normal BP stratum [8]. Another review
investigated associations of anti-hypertensive medica-
tion classes with incident cognitive decline, showing
no significant associations both in individuals aged >65
years and <65 years, possibly owing to the limited data
of participants aged <65 years [9]. So far, limited stud-
ies have investigated the role of anti-hypertensive medi-
cation in the longitudinal cognitive aging process in
hypertension participants, especially in a relatively young
population. And our study, with generally similar find-
ings observed, additionally found that adhering to anti-
hypertensive medication was associated with a slower
longitudinal cognitive decline rate in middle-aged and

Page 12 of 16

older hypertension individuals aged >45 years. Moreo-
ver, further interaction analysis showed that observed
associations were more pronounced in individuals with
low SES, which have rarely been reported by previous
investigations. A recent study examined associations
between untreated and treated blood pressure levels and
longitudinal cognitive decline [12]. Unlike our study, the
study primarily focused on BP levels, with anti-hyper-
tensive medication status analyzed as a potential effect
modifier [12]. Despite the distinctive research objectives,
the authors found that anti-hypertensive medication use
attenuated associations between elevated BP levels and
accelerated cognitive decline [12], which aligned with
our findings by supporting the potential protective role
of anti-hypertensive medication against cognitive aging.
Our study adds to the current literature mainly by
showing that both baseline and longitudinal anti-hyper-
tensive medication use were associated with a slower
cognitive aging rate, independently from BP status and
other characteristics. More importantly, we found that
participants adhering to anti-hypertensive medication
did not suffer accelerated cognitive aging, compared to
their counterparts with normotension. On the contrary,
those not taking anti-hypertensive medication or with
poor medication adherence, consistently had acceler-
ated cognitive decline than those with normotension.
The finding is intriguing, showing that adhering to anti-
hypertensive medication could be beneficial in prevent-
ing long-term cognitive aging, which might help to ease
the severe dementia-related burden in the hypertension
population. However, we found that better cognition was
associated with higher adherence to anti-hypertensive
medication. Previous studies also reported associations
between worse cognitive performance and poor adher-
ence to anti-hypertensive medication [30, 31]. Therefore,
it is possible that our findings represent the potential bias
of reverse causality and should be interpreted cautiously.
Although we have performed a sensitivity analysis by
excluding participants with memory disorders or cogni-
tive impairment, the bias cannot be entirely eliminated.
Further investigations capable of addressing the reverse
causality bias are warranted to validate our findings.
Another intriguing finding of our study was the sig-
nificant interaction between anti-hypertensive medica-
tion and SES in associations with cognitive aging. As an
important social determinant of health, disadvantaged
SES has been found to be directly associated with accel-
eration of aging in multiple facets, including accelerated
cognitive aging [14]. Moreover, SES disparities impact
the access to health care services, highlighting its role
in determining health and healthcare needs of older
adults [32]. It has also been found the higher SES was
related with the better adherence to anti-hypertensive
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medication [16]. Hence, it is of crucial significance to
fully understand the role of SES in associations between
anti-hypertensive medication adherence and cogni-
tive aging, providing enriched insights to address ever-
expanding SES-related health disparities and achieve
inclusive healthy aging.

We found adhering to anti-hypertensive medication
was more evidently associated with a slower cognitive
aging rate in participants with low SES, compared to their
high SES counterparts. Moreover, we found significant
joint associations between anti-hypertensive medication
and single SES indicators in cognitive aging rate, mainly
for education and income. Using anti-hypertensive medi-
cation was consistently associated with decelerated cog-
nitive aging in hypertension participants with either low
income or educational level. Collectively, these findings
are also of great public health implications. Disparities in
SES have been associated with health inequalities for dec-
ades, especially in inequalities related to the healthy aging
process. For instance, SES has been found to impact cog-
nitive ability among Chinese older adults and those with
higher SES consistently had better cognitive performance
[33]. Another cohort study found low SES individuals,
compared to high SES counterparts, had a 340% higher
risk of early-onset dementia and a 90% higher risk of late-
onset dementia, respectively [15]. Likewise, low wealth
was also found to account for a 68% higher dementia risk
in people aged 65 years and older [34]. Moreover, indi-
viduals with better SES could also get ahead in terms of
timely diagnosis. In a register-based cross-sectional study
in Denmark, people with the upper tertile of household
income, compared to the lower-tertile, not only had
lower odds of dementia diagnosis after referral, but had
less severe cognitive stage at diagnosis, indicating a bet-
ter chance of receiving an earlier dementia diagnosis [35].
Consequently, high SES individuals could gain various
advantages in healthy cognitive aging, while those with
disadvantaged SES would confront with more severe
dementia-related burden. Our findings support the huge
significance of promoting anti-hypertensive medication
in low SES individuals living with hypertension to pre-
vent cognitive deterioration at the early preclinical stage,
especially in those with low income or education. Further
investigations are warranted to confirm such findings.

There are other notable findings of the study. First,
associations between anti-hypertensive medication and
cognitive aging were more evident and consistent for the
memory function, compared to other cognitive domains.
Our previous work revealed that long-term BP exposure
was more evidently associated with accelerated memory
decline [5]. Considering that accelerated memory decline
is one of the shared and early indicators of dementia
onset [5], our findings highlight the potential clinical
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relevance of adhering to anti-hypertensive medication
for timely dementia prevention. In addition, we found
among older adults aged>60 or 65 years, using anti-
hypertensive medication was consistently associated with
a decelerated decline in memory, which also supports the
initiation of anti-hypertensive medication among older
individuals with hypertension. Second, in addition to
statistical significance, the current study also provided
findings of potential clinical significance. For instance,
compared to low medication adherence participants,
high adherence participants on average had a deceler-
ated memory decline of 0.023 (95% CI, 0.008 to 0.038)
SD/year. According to a previous review, a change of
0.5 SD in the cognitive score can be viewed as clinically
important [36]. That is saying, taking the upper bound
of difference, e.g. 0.038 SD/year in memory decline rate,
as an example, individuals with high anti-hypertensive
medication adherence would have clinically meaning-
ful prevented memory deterioration in almost 13 years
(0.5/0.038), compared to their low adherence counter-
parts. Acknowledgment of such implications could help
clinicians to improve practice, not just in hypertension
management, but in early prevention of cognitive dete-
rioration among aging individuals. Third, the observed
associations remained consistent even after controlling
for follow-up BP measurements, indicating other poten-
tial explanations behind the potential neurocognitive
benefits of anti-hypertensive medication, beyond longi-
tudinal BP control pattern.

Our study has several strengths. First, based on a large
national survey with longitudinal repeated measure-
ments of cognitive function, we were able to evaluate the
annual cognitive aging rate as the primary outcome. As
one of the most important early indications of dementia
onset [10], evaluating associations between anti-hyper-
tensive medication and accelerated cognitive decline
provides important implications for practice, support-
ing the potential significance of anti-hypertensive medi-
cation in preventing early cognitive deterioration at the
pre-clinical phase of dementia. Second, unlike previous
investigations, the current study, based on longitudinal
data, also evaluated the long-term adherence to anti-
hypertensive medication during follow-up, account-
ing for changes in anti-hypertensive medication use.
We found that hypertension participants persistently
adhering to medication during follow-up presented a
significantly slower cognitive aging rate than counter-
parts with low adherence, which supported the impor-
tance of monitoring and promoting anti-hypertensive
medication adherence in the long-term. Third, our study
was based on the general community-dwelling middle-
aged and older adults in China. With the unique popu-
lation, we were able to examine the role of adhering to
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anti-hypertensive medication against accelerated cogni-
tive aging in a setting reflecting the real-world practice
of hypertension management. Intriguingly, we found the
overall proportion adhering to anti-hypertensive medica-
tion was relatively low, only 32% of patients persistently
adhered to medication during follow-up. This was in line
with a recent study based on health care utilization data-
bases of Lombardy, Italy, with only 34% patients report-
ing anti-hypertensive medication use in more than 75%
of the follow-up [11]. Hence, our findings provide more
enriched insights for the current practice by highlighting
the challenge of low anti-hypertensive treatment adher-
ence in general settings. Fourth, the potential role of SES
was comprehensively investigated in our study. Based on
the LCA approach, we constructed an overall SES index
by effectively incorporating multiple SES indicators.
Then we examined the interplay between anti-hyperten-
sive medication and overall SES, observing more evident
associations in low SES participants. We also evaluated
joint associations between anti-hypertensive medica-
tion and single SES indicators. We found that individuals
of low income or education were more likely to benefit
from high adherence to anti-hypertensive medication.
These findings provide novel insights for addressing ever-
expanding SES disparities in cognitive aging. Finally,
our findings are relevant for the current practice, pro-
viding implications from both clinical and public health
perspectives. Several sensitivity analyses were also con-
ducted to address potential biases, including the efforts
addressing reverse causality and selection bias, with
robust findings observed.

There also exist important limitations. First, self-
reported data was collected for categorizing anti-
hypertensive medication status, leading to potential
misclassification bias. We also could not differentiate
between anti-hypertensive medication classes, owing
to data restrictions. Second, the administered cognitive
batteries only involved three cognitive domains, prevent-
ing us from capturing cognitive aging in other cognitive
domains. Third, the challenge of reverse causation per-
sisted. Although we conducted a sensitivity analysis by
excluding cognitively impaired individuals during medi-
cation assessment, the reverse causation challenge could
not be eliminated. Cautions are therefore warranted to
appropriately understand and interpret our findings.
Fourth, a considerable number of participants were
excluded, resulting in potential selection bias. Despite
the IPW analysis yielding similar findings, we could not
entirely preclude the selection bias. Finally, due to the
nature of observational studies, we could not eliminate
the impact of residual confounding, which impedes fur-
ther steps toward conclusively defining causal relation-
ships [37]. Moreover, due to data restrictions, we could
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not identify possible factors fully explaining observed
associations between anti-hypertensive medication
and longitudinal cognitive aging. Further investiga-
tions are therefore needed to explore potential operating
mechanisms.

Conclusions

We found that adhering to anti-hypertensive medica-
tion was associated with decelerated cognitive aging in
Chinese middle-aged and older community-dwelling
adults > 45 years, especially in participants with low SES.
No significant differences were observed in cognitive
aging rates between hypertension participants adhering
to anti-hypertensive medication and counterparts with
normotension. These findings indicate that promoting
anti-hypertensive medication use could be important
to achieve healthy and inclusive cognitive aging in gen-
eral Chinese middle-aged and older adults living with
hypertension.
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