
Cognitive performance in relation to hydration status and water 
intake among older adults, NHANES 2011–2014

Hilary J. Bethancourt1,*, William Larry Kenney2, David Almeida3, Asher Y. Rosinger1,4,*

1Department of Biobehavioral Health, The Pennsylvania State University, University Park, PA

2Department of Kinesiology, The Pennsylvania State University, University Park, PA

3Department of Human Development and Family Studies, The Pennsylvania State University, 
University Park, PA

4Department of Anthropology, The Pennsylvania State University, University Park, PA

Abstract

Purpose: Risks of dehydration and cognitive decline increase with advancing age, yet the 

relation between dehydration, water intake, and cognitive performance among older adults remains 

understudied.

Methods: Using data from the 2011–2014 cycles of the Nutrition and Health Examination 

Survey (NHANES), we tested if calculated serum osmolarity (Sosm) and adequate intake (AI) of 

water among women (n=1,271) and men (n=1,235) ≥60 years-old were associated with scores 

of immediate and delayed recall, verbal fluency, and attention/processing speed. Sosm was 

categorized as <285 (hyperhydrated), 285-289, 290-294, 295-300, or >300 (dehydrated) mmol/L. 

AI on water was defined as ≥2 L/day for women and ≥2.5 L/day for men.

Results: Women with Sosm between 285-289 mmol/L scored 3.2-5.1 points higher on the 

Digit Symbol Substitution test (DSST) of attention/processing speed than women in other Sosm 

categories (P-values<0.05). There was evidence of a curvilinear relationship between DSST scores 

and Sosm among women and men (p-values for quadratic terms<0.02). Meeting an alternative AI 

on water intake of ≥1 mL/kcal and ≥1500 mL, but not the sex-specific AI, was associated with 

scoring one point higher on a verbal fluency test (P=0.02) and two points higher on the DSST 

(P=0.03) among women. Significant negative associations between dehydration or inadequate 

water intake and test scores were not observed among men.

Conclusion: Hydration status and water intake were moderately associated with attention/

processing speed among females. Future work should consider the effects of both dehydration 

and overhydration on cognitive function and investigate potential sex differences in cognitive 

responses to hydration status.
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INTRODUCTION

Researchers have long proposed that mild to moderate dehydration, particularly when 

surpassing 2% body mass loss, impairs cognitive function [1–4]. Yet the existing research 

has not consistently supported this hypothesis [5,6,4,7]. Moreover, much of what we know 

about the relation between hydration status and cognitive performance is based on trials 

that induce acute dehydration through exposure to heat and/or exercise, both of which 

may independently influence alertness, mood, and cognitive performance [5,8–12,6]. As 

it may be unlikely to reach >2% body water loss in the absence of heat or prolonged 

physical activity [6], it remains unclear if and how hydration status under typical daily living 

conditions relates to variations in cognitive performance.

This question is particularly important among older adults, who tend to be less likely to meet 

recommendations on water intake [13–15] and who are at greater risk for dehydration due to 

blunted sensitively to thirst signals, lower body water reserves due to reduced muscle mass, 

reduced ability to deal with heat stress, and use of medications or laxatives with diuretic 

effects [16–20,14]. Existing signs of cognitive impairment have been documented as a risk 

factor for inadequate water intake and dehydration among older adults living in long-term 

care facilities [21–24]. However, the literature scarcely examines water intake as a predictor 

of cognitive performance among free-living older adults, and the few studies that have 

assessed hydration status as a potential predictor of cognitive function among community 

dwelling older adults have been inconclusive. For instance, neither reported water intake 

nor urine specific gravity (USG), a biomarker of hydration status, were associated with 

immediate and delayed recall, visual processing speed and mental flexibility, or the Mini 

Mental State Examination (MMSE) screening for dementia in a sample 60 of community-

living Polish adults between the ages of 60 to 93 [25]; but most of that sample was 

adequately hydrated (USG≤1.020 g/mL). In another study, the positive associations between 

total body water and declarative and working memory observed among a sample of 21 

postmenopausal women were mediated by blood pressure [26], and it was unclear what 

proportion of that sample was actually dehydrated. Other studies reporting reduced reaction 

time in response to exercise-induced elevations in urinary osmolality [27] or lower scores 

on measures of psychomotor processing speed and attention/memory in relation to reduced 

bioelectric impedance measures of total body water following overnight water restriction 

[28] involved either multiple days of long durations of uphill walking [27] or caffeine 

restriction [28] that could bias the findings.

Given the dearth of information on hydration status, fluid intake, and cognitive performance 

among free-living elderly populations, the objective of this study was to assess how 

hydration status and water intake relate to cognitive tests scores among community-dwelling 

older adults in the United States using nationally-representative, cross-sectional survey data 

collected by the National Health and Nutrition Examination Survey (NHANES). Previous 
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assessments of NHANES data have demonstrated that older adults in the United States 

tend to consume less fluid (both from beverages and moisture in food) compared with 

young and middle-aged adults [29,13,15] and have higher prevalence of elevated plasma 

tonicity [30]. However, those studies did not examine whether variation in water intake or 

the consequent effect on hydration status among older adults was related to measures of 

cognitive performance. Hence, this study specifically aimed to test how hydration status and 

total water intake relate to performance on cognitive tests of immediate and delayed recall, 

verbal fluency, processing speed, and attention.

METHODS

Study sample

NHANES, a program of the National Center for Health Statistics (NCHS) of the Centers 

for Disease Control and Prevention (CDC), uses a stratified, multistage probability design 

to obtain cross-sectional data from a nationally representative sample of the community-

dwelling population in the United States. The NHANES program intentionally oversamples 

older adults, Hispanics, non-Hispanic (NH) blacks, low-income whites/other ethnicities 

and non-Hispanic Asians. This study was restricted to data from adults aged ≥60 years 

collected in the 2011–2012 and 2013–2014 NHANES cycles because cognitive tests were 

administered only to that age group and only in those two survey waves.

NHANES carries out both in-home interviews and physical examinations in the Mobile 

Examination Center (MEC). The examination response rate for older adults in these cycles 

was 58.1%. All protocols have received approval by the National Center for Health Statistics 

Research Ethics Review Board. More details on the study design, sampling scheme, 

response rates, and study procedures, as well as the publicly available data, can be found 

online [31].

Measures of cognitive performance

Three separate cognitive tests that measured 1) verbal learning and memory, 2) verbal 

fluency, and 3) processing speed and attention were conducted in participants’ preferred 

language during the 2011–2014 NHANES cycles [32–34]. The first test administered was 

the Consortium to Establish a Registry for Alzheimer’s Disease Word Learning module 

(CERAD W-L), a component of the neuropsychology battery [35] that tests immediate and 

delayed recall (verbal learning and memory) of a list of ten unrelated words. Participants 

read aloud a list of ten unrelated words that flashed on a computer screen and were 

immediately asked to recall as many words as possible. This was repeated three times, 

each time with the words presented in a different order. Following the three trials, there 

was an 8- to 10-minute delay, during which the other two cognitive tests were completed 

before being asked a final time to recall as many words as possible. One point was earned 

for each correct word recalled in each round. We used the sum of the first three rounds for a 

maximum score of 30 to assess immediate recall (CERAD-IR), and the maximum score for 

the single delayed recall trial (CERAD-DR) was 10. Neither this nor the other cognitive tests 

conducted by NHANES provide a clinical diagnosis of dementia [32]. However, previous 

research has suggested that, among older adults, CERAD-IR scores of <14 are associated 
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with cognitive impairment [36,37]. CERAD-DR scores in the range of 6-7 appear to be 

common among non-impaired older adults [36,37] and younger adults [38].

The second cognitive test was the Animal Fluency test (AFT), another CERAD component 

of the neuropsychology battery used for evaluating categorical verbal fluency (a measure of 

executive function) [32–34]. For this test, participants were asked to name as many animals 

as possible in one minute, scoring one point per animal named. Only participants who were 

able to name three items of clothing on a practice test completed the AFT. Scores of less 

than 15 have been associated with a greater likelihood of dementia, though the scores of 

individuals without apparent cognitive impairment is variable [39,40].

The third cognitive test was the Digit Symbol Substitution test (DSST), which is a 

component of the Wechsler Adult Intelligence Scale III (WAIS-III) [41] that evaluates 

processing speed, sustained attention, and working memory [32–34]. For this test, 

participants were given a sheet of paper with a code table containing the numbers 1-9, each 

paired with a distinct symbol. Below the code table were 133 boxes containing numbers 1-9 

in random order; participants were instructed to draw the symbol that corresponded with 

the number as paired in the code table. One point was earned for each correctly matching 

symbol drawn within a 2-minute timeframe. A brief practice test was given prior to the 

timed test to ensure that participants understood the instructions and could perform the task. 

Though there is no specific score that is considered diagnostic of cognitive impairment, 

an average of 28 symbol-number matchings per minute was observed among older adults 

without measurable cognitive impairment in a study that used a 90-second version of the 

DSST, while an average of 19 and 13 symbol-number matchings per minute were reported 

among older adults with subclinical and clinical cognitive impairment, respectively [42]. 

Another study reported average scores of approximately 35 to 40 points per minute for a 

broader population of younger adults between the ages of 20 and 54 and progressively lower 

scores, as well as increasing variability in scores, with age among older adults [43].

Measures of hydration and water intake

Calculated serum osmolarity—This study assessed hydration status using calculated 

serum osmolarity (Sosm), which is considered a more reliable biomarker of hydration status 

than urinary markers in older adults [44]. Venous blood draws were performed during the 

MEC visit in the morning, mid-day, or afternoon. Blood samples were processed, stored, and 

shipped to the Collaborative Laboratory Services, Ottumwa, Iowa for analysis where they 

were analyzed for a series of 22 analytes including blood urea nitrogen (BUN), glucose, 

sodium (Na+), and potassium (K+) on the DxC800 Modular chemistry analyzer [45]. With 

all analytes measured in mmol/L, Sosm was calculated using the following equation [46]:

Sosm = 1.86 × (Na+ + K+) + 1.15 × glucose + BUN + 14

This equation was demonstrated to provide good diagnostic accuracy of dehydration among 

older men and women with and without diabetes or poor renal function [47,48].

Bethancourt et al. Page 4

Eur J Nutr. Author manuscript; available in PMC 2022 February 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Dehydration and impending dehydration were defined as Sosm >300 and 295-300 mmol/L, 

respectively [47,44,23]. Hyperhydation was defined as Sosm <285 mmol/L[49]. The 

euhydrated Sosm range was divided into categories of 285-294 and 290-294 mmol/L.

Total water intake

Data on all foods and beverages consumed the day prior to the cognitive exams were 

collected by trained interviewers during the MEC visit using a computer-assisted multiple-

pass 24-hour (midnight to midnight) dietary recall (24-HR). We assessed total water intake 

using the measure of total moisture content (mL) calculated from all foods, beverages, and 

plain water reported on the recall. The primary measure of adequate intake (AI) of water 

was based on the cut-points of ≥2 L/day for women and ≥2.5 L/day for men recommended 

by the European Food and Safety Authority recommendations [50]. These recommendations 

are more conservative than the 2.7 L/day and 3.7 L/day recommendations of the Institute 

of Medicine [51] and may be more appropriate for less active older adults who may be 

at greater risk not only for dehydration but also for water intoxication if they have low 

serum sodium levels (a common effect of salt-restricted diets and/or diuretic use) [52–

55]. Acknowledging that water needs may vary depending on caloric intake and energy 

expenditure, an “alternative AI” defined as ≥1 mL/kcal and ≥1500 mL [56,57] was also used 

for a sensitivity analysis.

Covariates

Age (as an ordinal variable in 5-year categories), sex (male or female), self-reported race 

and Hispanic origin (NH white, NH black, Hispanic, or “Other Ethnicity”), and educational 

attainment (less than high school, high school graduate, some college, or college graduate) 

were accounted for in our study because of reports that younger adults, women, self-reported 

NH whites, and individuals with higher educational attainment tend to consume more 

moisture-dense diets and be more likely to meet recommendations on water intake [13,29]. 

Time of examination (morning, afternoon, or evening) was included because time of day 

can affect hydration measures [58] and alertness [59]. As some participants were asked to 

fast for ≥8.5 hours prior to their blood draw or reported voluntarily fasting for extended 

periods of time, we controlled for the self-reported number of hours (as a continuous, linear 

variable) since intake of food.

Body mass index (BMI), which may modify the relationship between water intake and 

hydration status [60], was calculated (kg/m2) using weight and height measurements taken 

in the MEC visit. Physical activity, also associated with both hydration needs [61] and 

cognitive performance among older adults [62], was measured using the Global Physical 

Activity Questionnaire [63] and dichotomized by whether individuals were meeting the 

minimum national recommendations for older adults of ≥75 minutes of vigorous-intensity 

or ≥150 minutes of moderate-intensity physical activity/week, or an equivalent combination 

of moderate- and vigorous-intensity activity [64]. Alcohol, which may act as a diuretic at 

certain levels (e.g., >30 g for older men [65]) and is at similar amounts also associated with 

elevated risk of dementia when consumed regularly [66], was estimated in grams from the 

24-HRs and categorized as 0, >0-30 g, or >30 g. Caffeine appears to increase urinary output 

only when consumed at more than “moderate” (e.g., >3-4 cups/day), at least among younger 
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and health adults [67–71], but it can affect attention and alertness as lower amounts [67,72]. 

We therefore categorized caffeine estimates from the 24-HRs as 0 mg, >0-200 mg, >200-400 

mg, and >400 mg.

Hours of nighttime sleep was assessed through the Computer-Assisted Personal Interviewing 

(CAPI) question, “How much sleep do you usually get at night on weekdays or workdays?” 

This variable was categorized as ≤6 hours, 7-8 hours and ≥9 hours, based on evidence that 

both short and long durations of sleep may be associated with hypohydration [73], and sleep 

deficits (≤6 hours) are associated with impaired cognitive performance [74].

An indicator for diabetes status was included because [20,30] diabetes can negatively impact 

kidney health [75], thereby affecting electrolyte and body water balance; furthermore, 

kidney disease, diabetes, insulin resistance, and elevated glycated hemoglobin (HbA1c) have 

all been associated with cognitive decline in epidemiological studies [76–81]. A participant 

was considered to have diabetes if their HbA1c at the MEC visit was ≥6.5% or if they 

reported a prior diagnosis from a doctor of diabetes [82,75].

Finally, we reported on the proportion of individuals in our sample with low (<135 

mmol/L) or high (>145 mmol/L) levels of serum sodium or with signs of stage 3-5 kidney 

failure defined as estimated glomerular filtration rate (eGFR) of <60 mL/min/1.73 m2 

[83]. Estimations of eGFR were derived using the Chronic Kidney Disease Epidemiology 

Collaboration (CKD-EPI) equations specified for race, sex, and creatinine levels [84].

Statistical Analysis

To account for the complex, four-stage sample design of NHANES, all analyses used 

survey commands available through Stata 15.1 (College Station, TX; National Center for 

Health Statistics, 2015), which estimate standard errors using Taylor series linearization 

[85]. We used the NHANES day one dietary sampling weights to adjust for over-sampling, 

nonresponse, noncoverage, and day of the week. Weighted descriptive statistics were 

obtained for the combined 2011-2012 and 2013-2014 samples. Fractional polynomial 

scatterplots were generated to illustrate unadjusted relationships between Sosm (continuous) 

and each of the four test scores, and univariate t-statistics were used to compare pairwise 

differences in test scores across the categories of Sosm and water intake.

Multiple linear regression models were used to test the relationship between hydration 

status (Reference Sosm: 285-289 mmol/L) or meeting the EFSA AI of water and each of 

the four cognitive test scores adjusting for covariates: age, education, sex, race/Hispanic 

origin, time of exam, number of hours fasting, BMI, compliance with physical activity 

recommendations, caffeine intake, alcohol intake, nighttime sleep duration, and diabetes 

status. The models testing AI of water as the primary predictor also adjusted for caloric 

intake estimated from the 24-HRs. Because there was evidence of an interaction between sex 

and Sosm for the CERAD-IR, CERAD-DR, and DSST models, multivariate analyses were 

conducted separately for women and men.

Sensitivity analyses were performed to gain a better understand of whether the observed 

relationships held up if dichotomizing Sosm by dehydration status (>300 mmol/L) or using 
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the alternative AI of water (≥1 mL/kcal and ≥1500 mL). Another sensitivity analysis tested 

for quadratic trends between test scores and Sosm. A final sensitivity analysis involved 

reanalyzing the models testing the relations between Sosm categories or the alternative AI 

and tests scores with further adjustment for blood glucose (modeled as a linear and quadratic 

covariate) and eGFR (<60 mL/min/1.73 m2) [83,84], while also excluding additional 

outliers: participants who reported fasting for >18 hours at the time of the blood draw; 

reported <500 kcal the day prior to their exam; had hypoglycemia (blood glucose <3 

mmol/L); or presented with either low (<135 mmol/L) or high (>145 mmol/L) serum sodium 

levels.

RESULTS

Excluding older adults with missing data on any cognitive tests, Sosm, water intake, and 

covariate measures yielded an analytic sample of 2,506 adults (see Supplemental Figure 1 

for participant flow chart): 1,271 women and 1,235 men (Table 1). Nearly two-thirds of 

the sample had at least some college education. Women had a mean BMI of 29.2 kg/m2, 

and men had a BMI of 28.9 kg/m2. Approximately 18.7% and 22.3% of women and men, 

respectively, had a known diagnosis of diabetes or HbA1c levels indicative of diabetes 

(≥6.5%) on the day of the MEC visit.

Calculated Sosm ranged from 269 to 319 mmol/L (mean: 293±5.2). Approximately half 

the sample was within the euhydrated range of calculated Sosm between 285-294 mmol/L. 

Nonetheless, 29.6% and 33.3% of women and men had Sosm levels indicative of impending 

dehydration (295-300 mmol/L) while another 10.2% and 12.6% of women and men, 

respectively, had Sosm levels indicative of dehydration (>300 mmol/L). Individuals in the 

dehydrated category tended to have higher BMI and elevated blood glucose and BUN levels 

but lower eGFR levels; 49.1% had eGFR levels in the range associated with stage 3-5 kidney 

failure (Supplemental Table 1).

Mean total water intake was 2.6±1.0 L among women and 2.9±1.2 L among men, and 

an estimated 66.2% and 54.3% of women and men, respectively, were meeting the EFSA 

AI recommendations (Table 1). Of the overall sample that was falling short on their water 

intake, approximately 34.1% and 14.3% had Sosm levels in the 295-300 and >300 mmol/L 

range, respectively (data not shown). However, at least half of participants within each Sosm 

category, including those considered dehydrated, were estimated to be meeting EFSA AI 

recommendations (Supplemental Table 1).

Serum osmolarity and cognitive performance

CERAD-IR scores ranged from 0 to 30 with a mean of 19.8±4.0; CERAD-DR scores ranged 

from 0 to 10 with a mean of 6.3±2.0. In the bivariate comparisons among the full sample 

(women and men combined), scores for the CERAD-IR and CERAD-DR tests did not differ 

across categories of Sosm (Fig 1a and Fig 1b).

AFT scores ranged from 3 to 40 with a mean of 18.2±5.0. In the bivariate analysis, the AFT 

scores were, on average, 1.6±0.6 (P=0.02) and 0.9±0.4 (P=0.04) lower in the dehydrated 
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group compared to those with Sosm between 285-289 and 295-300 mmol/L, respectively 

(Fig 1c).

The DSST scores ranged from 0 to 105 with a mean of 52.7±14.8, which translated into 

approximately 26.4 points/minute. The mean DSST score of 48.0±15.8 in the dehydrated 

group were 7.9±1.4, 5.6±1.3, and 3.8±1.3 points lower than those with Sosm between 

285-289, 290-295, and 295-300 mmol/L, respectively, in the bivariate analysis (all P-

values≤0.005) (Fig 1d).The 3.6-point difference between those with Sosm>300 versus <285 

mmol/L was not significant (P=0.2)

Among women, the multivariate analyses provided no evidence for an association between 

Sosm and the CERAD-IR or CERAD-DR scores (Table 2). There was a trend toward 

lower scores on the AFT among women with high Sosm relative to the reference category 

(285-289 mmol/L), though the difference was only statistically significant for women with 

Sosm between 290-294 mmol/L. On the DSST, women in the reference group scored an 

average of 3.5±1.2 (P=0.007), 3.2±1.5 (P=0.04), and 4.6±1.8 (P=0.01) points higher than 

women in the 290-294, 295-300, and >300 mmol/L groups, respectively. They also scored 

an average of 5.1±2.3 (p=0.03) points higher on the DSST than women in the lowest Sosm 

group.

In contrast, the multivariate analyses suggested that men in the reference group scored 

1.8±0.7 (P =0.008) points lower on the CERAD-IR compared with men in the dehydrated 

group and 0.5±.02 (P=0.03) and 0.9±0.3 (P=0.01) points lower on the CERAD-DR tests 

than men in the 295-300 and >300 mmol/L groups, respectively. There were no significant 

differences in the AFT or DSST scores across distinct Sosm categories among men.

The covariates with significant negative associations with cognitive tests scores included 

older age, lower level of education, indication of diabetes, failure to meet physical activity 

recommendations, and reported sleep durations of ≥9 hours. There was also evidence that 

women who attended the MEC visit in the afternoon scored, on average, 3.1±1.4 (p0.04) 

points higher than women whose visits were in the morning, but time of day was otherwise 

not associated with the other test scores for women or with any of the test scores for men 

(data not shown).

Despite the evidence of lower DSST scores among women in the dehydrated when Sosm 

was categorized into 5 distinct levels, there was no evidence of such a relationship when 

Sosm was dichotomized as ≤300 or >300 mmol/L (Supplemental Table 2). This was likely 

due to a significant quadratic relationship between Sosm and DSST, suggesting that both 

high and low Sosm levels were associated with lower DSST scores among both women and 

men (Supplemental Table 3). Similar but non-significant curvilinear trends appeared with 

the other test scores as well (Fig 3a–3d).

In our final sensitivity analyses, adjustment for blood glucose and eGFR and exclusion 

of individuals with particularly low caloric intake, extended fasting prior to the test, 

hypoglycemia, or low or high serum sodium levels attenuated the relationship between 

Sosm categories and DSST among women (Supplemental Table 4). Notably, being in 

the low eGFR category (indicative of kidney problems) was associated with an estimated 
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2.3±1.0 (P=0.04) lower DSST score among women, and there was evidence of a significant 

quadratic relationship (p=0.02) between blood glucose and DSST even when controlling 

for known diabetes or elevated HbA1c. In contrast, the additional covariates and exclusions 

in these sensitivity analyses only made the positive relationships between higher Sosm 

categories and CERAD-IR, CERAD-DR, and DSST scores among men appear more 

prominent.

Water intake and cognitive performance

In the bivariate comparisons, scores for all four cognitive tests were significantly lower 

among adults who failed to meet EFSA recommendations on AI of water (all P-values 

for pairwise comparisons<0.001) (Fig 2a–2d). However, the multivariate analyses found no 

significant associations between AI of water as defined by EFSA and test scores among 

either women or men (Table 3). Using the alternative AI defined as ≥1 mL/kcal and ≥1500 

mL/day, on the other hand, the data suggested that women not meeting recommendations 

scored on average 1.0±0.4 (P=0.02) and 2.2 ± 1.0 (P=0.03) lower score on the AFT and 

DSST, respectively; while men trended in that same direction (Supplemental Table 5). These 

findings were consistent in the sensitivity analyses that adjusted for glucose and eGFR and 

excluded outliers (Supplemental Table 6).

DISCUSSION

Given the increased risks of dehydration and cognitive decline that accompany the aging 

process, this study aimed to test whether hydration status and water intake among a 

nationally representative sample of community-dwelling older adults was associated with 

measures of cognitive function. Despite bivariate analyses suggesting significantly lower 

average scores on the AFT and DSST among all individuals (women and men combined) 

with Sosm>300 mmol/L relative to those with Sosm 285-289 mmol/L, the magnitude of 

the association was diminished among women and was completely absent among men 

when we controlled for age, education, diabetes status, sleep duration, physical activity, 

and other confounding factors. Similarly, bivariate associations between meeting EFSA 

recommendations on water disappeared in the multivariate analyses. Nonetheless, the 

multivariate analyses suggested that women in the higher and the lowest Sosm categories 

tended to score approximately 3- to 5-points lower on the DSST than those with Sosm 

285-289 mmol/L. Additionally, women failing to consume ≥1mL/kcal and ≥1500 mL water 

scored approximately two points lower on the DSST score and one point lower on the 

AFT. These performance differences in relation to Sosm and water intake were similar in 

magnitude to the difference in scores observed within the same models in relation to a 5-year 

increase in age.

The finding that the DSST was the cognitive test associated with hydration status and water 

intake among women is in line with one meta-analysis suggesting that attention is one 

of the cognitive domains most consistently shown to be negatively impacted by heat- and 

exercise-induced dehydration in experimental studies [4]. Although these findings were not 

supported in another meta-analysis restricted to only cross-over experimental studies [7], 

there is reason to believe that tasks that are more cognitively demanding or that require 
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longer durations of sustained attention may be more affected by hydration levels than short, 

less complex tasks [86]. In contrast, the CERAD tests of verbal memory and AFT evaluation 

of verbal fluency may have been less cognitively demanding than the DSST, or perhaps there 

was simply greater mental fatigue by the time participants finished the CERAD-IR and AFT 

and moved on to the DSST.

It is difficult to explain the spurious results in the data suggesting higher scores on the 

CERAD test scores among men in the dehydrated group relative to those with Sosm between 

285-289 mmol/L. Sex differences with dehydration appearing favorable for young men but 

detrimental for young women have been reported for tests of reaction time [87] and error 

rates on choice reaction tests [88] in experimental studies inducing dehydration through a 

24-hour water restricted diet [87] or water-restricted exercise [88]. However, sex reportedly 

did not modify the negative effect of a 4-hour heat-induced dehydration experiment on 

immediate and delayed word-list recall exercises similar to the CERAD-IR and CERAD-

DR [89], and few other studies have included both men and women much less explored 

differences by sex [6].

Though sex hormones can influence thirst and fluid regulation [90–92], they would not 

likely play as important of a role in elderly populations. Nevertheless, there could be 

variation in the thresholds at which women and men begin to sense the physical effects 

of inadequate hydration, and the point at which someone feels discomforted by thirst and 

dehydration, rather than a given level of dehydration itself, may be what disrupts attention, 

focus, and ability to perform complex tasks [93,94]. Likewise, different habits around water 

consumption may shape over a lifetime how well different individuals tolerate a given level 

of water restriction or begin to feel thirsty or fatigued in response to water deprivation. 

Our study and others suggest that men are generally less likely than women to meet their 

respective sex-specific water intake recommendations [13,25,95] and more likely to show 

signs of dehydration [23,30]. Hence, men may, on average, be accustomed to operating at 

lower levels of water relative to their body mass and higher levels of Sosm, potentially 

because they have higher muscle mass and, thereby, higher body water reserves than women. 

Further research would be needed to determine the degree to which the observed sex 

differences in response to dehydration in this study or others are real or simply a statistical 

problem.

The evidence of a curvilinear relationship between Sosm and DSST scores among both 

women and men was also a noteworthy finding in our study, and it is possible that a 

similar quadratic relationship went undetected in the models of the CERAD tests but could 

nonetheless contribute to the unexpected positive relationship between Sosm and CERAD 

test scores among men. Importantly, these findings raise questions about the appropriateness 

of defining Sosm levels between 275 and 294 mmol/L as “normal” hydration for older 

adults [47,44,23]. Our results suggest that mean DSST scores were not significantly different 

between those with Sosm levels <285 versus >300 mmol/L. Individuals in the lowest Sosm 

category may have been overhydrated, which can be a result of aging-related reductions in 

renal capacity to excrete free-water and a cause of hyponatremia [55,52,96], a condition 

of low serum sodium levels that may independently be associated with increased risk of 

attention deficits [97], cognitive impairment [98], and dementia [99]. Indeed, a substantial 
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proportion (44.4%) of individuals with calculated Sosm<285 mmol/L had serum sodium 

levels indicative of hyponatremia (<135 mmol/L). It is telling that excluding those with low 

serum sodium eliminated the negative association between being in the Sosm<285 mmol/L 

and DSST scores among women.

Finally, our results suggest that there may be a point of diminishing returns on water intake. 

This was demonstrated by the findings that meeting EFSA recommendations on AI for water 

was not significantly associated with cognitive performance among women or men but that 

failure to meet the alternative AI of 1 mL/kcal and ≥1500 mL was negatively associated 

with AFT and DSST scores among women with a similar direction, but not statistically 

significant effect, for men. It is also possible that meeting the alternative AI was also 

associated with obtaining more calories and nutrients in general. However, these analyses 

controlled for caloric intake, and the association between meeting this alternative AI and 

cognitive tests remained robust after excluding individuals with <500 kcal and including 

adjustment for glucose and eGFR. Other scholars have also proposed that recommendations 

on AI of water may need to be adjusted downward for older adults who are at risk for 

overhydration [52].

This study adds to a scarce body of literature among older adults testing but not providing 

convincing evidence for associations between dehydration and cognitive performance, in 

part because of study samples not being particularly dehydrated [25], not controlling for 

confounders but identifying blood pressure as a mediator [26], or experimental designs 

that hinder the ability to isolate the effects of dehydration from the effects of prolonged 

uphill walking [27] or caffeine restriction [28]. Notwithstanding, this study has its own set 

of limitations. First, while many have argued that Sosm is a better measure of hydration 

status than urinary biomarkers among older adults given the reduced capacity to concentrate 

urine with age [14,44,100], research has demonstrated that plasma osmolality can be 

similar among both low and high water drinkers [101,51,102]. This suggests that strong 

physiological mechanisms are in place to maintain osmolality in the blood unless more 

extreme levels of dehydration occur [103,104]. For instance, two experimental studies 

demonstrated that even 24 hours of water deprivation did not necessarily result in Sosm 

values of >300 mmol/kg [87,105]. Conversely, in a sample of healthy adults (20-70 y) a 3 

L/day increase in water intake for a week was shown to decrease plasma osmolality by only 

2 mmol/kg while still remaining >290 mmol/kg [106]. Any acute dehydration or rehydration 

immediately prior to the cognitive testing, for example, would not necessarily be observed in 

the Sosm.

Second, it is possible that the hydration status of some individuals was misclassified 

because Sosm was calculated as opposed to being directly measured. The equation for 

Sosm developed by Khajuria and Krahn [46] was shown to predict directly measured serum 

osmolality well in older adult men and women with and without diabetes or renal problems 

[47,48]. Nonetheless, the BUN, glucose, and sodium levels in the serum that were used to 

calculate Sosm can vary independently from hydration status in relation to dietary factors, 

kidney function, or pathological conditions [94]. Furthermore, because blood samples were 

collected at different times of day and not consistently in the fasted state, it is possible that 

calculated Sosm measures could have also been affected by recent food consumption or 
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other physiological and hormonal processes that fluctuate throughout the day. However, we 

did control for fasting status and time of day.

Third, the cognitive tests used in this study were chosen for their ease of administration [32], 

but they may not be as sensitive to variations in hydration status. The chosen language for 

test administration and cultural factors may also influence test scores [32]. Moreover, the 

tests did not include a measure or reaction time, which could provide a distinct signal of 

cognitive performance from the total score.

Fourth, this study used cross-sectional data, so we were unable to determine the 

directionality of the observed associations. Older adults in our sample with existing 

cognition impairment may also be less likely to meet hydration needs [23,14,22,24]. 

Indeed, approximately 46% of our sample scored ≤14 on the CERAD-IR (15.7%), ≤3 

on the CERAD-DR (13.9%), <15 on the AFT (35.1%), or <13 points per minute on the 

DSST (11.7%), which are scores that may be associated with a greater risk of cognitive 

impairment [39,42,36]. However, only 2.2% of the sample scored below those respective 

levels on all tests, and average test scores were within the typical ranges reported for 

non-cognitively impaired older adults [39,40,42,37,36]. Additionally, with cross-sectional 

data we are making comparisons across individuals, when it may be deviations in one’s own 

baseline hydration status and resulting shift from one’s own baseline cognitive test score that 

may be more informative of the relationship between hydration and cognitive performance.

Fifth, we lacked information on the climate, temperature, and altitude of the study 

participants’ location of residency, which could be additional sources of variation in the 

degree to which individuals perceive or feel discomforted by thirst.

Finally, it is possible that the study conditions themselves may have disrupted certain factors 

that could have impacted test scores. For instance, coming to the MEC in a fasted state 

or an otherwise disrupted eating and drinking schedule on the day of the exam could have 

biased the study findings. Likewise, our measures of water and caffeine intake were from the 

previous day and may not accurately reflect the relative degree of water and caffeine intake 

on the day of the study. Any unmeasured deviations in consumption of these substances 

prior to the exam may have hindered our ability to detect associations between hydration 

status or water intake and cognitive performance.

In conclusion, this study is the largest, most comprehensive, well-controlled study known to 

examine how hydration status or water intake relate to cognitive performance in a nationally 

representative sample of community-dwelling older women and men. This study provides 

clues into how hydration status and water intake on a given day may relate to cognitive 

performance in the absence of major heat or exercise stressors, and it demonstrates that 

differences in age, education, physical activity, sleep patterns, and diabetes status can 

account for large portion of any bivariate associations between hydration or water intake and 

cognitive performance. Nonetheless, scores on the DSST, a measure of sustained attention, 

processing speed, and working memory, were significantly lower among older women that 

either had higher Sosm levels, low levels of Sosm, or were not consuming ≥1 mL/kcal 

and ≥1500 mL total water on the day prior to the exam. There was also evidence of a 
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curvilinear relationship between Sosm and DSST scores among both women and men, 

suggesting that overhydration, particularly if it results in hyponatremia, may be just as much 

of a concern for cognitive function as dehydration. Further research is needed to better 

understand which cognitive tasks are most likely to be affected by water intake, hydration 

status, and electrolyte imbalance and to investigate potential differences across older women 

and men in their responses to dehydration.
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Fig 1. 
Mean cognitive tests scores by category of calculated serum osmolarity among US women 

and men ≥60 years old (n=2,506), NHANES 2011–2014.

Note: Bivariate analyses comparing mean cognitive test scores across the five categories of 

calculated serum osmolarity (Sosm) using a univariate t statistic at the P< 0.05 significance 

level not adjusted for covariates.

a. Mean CERAD IR scores for Sosm<285 mmol/L: 19.2±0.5; Sosm 285-289 mmol/L: 

20.0±0.3; Sosm 290-294 mmol/L: 20.0±0.3; Sosm 295-300 mmol/L: 19.6±0.4; Sosm >300 

mmol/L: 19.8±0.4. No significant differences across Sosm categories.

b. Mean CERAD IR scores for Sosm<285 mmol/L: 6.1±0.3; Sosm 285-289 mmol/L: 

6.3±0.1; Sosm 290-294 mmol/L: 6.4±0.1; Sosm 2950-300 mmol/L: 6.2±0.2; Sosm >300 

mmol/L:6.2±0.2. No significant differences across Sosm categories.

c. Mean AFT scores for Sosm<285 mmol/L: 18.1±0.6; Sosm 285-289 mmol/L: 18.8±0.5; 

Sosm 290-294 mmol/L: 18.2±0.2; Sosm 295-300 mmol/L: 18.2±0.3; Sosm >300 mmol/L: 

17.3±0.5. AFT scores were significantly lower in the group with Sosm >300 mmol/L 

compared with the group with Sosm 285-289 mmol/L (−1.6±0.6, p=0.02) and the group 

with Sosm 295-300 mmol/L (−1.0±0.4, P=0.04).
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d. Mean DSST scores Sosm<285 mmol/L: 51.7±2.1; Sosm 285-289 mmol/L: 56.0±1.1; 

Sosm 290-294 mmol/L: 53.6±0.8; Sosm 295-300 mmol/L: 51.9±0.8; Sosm >300 mmol/L: 

48.0±1.3. DSST scores were significantly lower in the group with Sosm >300 mmol/L 

compared with the group with Sosm 285-289 mmol/L (−7.9±1.4, P<0.001), the group with 

Sosm 290-294 mmol/L (−5.6±1.3 p<0.001) and the group with Sosm 295-300 mmol/L 

(−3.8±1.3, p<0.005). They were also lower in the group with Sosm 295-300 compared with 

the group with Sosm 285-289 mmol/L (−4.1±1.2, P=0.002).
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Fig. 2. 
Mean cognitive test scores by category of water intake among US women and men ≥60 

years old (n=2,506), NHANES 2011–2014.

Note: Bivariate analyses comparing mean cognitive test scores between participants meeting 

or not meeting EFSA recommendations for adequate intake (AI) of water (≥2 L/day for 

women and ≥2.5 L/day for men) using a univariate t statistic at the P< 0.05 significance level 

not adjusted for covariates.

a. Mean CERAD-IR scores among those not meeting AI (19.1±0.3) and meeting AI 

(20.3±0.3). Difference=1.2±0.2, P<0.001

b. Mean CERAD-DR scores among those not meeting AI (5.9±0.1) and meeting AI 

(6.5±0.1). Difference=0.6±0.1, P<0.001.

c. Mean AFT scores among those not meeting AI (17.3±0.2) and meeting AI (18.8±0.2). 

Difference=1.5±0.3, P<0.001.

d. Mean DSST scores among those not meeting AI (49.1±0.7) and meeting AI (55.1±0.6). 

Difference=6.0±0.7, P<0.001.

Bethancourt et al. Page 22

Eur J Nutr. Author manuscript; available in PMC 2022 February 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Fractional polynomial plots of continuous relationship between cognitive test scores and 

calculated serum osmolarity (Sosm) among US women (n=1,271) and men (n=1,235) ≥60 

years old, NHANES 2011–2014.

Note: Not controlling for covariates

a. Fractional polynomial plot of the relationship between Consortium to Establish a Registry 

for Alzheimer’s Disease Word Learning–Immediate Recall (CERAD-IR) score (runs 1-3 

combined) and Sosm.

b. Fractional polynomial plot of the relationship between Consortium to Establish a Registry 

for Alzheimer’s Disease Word Learning–Delayed Recall (CERAD-DR) score and Sosm.

c. Fractional polynomial plot of the relationship between Animal Fluency Test (AFT) score 

and Sosm.

d. Fractional polynomial plot of the relationship between Digit Symbol Substitution Test 

(DSST) score and Sosm.
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Table 1:

Demographic, lifestyle, and health characteristics of study sample, US adults ≥60 years old, NHANES 

2011-2014

Women (n=1,271) 
a

Men (n=1,235) 
a

Weighted Means SE Weighted Means SE

Age (years):

 60-64 31.9% 2.1% 33.2% 2.3%

 65-69 23.3% 1.4% 25.7% 1.8%

 70-74 19.5% 1.2% 17.5% 1.4%

 75-79 10.3% 0.7% 11.3% 1.0%

 ≥80 15.2% 1.1% 12.2% 1.1%

Race/Ethnicity:

 NH white 79.5% 2.0% 79.6% 2.0%

 NH Black 8.6% 1.4% 7.4% 1.1%

 Hispanic 7.0% 1.3% 7.5% 1.1%

 Other Ethnicity 4.9% 0.7% 5.5% 0.7%

Education level:

<High school education 15.3% 1.6% 16.0% 1.8%

 High school graduate 24.0% 1.8% 19.9% 1.9%

 Some college 35.4% 2.0% 27.7% 2.0%

 College graduate+ 25.4% 2.1% 36.4% 2.6%

BMI (kg/m2) 29.2 0.2 28.9 0.3

Moderate and vigorous activity (minutes/week) 337 21 489 38

Physical activity>150 minutes/week 47.5% 1.8% 58.7% 2.0%

Hours of sleep:

 Sleep ≤6 hours 28.6% 1.4% 26.8% 1.9%

 Sleep 7-8 hours 61.4% 1.5% 63.1% 2.2%

 Sleep ≤9 hours 10.0% 0.8% 10.1% 1.3%

Session Time:

 Morning 50.4% 1.8% 50.3% 2.1%

 Midday 41.1% 1.7% 38.5% 1.8%

 Afternoon 8.6% 1.2% 11.2% 1.4%

Kilocalories 
b 1636 26 2167 28

Caffeine (mg) 
b 154 6 213 13

 Caffeine: 0 mg 8.6% 0.7% 8.0% 1.1%

 Caffeine: >0 to 200 mg 61.4% 1.8% 49.2% 2.0%

 Caffeine: >200 to 400 mg 22.4% 1.8% 28.4% 1.4%

 Caffeine: >400 mg 7.6% 1.0% 14.3% 1.6%

Alcohol (g) 
b 5

1 11 1

 Alcohol: 0 g 79.8% 1.7% 69.2% 1.7%

 Alcohol: >0-30 g 14.7% 1.4% 15.8% 1.4%
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Women (n=1,271) 
a

Men (n=1,235) 
a

Weighted Means SE Weighted Means SE

 Alcohol: >30 g 5.5% 1.0% 15.0% 1.4%

Total water intake moisture (gm) 
b

2596 55 2850 63

 Meeting EFSA AI 
c 66.2% 2.2% 54.3% 2.2%

 Meeting alternative AI 
d 75.5% 1.8% 68.0% 2.1%

Calculated Sosm (mmol/L) 
e 293.5 0.2 294.2 0.4

 Sosm: <285 mmol/L 6.9% 1.0% 5.1% 1.1%

 Sosm: 285-289 mmol/L 16.4% 1.7% 14.2% 1.3%

 Sosm: 290-294 mmol/L 36.9% 1.9% 34.7% 1.9%

 Sosm: 295-300 mmol/L 29.6% 1.9% 33.3% 1.9%

 Sosm: >300 mmol/L 10.2% 1.0% 12.6% 1.5%

Blood Glucose (mmol/L) 5.9 0.1 6.1 0.1

Diabetes (Diagnosed or HbA1c ≥6.5%) 18.7% 1.3% 22.3% 1.6%

eGFR (mL/min/1.73 m2) 
f 73.7 0.6 73.4 0.7

eGFR <60 mL/min/1.73 m2 22.7% 1.5% 20.6% 1.7%

Sodium (mmol/L) 139.5 0.1 139.5 0.2

 Low sodium (<135 mmol/L) 3.5% 0.5% 3.1% 0.8%

 Normal Sodium (135-145 mmol/L) 95.9% 0.6% 96.6% 0.7%

 High sodium (>145 mmol/L) 0.6% 0.3% 0.3% 0.2%

Hours fasting at time of blood draw 7.3 0.2 7.3 0.2

a
Unweighted sample size

b
Estimated from one 24 hour-recall on foods and beverages consumed from midnight to midnight the day prior to the exam.

c
EFSA AIs defined as ≥2 L/day for women and ≥2.5 L/day for men

d
Alternative AI defined as 1 mL/kcal and minimum 1500 mL total water intake

e
Estimated as 1.86×(Na++ K+)+1.15×glucose+BUN+14 (all analytes in mmol/L).

f
Estimated using the CKD+EPI equations specific for race, sex, and serum creatinine
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Table 2:

Linear regression analyses estimating relationships between calculated serum osmolarity (Sosm) and cognitive 

performance test scores among women and men ≥60 years old, NHANES 2011-2014.
a

Women (n=1,271) 
b

Men (n=1,235) 
b

VARIABLES CERAD-IR
CERAD-

DR AFT DSST CERAD-IR
CERAD-

DR AFT DSST

Calculated Sosm

285-289 mmol/L REF REF REF REF REF REF REF REF

<285 mmol/L −0.5 (0.5) −0.03 (0.2) −0.8 (0.8)
−5.1** 
(2.3) −0.7 (0.7) −0.1 (0.4) 0.2 (0.9) −2.5 (2.5)

290-294 mmol/L −0.3 (0.3) 0.1 (0.2)
−1.2** 
(0.5)

−3.5*** 
(1.2) 0.8 (0.6) 0.3 (0.2) 0.6 (0.8) 1.6 (1.0)

295-300 mmol/L −0.2 (0.5) 0.04 (0.2) −0.2 (0.6)
−3.2** 
(1.5) 0.8* (0.5) 0.5** (0.2) 0.5 (0.8) 2.4* (1.2)

>300 mmol/L 0.5 (0.5) 0.4 (0.3) −1.0 (0.6)
−4.6** 
(1.8) 1.9*** (0.7) 0.9** (0.3) 0.5 (0.9) 1.6 (1.4)

Age (5 yrs)
−1.0*** 

(0.1)
−0.5*** 

(0.1)
−1.1*** 

(0.1)
−4.7*** 

(0.3)
−1.0*** 

(0.1)
−0.5*** 

(0.1)
−0.9*** 

(0.2)
−3.7*** 

(0.3)

< High school REF REF REF REF REF REF REF REF

High school 
graduate 1.5*** (0.4) 0.4* (0.3)

1.7*** 
(0.4)

8.3*** 
(1.2) 0.4 (0.4) −0.3 (0.3) −0.3 (0.6)

7.5*** 
(1.7)

Some college 1.8*** (0.5) 0.6** (0.2)
2.6*** 
(0.3)

12.2*** 
(1.3) 1.9*** (0.5) 0.6*** (0.2)

2.4*** 
(0.6)

11.6*** 
(1.2)

College graduate+ 2.9*** (0.4) 1.1*** (0.3)
4.8*** 
(0.5)

15.1*** 
(1.6) 2.0*** (0.6) 0.5* (0.3)

3.8*** 
(0.5)

16.5*** 
(1.4)

Physical activity 
(≥150 mins/week) 0.5* (0.3) 0.3** (0.1)

1.1*** 
(0.3)

3.1*** 
(0.8) 0.3 (0.3) 0.2 (0.2) 1.1** (0.5)

2.9*** 
(0.9)

Sleep, 7-8 hours REF REF REF REF REF REF REF REF

Sleep, ≥6 hours −0.1 (0.3) 0.3* (0.1) −0.2 (0.4) −0.1 (0.9) −0.4 (0.4) 0.01 (0.2) −0.4 (0.4) 0.3 (1.1)

Sleep, ≥9 hours −1.1** (0.5) −0.3 (0.3)
−1.2** 
(0.5)

−4.8*** 
(1.4) −0.7 (0.5)

−1.0*** 
(0.3) −0.7 (0.8) −1.2 (1.1)

Diabetes 
(diagnosed or 
HbA1c≥6.5%) −0.8** (0.4)

−0.7*** 
(0.2) −0.5 (0.4)

−4.1*** 
(1.1) −0.4 (0.3) −0.3* (0.2) −0.5 (0.6)

−3.3*** 
(1.1)

Caffeine, 0 mg 
c

REF REF REF REF REF REF REF REF

Caffeine, >0-200 

mg 
c

0.9* (0.5) 0.3 (0.2) 0.5 (0.5) 2.9** (1.1) 0.2 (0.5) 0.4 (0.3) −0.8 (0.6) 0.6 (1.2)

Caffeine, >200-400 

mg 
c

1.2** (0.5) 0.4 (0.3) 0.9 (0.7)
5.5*** 
(1.4) 0.7 (0.4) 0.7** (0.3) 0.2 (0.6) 1.4 (1.2)

Caffeine, >400 mg 
c

1.0 (0.6) 0.4* (0.3) −0.3 (0.8) −0.1 (2.0) 0.1 (0.6) 0.2 (0.3) −0.2 (0.7) −0.8 (1.9)

Alcohol, 0 g 
c

REF REF REF REF REF REF REF REF

Alcohol, >0-30 g 
c

−0.1 (0.5) 0.1 (0.2) 0.3 (0.5) 3.1** (1.4) −0.1 (0.4) −0.1 (0.3) 0.5 (0.5) 1.0 (1.2)

Alcohol, >30 g 
c

−0.5 (0.7) −0.5 (0.4) −0.1 (0.6) 2.7 (2.2) −0.2 (0.4) 0.2 (0.3) 0.6 (0.7) 2.6 (1.6)
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Women (n=1,271) 
b

Men (n=1,235) 
b

VARIABLES CERAD-IR
CERAD-

DR AFT DSST CERAD-IR
CERAD-

DR AFT DSST

R-squared 0.20 0.19 0.31 0.48 0.19 0.19 0.23 0.46

Standard errors in parentheses

***
P<0.001,

**
P<0.05,

*
P<0.1

Notes: Constant not shown; REF=Reference category; CERAD-IR=Consortium to Establish a Registry for Alzheimer’s Disease (CERAD) 
Word Learning– Immediate Recall; CERAD-DR=CERAD Word Learning – Delayed Recall; AFT=Animal Fluency Test. DSST=Digit Symbol 
Substitution Test.

a
Adjusted for covariates shown and covariates not shown (race/Hispanic origin, time of exam, number of hours between last meal and blood draw, 

and BMI).

b
Unweighted sample size

c
Estimated from one 24 hour-recall on foods and beverages consumed from midnight to midnight the day prior to the exam.
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Table 3:

Linear regression analyses estimating relationships between EFSA guidelines on adequate water intake and 

cognitive performance test scores among women and men ≥60 years old, NHANES 2011-2014.
a

Women (n=1,271) 
b

Men (n=1,235) 
b

VARIABLES CERAD-IR
CERAD-

DR AFT DSST CERAD-IR
CERAD-

DR AFT DSST

Meeting AI 
c

REF REF REF REF REF REF REF REF

Not Meeting AI 
c

0.1 (0.3) −0.1 (0.2) 0.2 (0.4) 0.1 (0.7) −0.2 (0.3) 0.01 (0.2) −0.5 (0.4) −0.5 (0.9)

Age (5 yrs)
−1.0*** 

(0.1)
−0.5*** 

(0.1)
−1.1*** 

(0.1)
−4.8*** 

(0.3)
−0.9*** 

(0.1)
−0.5*** 

(0.1)
−0.9*** 

(0.2)
−3.5*** 

(0.2)

< High school REF REF REF REF REF REF REF REF

High school 
graduate 1.4*** (0.5) 0.4 (0.3)

1.6*** 
(0.3)

8.4*** 
(1.1) 0.4 (0.4) −0.2 (0.3) −0.3 (0.6)

7.4*** 
(1.8)

Some college 1.8*** (0.5) 0.6** (0.3)
2.6*** 
(0.3)

12.4*** 
(1.3) 1.9*** (0.5) 0.6*** (0.2)

2.3*** 
(0.7)

11.5*** 
(1.1)

College graduate+ 2.8*** (0.5) 1.0*** (0.3)
4.7*** 
(0.5)

15.2*** 
(1.6) 2.1*** (0.7) 0.5* (0.3)

3.8*** 
(0.5)

16.5*** 
(1.4)

Physical activity 
(≥150 mins/week) 0.5* (0.3) 0.3** (0.1)

1.0*** 
(0.3)

2.9*** 
(0.8) 0.2 (0.3) 0.1 (0.1) 1.0* (0.5)

2.8*** 
(0.9)

Sleep, 7-8 hours REF REF REF REF REF REF REF REF

Sleep, ≤6 hours −0.1 (0.3) 0.3** (0.1) −0.2 (0.4) 0.03 (0.9) −0.4 (0.4) −0.00 (0.2) −0.4 (0.4) 0.3 (1.2)

Sleep, ≥9 hours −1.1** (0.5) −0.3 (0.3)
−1.2** 
(0.5)

−4.9*** 
(1.4) −0.7 (0.4)

−1.0*** 
(0.3) −0.7 (0.8) −1.5 (1.1)

Diabetes 
(diagnosed or 
HbA1c≥6.5%) −0.6 (0.4)

−0.6*** 
(0.2) −0.5 (0.4)

−4.4*** 
(1.1) −0.2 (0.3) −0.2 (0.2) −0.5 (0.6)

−3.1*** 
(1.0)

Caffeine, 0 mg 
d

REF REF REF REF REF REF REF REF

Caffeine, >0-200 

mg 
d

0.8* (0.5) 0.2 (0.2) 0.3 (0.5) 2.5** (1.1) 0.01 (0.5) 0.3 (0.3) −0.8 (0.6) 0.3 (1.2)

Caffeine, >200-400 

mg 
d

1.1** (0.5) 0.4 (0.3) 0.8 (0.7)
5.1*** 
(1.5) 0.5 (0.4) 0.7** (0.3) 0.1 (0.5) 1.1 (1.2)

Caffeine, >400 mg 
d

0.8 (0.7) 0.3 (0.3) −0.4 (0.9) −0.7 (2.0) −0.3 (0.7) 0.1 (0.3) −0.4 (0.7) −1.5 (1.8)

Alcohol, 0 g 
d

REF REF REF REF REF REF REF REF

Alcohol, >0-30 g 
d

−0.2 (0.5) 0.02 (0.2) 0.1 (0.5) 2.7* (1.4) −0.02 (0.4) −0.1 (0.3) 0.5 (0.5) 1.1 (1.3)

Alcohol, >30 g 
d

−0.6 (0.7) −0.5 (0.4) −0.3 (0.7) 2.4 (2.3) −0.3 (0.4) 0.2 (0.3) 0.5 (0.7) 2.3 (1.6)

R-squared 0.20 0.19 0.30 0.48 0.18 0.18 0.23 0.45

Standard errors in parentheses

***
P<0.001,

**
P<0.05,

*
P<0.1
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Notes: Constant not shown. REF=Reference category; CERAD-IR=Consortium to Establish a Registry for Alzheimer’s Disease (CERAD) 
Word Learning– Immediate Recall; CERAD-DR=CERAD Word Learning – Delayed Recall; AFT=Animal Fluency Test. DSST=Digit Symbol 
Substitution Test.

a
Adjusted for covariates shown and covariates not shown (race/Hispanic origin, time of exam, number of hours between last meal and blood draw, 

BMI, and estimated calorie intake on previous day).

b
Unweighted sample size

c
EFSA AIs defined as ≥2 L/day for women and ≥2.5 L/day for men of total water from foods and beverages. Estimated from one 24 hour-recall on 

foods and beverages consumed from midnight to midnight the day prior to the exam.

d
Estimated from one 24 hour-recall on foods and beverages consumed from midnight to midnight the day prior to the exam.
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