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Abstract

This study aimed to assess the relationship between dietary sodium/potassium intake

and cognition in elderly individuals with hypertension. We designed a cross-sectional

study based on the 2011–2014 National Health and Nutrition Examination Survey

(NHANES) 2011–2014. A multivariable-logistic regression analysis was performed to

analyze the relationship between sodium/potassium intake and cognitive impairment.

Restricted cubic spline (RCS) basedon regression analysis to assess thenonlinear dose-

response relationship between dietary sodium intake and cognitive performance. Out

of the 2276 participants included in this study, 1670 patients had hypertension. Com-

pared with the lowest quartile of dietary sodium intake, the lowest weighted odds

ratio of cognitive impairment in DSST was observed in Q4 (OR = 0.45, 0.29–0.70),

and a similar trend was observed in AFT (OR = 0.34, 0.18–0.65). After adjusting the

covariates, the lowest weighted multivariable-adjusted OR of cognitive impairment

in DSST were also observed in Q4 (OR = 0.47, 0.26-0.84) compared with the low-

est quartile of dietary sodium intake. The RCS results showed that dietary sodium

intake was U-shaped and associated with the risk of cognitive impairment in the DSST

(Pnon–linearity = 0.0067). In addition, no significant association was observed between

dietary potassium intake and different dimensions of cognitive performance. In con-

clusion, excessively high and low low dietary sodiumwere associated with impairment

of specific processing speed, sustained attention, and working memory for elderly

patientswith hypertension in theUnited States.However, no associationwasobserved

between dietary potassium intake and cognition.
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1 INTRODUCTION

Salt is a widely used condiment worldwide, and sodium chloride is

its main component. Sodium is an essential macronutrient that main-

tains fluid balance and cellular homeostasis1 and is involved in nerve

conduction2 in thehumanbody.However, a high level of dietary sodium

intake is considered to be associated with hypertension, a major risk

factor for cardiovascular disease (CVD).3 A high level of dietary sodium

intake is also a primary dietary risk for death and disability-adjusted

life-years in China, Japan, and Thailand.4 In 2017, the estimated global

mean salt intake was 6 g/day, greatly exceeding optimal levels.4

Properly managing sodium intake is a highly effective way to signif-

icantly reduce the risk of cardiovascular disease, and dietary sodium

intake has been considered a common modifiable risk factor for

hypertension.5–7 Additionally, potassium-containing salts have been

used as substitutes for sodium.8–10 Many studies have shown that high

potassium intake may lower blood pressure and CVD risk partly,11–13

and high potassium intake may mitigate the negative impacts of high

sodium intake.14

Cognitive impairment is linked to cardiovascular risk factors in the

general population,15 and diet is considered an important factor in

cognitive function.16–18 It is suggested that dietary sodium may influ-

ence cognition through cerebrovascular and cerebral blood flow.19,20

Animal experiments have shown that tau hyperphosphorylation can

be induced by high levels of dietary sodium, followed by cognitive

impairment21; nonetheless, their findingshave remained controversial.

A prospective cohort study has reported that sodium and potas-

sium intake were not associated with cognitive impairment.22 Another

cross-sectional study has shown that lower sodium intake was associ-

ated with an increased risk of cognitive impairment in older adults.23

We have hypothesized that both excessively high and low levels of

dietary sodium intake may increase the risk of cognitive impairment.

Accordingly, this study was performed to evaluate the association

between sodium intake and cognitive impairment in older individuals

with hypertension. In this study, we aimed to establish a continuous

dose-response relationship between sodium and cognitive impairment

and assess the relationship between dietary potassium intake and

cognition.

2 METHODS

2.1 Study design

TheNational Health andNutrition Examination Surveys (NHANES) is a

program of studies designed to assess the health and nutritional status

of adults and children in the United States. The program aims to select

a representative sample of approximately 10,000 individuals every 2

years on a national level. The survey includes information about demo-

graphic, socioeconomic, dietary, and health-related questions, as well

as physical examinations comprising medical, dental, and physiological

measurements and laboratory tests.

2.2 Study population

Data were extracted from the 2011−2012 and 2013−2014 NHANES

database. The participants with complete demographic data, smoking

and alcohol use information, Hemal biochemistry data, and cognitive

data were included in this study. All the participants included in this

study were aged 60 years or older.

The protocols of NHANES were approved by the National Center

for Health Statistics Research Ethics Review Board. Written informed

consent was obtained from all participants. According to the policy of

our local ResearchEthicsCommittee, the published available data does

not need a secondary review.

2.3 Diagnosis of hypertension

Participants were considered hypertensive if they met the following

criteria: (1) they had been told by a doctor or other health professional

that they had hypertension (also called high blood pressure), (2) self-

reported antihypertensive drug use, and (3) had a high blood pressure

measurement (SBP ≥ 140 mmHg or DBP ≥ 90 mmHg). The NHANES

consists of three consecutive blood pressure measurements and an

additional measurement if required.

2.4 Cognitive tests

Cognition was assessed using a questionnaire that included (1) word

learning and recall modules from the Consortium to Establish a Reg-

istry for Alzheimer’s Disease (CERAD),24 (2) the Animal Fluency

test (AFT),25 and (3) the Digit Symbol Substitution Test (DSST)26 in

NHANES. The CERAD test assesses the immediate and delayed learn-

ing abilities for new verbal information. The test consisted of three

consecutive learning trials and a delayed-recall trial.We calculated the

sum of the three learning and recall trial scores as the final score of the

CERAD test. The AFTwas used to examine the executive function, and

theDSSTwasused to assess processing speed, sustainedattention, and

working memory.We also extracted the scores of the AFT and DSST in

the NHANES as indices of cognition.

However, there is no acknowledged threshold for theDSST, CERAD,

and AFT to distinguish cognitive impairment. Age was considered

a significant confounding factor for performance on cognitive tests.

Therefore, the participants were stratified according to age: 60−65

years, 66−70 years, 71−75 years, and ≥76 years. We used the 25th

percentile of the score according to age stratification as the threshold

for identifying cognitive impairment.

2.5 Dietary sodium intake

It is considered that 24-h urine sodium excretion is the gold standard

for monitoring sodium intake. However, this method is complicated.
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Previous studies have confirmed that dietary recall has a signifi-

cant dose-response association with estimated 24-h urine sodium

excretion,27,28 and it is another main method for accessing salt

intake.29 In this study, dietary sodium intake was extracted from 24-

h dietary recall interviews in the NHANES database and expressed

in milligrams. The U.S. Department of Agriculture Food and Nutri-

ent Database for Dietary Studies was used to process the total daily

nutrient intake of food and beverages.

2.6 Covariates

We also included other variables of interest as covariates consist-

ing of age, sex (male and female), race (Non-Hispanic White, Mexican

American, Non-Hispanic Black, Other Hispanic, and Other Race), edu-

cation (less than 9th grade, 9−11th grade, high school graduate; some

college or AA degree, college graduate or above), body mass index

(BMI), SBP, DBP, total energy intake, dietary potassium intake, serum

sodium, creatinine, smoking, alcohol use, diabetes, stroke, and use of

antihypertensive drugs.

2.7 Statistical analysis

All statistical analyses in this study were performed using R version

4.1.3 (R Foundation for Statistical Computing, Vienna, Austria https://

www.r-project.org/). Survey package version 4.1-1 and NHANES R

package version 0.9.3.8 were used to analyze complex survey samples.

The raw data are shown in Supplementary file 1. Continuous variables

in this study are expressed as mean (standard error, SE), while cate-

gorical variables are expressed as frequencies (percentages). Dietary

sodium intake was grouped into quantiles from lowest (first quantile,

Q1) to highest (fifth quantile, Q5).We compared the covariates of par-

ticipants with and without cognitive impairment. Student’s t-test was

used to compare continuous variables, while the Rao-Scott chi-square

test was used to compare categorical variables. Logistic regression

models were used to analyze the relationship between sodium intake

andcognitive impairment.Model 1wasestablishedusing abinary logis-

tic regression. Model 2 was adjusted for age and sex. Model 3 was

adjusted for age, sex, race, education, BMI, SBP, DBP, total energy

intake, dietary potassium intake, serum sodium, creatinine, smoking,

alcohol use, diabetes, stroke, and antihypertensive drug use. Addi-

tionally, we performed a restricted cubic spline (RCS) to assess the

nonlinear dose-response relationship between dietary sodium intake

and cognitive performance after adjustment for all covariates.

3 RESULTS

3.1 Characteristics of study population

In this study, 19,931 participants were included in the NHANES from

2011 to 2014. After excluding participants with incomplete data, 2276

F IGURE 1 Flow diagram of study identification, screening,
eligibility assessment, and inclusion.

participants were included in this study, of which 1670 patients had

hypertension (Figure 1).

The mean dietary sodium intake of all participants was

3183.31 mg/day, which was similar to that of participants with

hypertension (3159.13 mg/day). Dietary sodium intake was grouped

into quantiles from lowest (first quantile, Q1) to highest (fifth quantile,

Q5). Table 1 shows the clinical characteristics of the participants

with hypertension according to dietary sodium intake quintiles. The

results indicate that there were significant differences between

different dietary sodium intake levels in the distribution of age, sex,

race, education, dietary energy, dietary potassium, creatinine, alcohol

use, diabetes, and stroke among patients with hypertension. More-

over, there were significant differences between different dietary

potassium intake levels in the distribution of sex, race, education,

digit symbol score test, animal fluency score, dietary energy, dietary

sodium, serum potassium, serum sodium, alcohol use, and smoking

among patients with hypertension (Table S1). Tables S2–S3 show the

clinical characteristics of all participants.

3.2 Dietary sodium intake and cognition

A logistic regressionmodelwas used to assess the association between

dietary sodium intake and cognitive performance in all participants

(Table 2). Compared with the lowest quartile of dietary sodium intake,

the lowest weighted odds ratios of cognitive impairment in DSST

were observed in Q4 (OR = 0.42, 0.31−0.57), and a similar trend

https://www.r-project.org/
https://www.r-project.org/
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TABLE 2 Weighted odds ratios (95% confidence interval) of cognitive impairment by quartiles of sodium intake in all participants.

DSST

Dietary sodium (mg/day) Case, n (%) Model 1* P-value Model 2* P-value Model 3* P-value

Q1 (286−2076) 224 (32.77) 1.00 (Ref.) – 1.00 (Ref.) – 1.00 (Ref.) –

Q2 (2076−2604) 171 (21.35) 0.56 (0.37−0.84) 0.01 0.51 (0.34−0.77) 0.002 0.60 (0.30−1.23) 0.13

Q3 (2604−3226) 146 (21.00) 0.55 (0.39−0.77) 0.001 0.46 (0.32−0.68) <0.001 0.68 (0.33−1.39) 0.24

Q4 (3226−3944.5) 144 (17.01) 0.42 (0.31−0.57) <0.0001 0.34 (0.23−0.48) <0.0001 0.47 (0.26−0.84) 0.02

Q5 (3944.5−8765) 164 (23.94) 0.65 (0.44−0.95) 0.03 0.45 (0.29−0.69) <0.001 0.75 (0.32−1.74) 0.44

AFT

Dietary sodium (mg/day) Case, n (%) Model 1* P-value Model 2* P-value Model 3* P-value

Q1 (286−2076) 178 (30.54) 1.00 (Ref.) – 1.00 (Ref.) – 1.00 (Ref.) –

Q2 (2076−2604) 147 (23.62) 0.70 (0.42,1.17) 0.17 0.69 (0.40,1.19) 0.17 0.93 (0.43,2.03) 0.83

Q3 (2604−3226) 129 (23.91) 0.71 (0.44,1.15) 0.16 0.71 (0.42,1.20) 0.19 1.05 (0.46,2.38) 0.89

Q4 (3226−3944.5) 109 (16.05) 0.43 (0.26,0.73) 0.003 0.42 (0.24,0.74) 0.004 0.69 (0.28,1.70) 0.35

Q5 (3944.5−8765) 106 (17.68) 0.49 (0.31,0.78) 0.004 0.47 (0.28,0.79) 0.01 0.92 (0.40,2.15) 0.82

CERAD test

Dietary sodium (mg/day) Case, n (%) Model 1* P-value Model 2* P-value Model 3* P-value

Q1 (286−2076) 166 (30.06) 1.00 (Ref.) – 1.00 (Ref.) – 1.00 (Ref.) –

Q2 (2076−2604) 136 (28.00) 0.90 (0.58−1.42) 0.65 0.82 (0.51−1.33) 0.4 1.06 (0.59−1.91) 0.83

Q3 (2604−3226) 131 (21.44) 0.64 (0.42−0.96) 0.03 0.53 (0.31−0.89) 0.02 0.69 (0.34−1.41) 0.25

CERAD test

Dietary sodium (mg/day) Case, n (%) Model 1* P-value Model 2* P-value Model 3* P-value

Q4 (3226−3944.5) 127 (23.09) 0.70 (0.46−1.06) 0.09 0.55 (0.36−0.83) 0.01 0.80 (0.41−1.58) 0.45

Q5 (3944.5−8765) 132 (24.11) 0.74 (0.47−1.16) 0.18 0.51 (0.28−0.91) 0.02 0.82 (0.39−1.73) 0.53

Abbreviations: AFT, Animal fluency score total; CERAD, Consortium to Establish a Registry for Alzheimer’s Disease; DSST, Digit Symbol Score Test.
*Model 1 calculated by binary logistic regression; Model 2 adjusted for age and sex Model 3 was adjusted for age, sex, race, education, BMI, SBP, DBP, total

energy intake, dietary potassium intake, serum sodium, creatinine, smoking, alcohol use, diabetes, stroke, and antihypertensive drug use.

was observed in AFT (OR = 0.43, 0.26−0.73). Q3 showed the low-

est odds ratios (OR = 0.64, 0.42−0.96) of cognitive impairment in

CERADcomparedwithQ1.After adjusting for age, sex, race, education,

BMI, SBP, DBP, total energy intake, dietary potassium intake, serum

sodium, creatinine, smoking, alcohol use, diabetes, stroke, and use of

antihypertensive drugs, the lowest weighted multivariable-adjusted

OR of cognitive impairment in the DSST was also observed in Q4

(OR = 0.47, 0.26−0.84) compared with the lowest quartile of dietary

sodium intake.

Additionally,weused a logistic regressionmodel in participantswith

hypertension (Table 3). Compared with the lowest quartile of dietary

sodium intake, the lowest weighted odds ratio of cognitive impairment

in DSST was observed in Q4 (OR = 0.45, 0.29−0.70), and a similar

trendwas observed in AFT (OR= 0.34, 0.18−0.65). After adjusting the

covariates, the lowestweightedmultivariable-adjustedORof cognitive

impairment in DSST was also observed in Q4 (OR = 0.47, 0.26−0.84)

comparedwith the lowest quartile of dietary sodium intake.

Furthermore, RCS was examined to explore the nonlinear relation-

ship between dietary sodium intake and the risk of cognitive impair-

ment (Figure 2a). We found that dietary sodium intake was U-shaped

and associated with the risk of cognitive impairment (determined by

the DSST) (P non–linearity = 0.0067). Figure 2b shows the relationship

between dietary sodium intake andDSST score (P non–linearity = 0.0067).

3.3 Dietary potassium intake and cognition

A logistic regressionmodelwas used to assess the association between

dietary potassium intake and cognitive performance in all the par-

ticipants (Table 4). Compared with the lowest quartile of dietary

potassium intake, the crude OR of Q5 was (OR = 0.42, 0.26−0.67)

for DSST, and Q3 was (OR = 0.40, 0.21−0.77) for AFT. After adjust-

ing for age, sex, race, education, BMI, SBP, DBP, total energy intake,

dietary potassium intake, serum sodium, creatinine, smoking, alcohol

use, diabetes, stroke, and use of antihypertensive drugs, no significant

association was observed between dietary potassium intake and the

different dimensions of cognitive performance.

Furthermore, RCS was examined to explore the nonlinear rela-

tionship between dietary potassium intake and different dimen-

sions of cognitive performance (Figure S1a–c). We found that there
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TABLE 3 Weighted odds ratios (95% confidence interval) of cognitive impairment by quartiles of sodium intake in participants with
hypertension.

DSST

Dietary sodium (mg/day) Case, n (%) Model 1* P-value Model 2* P-value Model 3* P-value

Q1 (286−2076) 174 (36.20) 1.00 (Ref.) – 1.00 (Ref.) – 1.00 (Ref.) –

Q2 (2076−2604) 132 (23.22) 0.53 (0.35−0.81) 0.005 0.52 (0.34−0.78) 0.003 0.67 (0.33– 1.40) 0.23

Q3 (2604−3226) 117 (23.65) 0.55 (0.38−0.79) 0.002 0.47 (0.32−0.70) <0.001 0.62 (0.29– 1.30) 0.17

Q4 (3226−3944.5) 111 (20.38) 0.45 (0.29−0.70) <0.001 0.38 (0.25−0.58) <0.0001 0.47 (0.25– 0.86) 0.02

Q5 (3944.5−8765) 112 (23.59) 0.54 (0.34−0.86) 0.01 0.41 (0.25−0.69) 0.001 0.54 (0.18– 1.64) 0.23

AFT

Dietary sodium (mg/day) Case, n (%) Model 1* P-value Model 2* P-value Model 3* P-value

Q1 (286−2076) 146 (36.14) 1.00 (Ref.) – 1.00 (Ref.) – 1.00 (Ref.) –

Q2 (2076−2604) 113 (25.83) 0.62 (0.35,1.09) 0.09 0.64 (0.35,1.15) 0.13 0.87 (0.39,1.91) 0.67

Q3 (2604−3226) 103 (28.64) 0.71 (0.43,1.17) 0.17 0.73 (0.43,1.23) 0.23 0.97 (0.40,2.36) 0.94

Q4 (3226−3944.5) 80 (16.20) 0.34 (0.18,0.65) 0.002 0.34 (0.18,0.67) 0.003 0.47 (0.16,1.33) 0.13

Q5 (3944.5−8765) 72 (20.11) 0.44 (0.26,0.77) 0.01 0.47 (0.28,0.81) 0.01 0.77 (0.28,2.17) 0.56

CERAD test

Dietary sodium (mg/day) Case, n (%) Model 1* P-value Model 2* P-value Model 3* P-value

Q1 (286−2076) 130 (34.84) 1.00 (Ref.) – 1.00 (Ref.) – 1.00 (Ref.) –

Q2 (2076−2604) 98 (32.34) 0.89 (0.54−1.48) 0.65 0.91 (0.55−1.49) 0.69 1.13 (0.62−2.04) 0.63

Q3 (2604−3226) 106 (27.03) 0.69 (0.44−1.09) 0.11 0.59 (0.34−1.03) 0.06 0.72 (0.34−1.51) 0.31

CERAD test

Dietary sodium (mg/day) Case, n (%) Model 1* P-value Model 2* P-value Model 3* P-value

Q4 (3226−3944.5) 88 (26.06) 0.66 (0.39−1.12) 0.12 0.53 (0.32−0.87) 0.01 0.69 (0.34−1.42) 0.26

Q5 (3944.5−8765) 88 (27.58) 0.71 (0.43−1.18) 0.18 0.54 (0.31−0.95) 0.03 0.78 (0.38−1.58) 0.42

Abbreviations: AFT, Animal fluency score total; CERAD, Consortium to Establish a Registry for Alzheimer’s Disease; DSST, Digit Symbol Score Test.
*Model 1 calculated by binary logistic regression; Model 2 adjusted for age and sex Model 3 was adjusted for age, sex, race, education, BMI, SBP, DBP, total

energy intake, dietary potassium intake, serum sodium, creatinine, smoking, alcohol use, diabetes, stroke, and antihypertensive drug use.

were no nonlinear relationships between dietary potassium intake

and cognition (DSST score: P non–linearity = 0.1401; AFT: P non–

linearity= 0.1055; CERAD test: P non–linearity= 0.0815).

4 DISCUSSION

A previous study showed that high dietary sodium intake might influ-

ence cognitive performance.30 Additionally, dietary sodium is a risk

factor for hypertension.31,32 In this study, we combined data from

NHANES 2011 to 2012 and 2013−2014 and involved 2276Americans

(1,670 participants with hypertension) aged≥60 years. After adjusting

for all confounding factors, the associations between dietary sodium

intake and cognitive performance were significant in participants with

or without hypertension, and a parabolic-shaped dose–response rela-

tionshipwas also detected. In theUnited States, excessively high or low

dietary sodium levels were associatedwith impaired processing speed,

sustained attention, andworkingmemory for hypertension in the older

patients. Dietary sodium intake was unrelated to learning ability or

executive function in this study. Here, we also analyzed the relation-

ship between dietary potassium intake and cognitive performance.We

found that potassium intake did notmodify the risk of cognitive decline

in the older patients with hypertension.

A dietary sodium intake of less than 2300 mg/day is recommended

for the general population and 1500 mg/day for certain groups at

risk, including individuals above 51 years of age.33 In mice, excess

dietary salt results in reduced cerebral blood flow, endothelial func-

tion, and cognitive impairment.20 Another animal study showed that

dietary salt could disrupt the tricarboxylic acid cycle34 and lead

to tau hyperphosphorylation, a significant biomarker of Alzheimer’s

pathology.21 In mice, the researchers observed that excess dietary

salt promotes plasma interleukin-17 production by proinflammatory

cytokine interleukin-17, which promotes endothelial dysfunction and

cognitive impairment.19

There is no doubt that a reduction in dietary sodium has bene-

ficial cardiovascular effects.35–37 However, the relationship between

dietary sodium intake and cognitive impairment remains unclear.

Anna et al.38 examined the effects of hypertension and dietary salt
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(A)

(B)

F IGURE 2 (A) Relationship between sodium intake and risk of cognitive impairment (determined by DSST). Themodel was based on logistic
regressionmodels and adjusted for age, sex, race, education, BMI, SBP, DBP, total energy intake, dietary potassium intake, serum sodium,
creatinine, smoking, alcohol use, diabetes, stroke, and antihypertensive drug use. (B) Relationship between sodium intake andDSST score. The
model was based on liner regressionmodels and adjusted for age, sex, race, education, BMI, SBP, DBP, total energy intake, dietary potassium
intake, serum sodium, creatinine, smoking, alcohol use, diabetes, stroke, and antihypertensive drug use.

intake on cerebrovascular disease and found that dietary salt intake

positively correlated with white-matter hyperintensity (WMH) vol-

ume. Stephen et al.39 also found that patients who did not reduce

their salt intake in the long term were more likely to have lacu-

nar strokes, lacunes, microbleeds, and severe WMH. In contrast, a

recent dietary study based on community-dwelling older adults found

that sodium/potassium intake was not associated with micro- or

macro-structural brain magnetic resonance imaging (MRI) indices.22 A

cross-sectional study involving 925 community participants (74.5±8.7

years) showed that lower sodium intake was associated with worse

cognitive function.23 The results of our study differ from those of the

research mentioned above. This could be because of the different cog-

nitive tests used in these studies. It is worth mentioning that a cross-

sectional study observed that lower serum sodium (126−140mmol/L)

is associated with both prevalent cognitive impairment and cognitive

decline in community-dwelling older men,40 which implies that a lack

of sodium has a harmful effect on cognition.

The relationship between dietary potassium intake and cognitive

impairment has been controversial in previous studies. The Hisayama

Study,41 a prospective cohort study, showed that a higher self-reported

dietary intake of potassium could reduce the risk of dementia in

the general Japanese population. Another cohort study based on

community-dwelling older adults showed that potassium intake was

not associatedwith a decline in cognitive function.22 We also observed

that dietary potassium intakewasnot associatedwith cognitive impair-

ments.

Our study has some limitations that should be acknowledged. First,

because this was a cross-sectional study, it was difficult to determine

a causal relationship between dietary sodium intake and cognitive

performance. Furthermore, the assessment of cognitive performance

is complicated and cognitive function is best assessed using multiple

methods. However, only the DSST score was associated with dietary

sodium intake in this study, which limited our ability to examine the

association between sodium intake and cognition. Finally, 24-h dietary
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recall is used as a simple and effective method in epidemiological stud-

ies, but it may not capture long-term dietary exposures and result in

recall bias,42 and it is an indirect method to evaluate dietary intake

compared with 24-h urine sodium excretion. Therefore, the results

of this study need to be interpreted with caution, and more large

prospective studies are needed to validate these conclusions further.

In conclusion, both excessively high and low dietary sodium levels

were associated with cognitive impairment, specifically in process-

ing speed, sustained attention, and working memory, for hypertension

in the older patients in the United States. Therefore, in addition

to avoiding high-sodium dietary patterns, older patients with hyper-

tension should also avoid extremely low sodium intake to prevent

cognitive impairment. However, we did not observe an association

between dietary potassium intake and cognition. Further large-scale

prospective studies are still needed to clarify the effect of dietary

sodium/potassium on cognition.
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