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Abstract: Water is indispensable to keeping the functions of the human body working properly,
including that of the brain. The purpose of this research was to explore the impacts of water
supplementation on cognitive performance and mood, and to determine the optimum amount of
water to alleviate detriments of dehydration after 12 h water restriction. A randomized controlled
trial was implemented among 64 young adults from Baoding, China. Fasting overnight for 12 h,
and at 8:00 a.m. on day 2, osmolality of first morning urine and blood, cognitive performance,
and mood were assessed as the dehydration test. Then, participants were randomly separated into
four groups: water supplementation groups (WS groups 1, 2, and 3 with 500, 200, and 100 mL
purified water, respectively) and no water supplementation group (NW group). Participants in WS
groups were instructed to drink the water within 10 min, while those in NW group drank no water.
After 90 min, the same measurements were taken as the rehydration test. There was significant
interaction between TIME and VOLUME in thirst when comparing dehydration with rehydration
tests (F = 6.172, p = 0.001). Significant thirst reductions were found in WS group 1 and WS group
2 (p = 0.003; p = 0.041), and a significant increase was found in the NW group (p = 0.039). In the
rehydration test, significant interactions between TIME and VOLUME were found in scores of anger,
fatigue, and TMD (total mood disturbance) (F = 3.815, p = 0.014; F = 10.429, p < 0.001; F = 5.246,
p < 0.001), compared to the dehydration test. Scores of anger were only decreased in WS group 2
(p = 0.025), and scores of fatigue and TMD decreased in WS group 1 and WS group 2 (all p < 0.05).
Significant interaction between TIME and VOLUME was only found for operation span test scores
(F = 2.816, p = 0.047), with scores being only higher in WS group 1 in the rehydration test compared
to the dehydration test (p = 0.003). Comparing WS group 1 and WS group 2, scores of thirst, fatigue,
and TMD did not differ significantly (p > 0.05). Water supplementation improved working memory
and attenuated anger, fatigue, and TMD. A small amount of water (200 mL) was sufficient to attenuate
thirst, anger, fatigue, and TMD of young adults, but the larger volume (500 mL) appeared to be
necessary to improve working memory. The amount of 500 mL was the optimum volume to improve
the cognitive performance and mood among young adults.
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1. Background

Water is the basic element of the human body, composing 60%–70% of body weight [1,2]. It is
crucial for every system and metabolic activity of the human body [3]. Generally, water is in a dynamic
balance, with intake equal to the output. Adequate intake of water is recommended by different
countries according to the characteristics of the people [4,5], in order to sustain the functions of the
body properly.

Despite the importance of adequate water intake to maintain optimal hydration in the human
body, studies have shown that adults, including the elderly people, and children do not drink
enough water, which may increase the risk of dehydration [6–8]. Dehydration is the process of
water loss in the human body. The relationship between dehydration and physical performance
has been evaluated, showing that dehydration has a negative effect on muscle endurance, power,
and strength [9,10]. Moreover, the impacts of dehydration on cognitive performance have also
been explored among people of different ages, including children, young adults, and the elderly,
in experimental settings [11–15]. Among young adults, exercise or heat stress induced dehydration
has detrimental impacts on cognitive performance and mood, including negatively affecting the
working memory and attention span, and aspects of mood including TMD (total mood disturbance),
fatigue, confusion, anger, and depression are also increased [16–18]. Nevertheless, studies showed that
exercise and heat stress may have effects on cognitive performance [19–22]. Therefore, it is necessary to
conduct research on water restriction, only to induce dehydration, in order to investigate the impacts of
dehydration on cognitive performance and mood (after adjusting for confounding factors). A smaller
body of studies has explored the impact of dehydration after water or fluid deprivation on cognitive
performance and mood. Furthermore, in China, only one study has been implemented to explore
the association between hydration status and cognitive performance of adults [23], which remains an
inadequately studied topic.

Regarding the effects of water supplementation intervention on cognitive performance and mood,
conflicting findings also exist. Some results support the hypothesis that cognitive performance and
mood were improved after water supplementation. A study conducted among young adults revealed
that the RVIP task (rapid visual information processing task) improved after water consumption of 120
and 300 mL [24]. Furthermore, results of a study implemented among 47 adults showed that water
consumption affected performance in the letter cancellation task, which investigated the cognitive
ability of visual attention, but not mood [25]. Similarly, studies conducted among children reported that
even under conditions of mild dehydration, consuming a range from 300 to 1000 mL of water resulted in
better cognitive performance [26–28]. However, some studies have obtained controversial conclusions.
It was reported that the impact of mild hypohydration induced by exercise heat stress on the cognitive
performance of young adults was not influenced by fluid replacement [29]. Moreover, the results of a
study employed among adults indicated that no mood changes were found after participants drank
500 mL water [30]. A randomized controlled trial showed that water supplementation did not impact
cognitive performance among primary school pupils living in a hot climate [31]. In sum, whether water
supplementation can improve cognitive performance and mood needs to be explored further.

In China, limited research had been conducted in the context of water or hydration status and
cognitive performance. Only one study exploring the impacts of water supplementation on cognitive
performance and mood has been employed among young male adults, not including women [23].
More studies are needed. Moreover, it remains unclear whether young adults improve more of their
cognitive performance, after water restriction for 12 h, by drinking more water. Whilst, the amount of
water that is most appropriate to improve cognitive performance and mood is unknown.

Therefore, the objective of this study was to assess the impact of water supplementation on
cognitive performance and mood among young adults after fasting for 12 h. In addition, the most
appropriate amount of water that attenuated the impairments in cognitive performance and mood
induced by dehydration was determined. Furthermore, this research provides implications for
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policymaking and plays an important role in water education and determining the recommended
intake of water in China.

2. Methods

2.1. Participants

Sixty-four healthy college students, half of them men and half of them women, were recruited
from Hebei University Health Science Center.

The inclusion criteria were good health and age 18–23 years. The exclusion criteria were tobacco
use, habitual consumption of alcohol (>20 g/day) or caffeine (>250 mg/day), high-intensity exercise
habits, nervous system diseases, or other diseases [32].

2.2. Sample Size Calculation

A study conducted among young adults demonstrated that [33], the scores of letter cancellation
among participants in groups before and after water supplementation were 23.34 and 28.81, respectively.
SAS 9.2 (SAS Institute Inc., Cary, NC, USA) was used to calculate the sample size. The power was
set at 0.8, α set at 0.05, and a 10% drop-out rate was taken into account. A total of 64 participants
were needed.

2.3. Study Design and Procedure

The study was a randomized controlled, double blinded trial study design, which was employed
among young adults. The study design is demonstrated in Figure 1.
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The study was conducted over two days. The indexes of cognitive performance and mood were
measured twice during the two days.
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Day 1: Water restriction started at 8:00 p.m. on day 1 and ended at 8:00 a.m. on day 2. To fast
overnight for 12 h, participants were asked not to have any foods or drinks. Before water restriction,
which started at 8:00 p.m. on day 1, participants were allowed to consume food and drink normally.
Further, they were instructed that being in bed by 11:00 p.m. was ideal, and they were not allowed to
urinate until they got up the next morning.

Day 2: Water supplementation began from 8:00 a.m. to 10:00 a.m. on day 2. At 8:00 a.m.,
the dehydration test was conducted following standardized procedures. Anthropometric measurements
were taken by trained investigators, which included height, weight, and blood pressure. On day 2,
participants were instructed to collect their first urine samples using a container designed by the
researchers, and the samples were sent to the laboratory to test the osmolality, urinary specific gravity
(USG), and concentrations of electrolytes. Venous blood samples were taken by experienced nurses
to determine the osmolality, glucose, and electrolyte concentrations. In addition, the visual analog
scale (VAS) was used to measure the feeling of thirst, the profile of mood state (POMS) was used
to test mood, and software was used to determine cognitive performance. Then, participants were
randomly divided into four groups: water supplementation groups (WS groups 1, 2, and 3) and no
water supplementation group (NW group). At 8:30 a.m., participants in WS groups 1, 2, and 3 drank,
respectively, 500, 200, and 100 mL of purified water according to the instructions of investigators
from 8:30 a.m. to 8:40 a.m. Participants in the NW group were not allowed to have any fluids.
All water supplied to the participants was put into three opaque cups and maintained at 30–40 ◦C.
During an interval of 90 min (8:30 a.m. to 10:00 a.m.), all participants were only allowed to do light
physical activities. At 10:00 a.m., the indexes mentioned above were remeasured in the rehydration
test. The study procedure is shown in Figure 2.
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In China, people are used to drinking warm or boiled water instead of cold water. Participants
would feel uncomfortable if they drank cool or cold water, which may influence the results of the study.
Therefore, we maintained the temperature of the water between 30 ◦C and 40 ◦C, which is suitable for
drinking (neither too hot nor too cold), so as to limit any gastrointestinal upset. The water supplied to
the participants was kept in three cups. In order to maintain the temperature of the water, the cups
were kept in a water bath, and the researchers measured the temperature of the water periodically
during the study.

SPSS software (IBM Corp., Armonk, NY, USA) was used to generate random numbers, and then the
subjects were randomly divided into the four groups. In order to make the experiment double-blinded,
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the researchers who distributed the water to the participants and the participants themselves did not
know the amount of water they were supplied. Furthermore, the researchers responsible for data
analysis did not know the amounts of water supplied to the groups. During analysis, the groups were
named as a, b, c, and d instead of WS group 1, WS group 2, WS group 3, and NW group, respectively.
Moreover, every participant was assigned three opaque cups, and the water supplied to them was
divided equally into the three cups. They could not know the amount of water in the cups, even from
their weight, so they did not know the amount of water in the cups. Further, they were not allowed to
talk with each other about the experiment during the study.

2.4. Ethical Standards

The study protocol was approved by the Peking University Institutional Review Committee
(No. IRB00001052-16071). The study was performed according to the guidelines of the Declaration of
Helsinki. All participants signed informed consent forms prior to the study.

2.5. Anthropometric Measurements

Height (H) and weight (W) were measured twice using a height and weight meter by an experienced
investigator, and participants were asked to wear light clothing and no footwear (HDM-300; Huaju,
Zhejiang, China). (BMI: weight (kg)/height squared (m)). Blood pressure (BP) was tested twice by a
nurse using an electronic sphygmomanometer (HEM-7051; Omrom, Jiangsu, China). Before measuring
the blood pressure, participants were instructed to rest for at least 15 min, and the two measurements
were taken with an interval of two minutes. The height was tested twice to the nearest 0.1 cm, and the
weight was measured twice to the nearest 0.1 kg. Blood pressure was measured to the nearest 2 mmHg.

2.6. Temperature and Humidity of the Environment

The temperature and humidity were measured three times each day, at 10:00 a.m., 2:00 p.m.,
and 8:00 p.m., including indoors and outdoors, using a temperature hygrometer (WSB-1-H2, Exasace,
Zhengzhou, China).

2.7. Urinary Biomarker Measurements

Urine was collected from participants using portable plastic urine bags, which were designed
by the researchers. After receiving the samples of urine, researchers sent them to the laboratory as
soon as possible. Urine samples were analyzed within two hours and stored at +4 ◦C before taking
measurements. Urine osmolality was tested using the freezing point method by an experienced
laboratory technician with an osmotic pressure molar concentration meter (SMC 30C; Tianhe, Tianjin,
China). The urine electrolyte concentrations were tested by an experienced laboratory technician with an
automatic biochemical analyzer (AU 5800; Beckman; Brea, CA, USA), using the ion-selective electrode
potentiometer method. Urine specific gravity (USG) was assessed by an experienced laboratory
technician with an automatic urinary sediment analyzer (H-800; Dirui, Jilin, China), using the uric
dry-chemistry method.

2.8. Plasma Biomarker Measurements

Plasma osmolality was measured using standard urine osmolality laboratory methods.
The concentrations of plasma electrolytes were tested with the same method measuring the urine
electrolyte concentration. Blood glucose (BG) was measured by an experienced laboratory technician
using the ion-selective electrode potentiometer method with an automatic biochemical analyzer
(AU 5800; Beckman; Brea, CA, USA).
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2.9. Definition of Hydration Status

The status of hydration was determined on the basis of the osmolality of the urine. Dehydration
was defined when the osmolality was more than 800 mOsm/kg. Optimal hydration was defined when
the osmolality was less than 500 mOsm/kg [34,35].

2.10. Visual Analogue Scales (VAS) for Subjective Sensation

The subjective sensation of thirst in participants was tested by a 10-cm-line [36–38]. Participants
were instructed to answer the questions by placing a pencil mark anywhere on the line, with extreme
answers (“not at all” and “extremely”) at opposite ends of the line. The higher the score, the more
thirsty the participant.

2.11. Profile of Mood States (POMS)

The POMS questionnaire includes seven subscales and 40 adjectives. Tension, anger, fatigue,
depression, confusion, vigor, esteem-related affect, and total mood disturbance (TMD) were measured
with the questionnaire. (TMD = (tension + depression + anger + fatigue + confusion) − (vigor +

esteem-related affect) + 100) [39]. Each adjective was composed of five levels, from “not at all” to
“extremely”. Participants were instructed to choose the levels that corresponded to their mood.

2.12. Cognitive Performance (CP)

“Primary cognitive ability” software was used, which was developed by the Institute of Psychology,
Chinese Academy Sciences, China. The test consisted of five tasks, including a vocabulary test,
similarities test, symbol search test, operation span test, and portrait memory test.

2.13. Vocabulary Test

The language comprehension ability was examined by this test. Participants chose the most precise
interpretation of the word from five options, which included one most precise option, two precise
options, and two unrelated options. There were 36 words in the test. Scores were calculated according
to the number of most accurate, accurate, and wrong answers, which were assigned scores of 2, 1,
and 0, respectively [40].

2.14. Similarities Test

This test assessed verbal comprehension [40]. Participants were asked to find similarities between
two words. Further, they had to find the most precise interpretation of the similarities from five options.
The test had 32 words, with only one most precise option, two correct options, and two unrelated
options for each word, which were assigned 2, 1, and 0 points, respectively. Scores were calculated by
totaling the number of most precise, correct, and unrelated answers.

2.15. Symbol Search Test

This test measured processing speed [40]. Participants were asked to check two online symbols
and five offline symbols in the center of the screen, and they had to find as many similar symbols as
possible within the time limit. The duration of the test was 120 s. When they found the right symbol,
they received one point.

2.16. Operation Span Test

This test evaluated working memory [41]. It consisted of two parts: a mental arithmetic task and
remembering Chinese Zodiac Signs task. Participants completed the mental arithmetic task first and
then had to remember the Chinese Zodiac Signs that appeared after each problem. After all the mental
arithmetic tasks were finished, participants were asked to recall the correct order of the Chinese Zodiac
Signs that appeared on the screen for a few seconds after each mental arithmetic task. Every mental
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arithmetic task had a time limit of a few seconds. When the Chinese Zodiac Signs was recalled in the
correct order, the participants would get one point. The scores were only regarded as valid results,
until the correct recall rate of the Chinese Zodiac Signs task reached 80%.

2.17. Portrait Memory Test

This test assessed episodic memory [42]. The test included six portraits of people. The six portraits
appeared in order for a few seconds on the screen, with information about each person’s surname,
occupation, and hobby. When portraits were shown for the first time, participants were asked to recall
all information about the person on the screen. The portraits were then shown a second time in a
different order than the first, and the participants were again asked to recall the information about
the person on the screen. When the participants chose the right surname, occupation, and hobby,
they received 2 points, 1 point, and 1 point, respectively. Higher scores in this test represented a
better ability.

2.18. Statistical Analyses

Statistical analyses were performed using SPSS Statistics 20.0 (IBM Corp., Armonk, NY, USA).
Quantitative parameters for participants were presented as mean ± standard deviation or median and
quartiles, and binary classification data (hydration status) were shown as n (percentage). One-way
ANOVA, paired-samples t test, or Chi-square test were used to explore differences for normally or
non-normally distributed data, respectively. Chi-square tests were used to compare the differences in
hydration status. A mixed-model of repeated measurements (TIME × VOLUME) was used to explore
the impact of water supplementation on cognitive performance and mood with covariate data such as
BMI and blood glucose. The threshold for two-sided significance levels was set at 0.05 (p < 0.05) with
95% confidence intervals (95% CI).

3. Results

3.1. Characteristics of Participants

Sixty-four participants were recruited and completed the study, with half of them male and half
female, and the completion rate was 100.0%. The participant characteristics are presented in Table 1.
The average age of the participants was 21.0 years. No significant differences were found in the
anthropometric measurements, including age, height, weight, BMI, and blood pressure, among the
four groups in the dehydration and rehydration tests, respectively (p > 0.05).

3.2. Temperature and Humidity

The average indoor and outdoor temperatures for day 1 and day 2 were 22.8 ◦C and 19.3 ◦C,
respectively. The average indoor and outdoor humidity was 72% and 89%, respectively, as shown in
Table S1.

3.3. Water Supplementation Effects on Thirst and Hydration Status

As shown in Table 2, comparing rehydration and dehydration tests, a significant interaction
between TIME and VOLUME was found for thirst (p < 0.05). Significant thirst reductions in WS group
1 and WS group 2 were 1.9 and 1.0, respectively (p = 0.003; p = 0.042). There was a decrease of 0.3 in
WS group 3, but this was not significant (p > 0.05). A significant increase of 1.2 was found in the NW
group (p = 0.039). Comparing the decreases in WS group 1 and WS group 2, no statistically significant
differences were found between them (p > 0.05).
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Table 1. Characteristics of the participants.

Dehydration Test Rehydration Test

WS Group 1
(n = 16)

WS Group 2
(n = 16)

WS Group 3
(n = 16)

NW Group
(n = 16) F p WS Group 1

(n = 16)
WS Group 2

(n = 16)
WS Group 3

(n = 16)
NW Group

(n = 16) F p

Age (year) 21.3 ± 1.4 20.8 ± 1.0 20.9 ± 0.9 21.1 ± 0.8 0.858 0.468 21.3 ± 1.4 20.8 ± 1.0 20.9 ± 0.9 21.1 ± 0.8 0.858 0.468
Height (cm) 166.5 ± 9.3 167.1 ± 8.7 167.6 ± 7.2 162.2 ± 7.5 1.445 0.239 166.5 ± 9.3 167.1 ± 8.7 167.6 ± 7.2 162.2 ± 7.5 1.445 0.239
Weight (kg) 60.5 ± 12.6 63.0 ± 11.5 59.9 ± 5.1 59.2 ± 10.4 0.404 0.750 60.5 ± 12.7 62.9 ± 11.4 59.8 ± 5.2 59.1 ± 10.4 0.421 0.738
BMI (kg/m2) 21.6 ± 3.0 22.5 ± 3.4 21.4 ± 1.6 22.4 ± 3.0 0.679 0.568 21.6 ± 3.0 21.3 ± 1.5 22.4 ± 3.0 22.5 ± 3.4 0.661 0.579

Systolic blood
pressure (mmHg) 109 ± 11 106 ± 9 103 ± 10 106 ± 11 0.667 0.576 110 ± 10 106 ± 7 104 ± 11 103 ± 11 1.277 0.290

Diastolic blood
pressure (mmHg) 65 ± 7 63 ± 8 62 ± 7 66 ± 11 1.013 0.393 65 ± 6 60 ± 7 62 ± 8 63 ± 11 1.271 0.292

Note: Values are mean ± standard deviation (SD). Differences among the four groups were compared using one-way ANOVA in both dehydration and rehydration tests.
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The results of urine osmolality were consistent with the results of thirst. In urine osmolality,
the interaction between TIME and VOLUME was significant (p < 0.05). The urine osmolality decreased
461 and 262 mOsm/kg during the rehydration test in WS group 1 and WS group 2 (p < 0.001; p = 0.004),
with a significant increase of 159 mOsm/kg in NW group (p < 0.001) compared to the dehydration
test. WS group 3 also decreased by 33 mOsm/kg, but not significantly (p > 0.05). Comparing WS
group 1 with WS group 2, there was no significant difference (p > 0.05). Compared to the dehydration
test, WS group 1 and WS group 2 had better hydration status at the rehydration test, with nine and
five participants changing from dehydrated to optimal hydration (χ2 = 16.154, p < 0.001; χ2 = 11.130,
p = 0.004). In WS group 3, there was no statistically significant difference in hydration status (p > 0.05).
In the NW group, the hydration status was worse (χ2 = 6.788, p = 0.023). In the rehydration test,
the hydration status did not differ significantly between WS group 1 and WS group 2, which drank
500 mL and 200 mL of water, respectively (χ2 = 5.841, p = 0.090).

3.4. Water Supplementation Effects on Mood

Results in Table 3 demonstrated that the interactions between TIME and VOLUME for moods
related to anger, fatigue, and TMD were different when comparing the dehydration test with rehydration
test (all p < 0.05). For anger, compared with dehydration test, a significant decrease of 1.7 was found
only in WS group 2 (t = 2.499, p = 0.025), with no significant differences in WS group 3 and the NW
group (t = −1.031, p = 0.319; t = 0.212, p = 0.835). There was a decrease of 0.7 in WS group 1, but this
was not significant (t = 1.576, p = 0.136). Scores of fatigue and TMD during the rehydration test were
significantly lower in WS group 1 and WS group 2 than the scores tested during the dehydration test
(t = 3.060, p = 0.008; t = 2.868, p = 0.012). Moreover, a significant increase in fatigue was found in the
NW group (t = −3.257, p = 0.005). As for TMD, the increase was borderline significant (p = 0.05) in NW
group. Comparing WS group 1 and WS group 2, there were no significant differences in the scores of
fatigue and TMD in the rehydration test (all p > 0.05).

3.5. Water Supplementation Effects on Cognitive Performance (CP)

As shown in Table 4, after water supplementation, significant interactions between TIME and
VOLUME were found for the operation span test (p < 0.05). There were no significant changes for the
operation span test in WS group 2, WS group 3, and the NW group (t = −1.728, p = 0.105; t = −0.875,
p = 0.395; t = −0.465, p = 0.648), but a significant increase was found in WS group 1 that drank 500 mL
of water (t = −3.587, p = 0.003). There were no significant interactions between TIME and VOLUME
for the symbol search test and portrait memory test (p > 0.05). In the Symbol Search test, significant
increases were found in WS group 1, WS group 2, and WS group 3 (t = −3.643, p = 0.002; t = −3.355,
p = 0.004; t = −2.993, p = 0.009), but no significant changes were found in the NW group (t = −2.076,
p = 0.055). In the Portrait memory test, there were no significant differences found for WS group 1,
WS group 2, WS group 3, and the NW group (t = 1.566, p = 0.138; t = 1.027, p = 0.321; t = −0.860,
p = 0.403; t = 1.265, p = 0.225).
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Table 2. Thirst, urine, and plasma biomarkers of participants.

Dehydration Test

F p
Rehydration Test Interaction

WS Group 1
(n = 16)

WS Group 2
(n = 16)

WS Group 3
(n = 16)

NW Group
(n = 16)

WS Group 1 (n =
16)

WS Group 2
(n = 16)

WS Group 3
(n = 16)

NW gRoup
(n = 16) F p

Thirst 5.5 ± 1.3 5.2 ± 2.2 5.7 ± 2.1 5.1 ± 2.0 0.339 0.797 3.6 ± 1.7 #† 4.2 ± 1.9 † 5.4 ± 2.0 6.3 ± 1.2 † 6.172 0.001

Plasma Biomarkers
Osmolality (mOsm/kg) 290 ± 5 290 ± 6 291 ± 4 291 ± 6 0.190 0.903 288 ± 6 289 ± 7 291 ± 4 290 ± 5 2.314 0.085

Glucose (mmol/L) 4.5 ± 0.3 4.7 ± 0.6 4.5 ± 0.3 4.5 ± 0.4 0.493 0.688 4.7 ± 0.4 4.9 ± 0.6 4.8 ± 0.5 4.8 ± 0.4 0.133 0.940
Na (mmol/L) 140 ± 2 139 ± 3 140 ± 4 140 ± 3 0.560 0.644 138 ± 1 139 ± 3 139 ± 3 139 ± 2 0.632 0.597
K (mmol/L) 4.2 ± 0.4 4.2 ± 0.4 4.3 ± 0.5 4.4 ± 0.4 0.499 0.684 4.3 ± 0.4 4.3 ± 0.5 4.3 ± 0.5 4.4 ± 0.3 0.326 0.807
Cl (mmol/L) 104 ± 2 104 ± 1 104 ± 2 105 ± 2 1.748 0.167 103 ± 2 104 ± 2 104 ± 3 104 ± 1 0.437 0.727
Ca (mmol/L) 2.40 ± 0.07 2.39 ± 0.08 2.40 ± 0.13 2.41 ± 0.10 0.252 0.860 2.42 ± 0.06 2.42 ± 0.07 2.41 ± 0.12 2.42 ± 0.08 0.511 0.676

Phosphorus (mmol/L) 1.31 ± 0.16 1.25 ± 0.15 1.32 ± 0.16 1.29 ± 0.11 0.707 0.552 1.18 ± 0.12 1.24 ± 0.21 1.21 ± 0.16 1.16 ± 0.12 1.675 0.182
Mg (mmol/L) 0.89 ± 0.05 0.87 ± 0.05 0.86 ± 0.05 0.86 ± 0.06 0.850 0.472 0.88 ± 0.04 0.86 ± 0.06 0.85 ± 0.06 0.86 ± 0.06 0.020 0.985

Creatine (mmol/L) 64 ± 15 65 ± 14 66 ± 13 61 ± 12 0.441 0.725 62 ± 15 64 ± 13 66 ± 14 59 ± 11 0.599 0.618
Nitrogen (mmol/L) 4.28 ± 1.19 4.07 ± 0.91 4.46 ± 1.23 4.53 ± 1.14 0.528 0.665 3.80 ± 1.08 3.86 ± 0.76 4.28 ± 1.09 4.34 ± 1.04 1.342 0.269

Urinary Biomarkers
Osmolality (mOsm/kg) 814 ± 221 833 ± 151 820 ± 189 776 ± 134 0.305 0.822 353 ± 200 † 571 ± 237 † 787 ± 231 935 ± 125 † 20.129 <0.001

Volume 270 ± 82 278 ± 97 308 ± 143 298 ± 83 0.444 0.723 334 ± 186 #† 203 ± 90 166 ± 85 145 ± 80 8.430 <0.001
Na (mmol/L) 162 ± 68 184 ± 67 187 ± 59 170 ± 34 0.636 0.594 66 ± 47 #† 110 ± 66 † 167 ± 84 164 ± 64 5.635 0.002
K (mmol/L) 38.6 ± 13.4 43.1 ± 15.0 38.6 ± 12.9 37.8 ± 26.4 0.288 0.834 22.3 ± 10.8 #† 35.8 ± 14.4 58.3 ± 25.8 † 60.1 ± 26.8 † 13.532 <0.001
Cl (mmol/L) 150 ± 44 161 ± 55 168 ± 52 151 ± 30 0.549 0.651 79 ± 50 #† 131 ± 71 201 ± 88 200 ± 67 † 9.178 <0.001
Ca (mmol/L) 1.99 ± 1.20 2.44 ± 1.62 2.98 ± 1.80 2.69 ± 1.16 1.299 0.283 0.88 ± 0.70 #† 1.85 ± 1.56 2.41 ± 1.60 2.93 ± 1.59 2.304 0.086

Phosphorus (mmol/L) 32.73 ± 15.21 37.55 ± 14.26 37.38 ± 14.84 28.84 ± 15.35 1.249 0.300 9.07 ± 7.32 #† 10.89 ± 4.32 † 19.33 ± 7.97 † 23.37 ± 9.30 5.246 0.003
Mg (mmol/L) 2.74 ± 1.06 3.27 ± 1.39 4.10 ± 2.32 2.82 ± 1.06 2.615 0.059 1.25 ± 0.79 #† 2.58 ± 2.02 3.22 ± 1.69 3.00 ± 1.91 1.867 0.145

pH 6.3 ± 0.4 6.5 ± 0.4 6.4 ± 0.3 6.6 ± 0.5 1.924 0.135 6.2 ± 0.4 6.3 ± 0.4 6.3 ± 0.3 6.2 ± 0.4 † 1.677 0.181
USG 1.024 ± 0.006 1.024 ± 0.006 1.023 ± 0.006 1.022 ± 0.006 0.404 0.751 1.013 ± 0.008 #† 1.018 ± 0.006 † 1.023 ± 0.007 1.027 ± 0.006 † 10.822 <0.001

Hydration Status (%)
Dehydrated 9 (56.3) 10 (62.5) 11 (68.8) 7 (43.7)

10.891 Φ 0.092
0 (0.0) #† 5 (31.2) † 10 (62.5) 14 (87.5) †

35.359 <0.001Middle hydration 5 (31.2) 6 (37.5) 2 (12.5) 9 (56.3) 5 (31.2) 3 (18.8) 4 (25.0) 2 (12.5)
Optimal hydration 2 (12.5) 0 (0.0) 3 (18.7) 0 (0.0) 11 (68.8) 8 (50.0) 2 (12.5) 0 (0.0)

Note: #, In the rehydration test, the comparison between the four groups was statistically significant; †, there were significant within-group differences comparing the dehydration test with
rehydration test. Φ, the statistical value was determined with χ2.
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Table 3. The POMS of participants.

Dehydration Test

F p
Rehydration Test Interaction

WS Group 1
(n = 16)

WS Group 2
(n = 16)

WS Group 3
(n = 16)

NW Group
(n = 16)

WS Group 1
(n = 16)

WS Group 2
(n = 16)

WS Group 3
(n = 16)

NW Group
(n = 16) F p

Tension 3.7 ± 3.0 2.4 ± 2.6 2.2 ± 2.2 2.8 ± 3.6 0.867 0.463 3.3 ± 3.0 2.1 ± 2.3 2.3 ± 2.6 3.2 ± 4.0 0.623 0.603
Anger 1.8 ± 2.8 3.4 ± 5.1 1.4 ± 2.0 2.8 ± 4.4 0.907 0.443 1.1 ± 2.6 1.7 ± 3.6 † 1.8 ± 2.9 2.7 ± 4.5 3.815 0.014

Fatigue 3.8 ± 2.8 3.4 ± 3.5 4.6 ± 4.3 3.4 ± 3.7 0.363 0.780 1.7 ± 1.4 #† 2.3 ± 2.8 † 5.0 ± 4.5 5.1 ± 3.7 † 10.429 <0.001
Depression 2.8 ± 2.8 2.9 ± 3.6 1.2 ± 1.7 2.4 ± 4.0 1.106 0.392 2.0 ± 3.0 1.7 ± 2.7 1.6 ± 2.2 2.7 ± 3.9 2.085 0.112
Confusion 3.6 ± 3.1 2.4 ± 2.7 2.3 ± 1.9 3.3 ± 3.4 0.073 0.974 3.5 ± 3.1 1.8 ± 2.3 2.4 ± 2.2 2.9 ± 3.1 0.402 0.752

Vigor 8.1 ± 4.5 8.2 ± 4.2 8.7 ± 4.6 8.6 ± 4.6 0.836 0.480 9.7 ± 5.2 † 10.0 ± 5.0 † 8.8 ± 4.9 7.1 ± 4.2 2.180 0.100
Esteem-related affect 6.4 ± 3.9 5.7 ± 3.0 5.1 ± 3.4 5.8 ± 3.2 0.400 0.754 6.2 ± 4.0 6.2 ± 3.3 5.6 ± 2.9 5.4 ± 2.8 0.602 0.616

TMD 101.1 ± 13.7 100.6 ± 16.4 97.9 ± 12.6 99.4 ± 17.7 0.138 0.937 95.7 ± 14.3 † 93.4 ± 13.5 † 98.6 ± 13.9 104.1 ± 18.9 † 5.886 0.001

Note: Data are presented as mean ± standard deviation (SD); #, in the rehydration test, the comparison between the four groups was statistically significant; †, there were significant
within-group differences comparing the dehydration test with the rehydration test.

Table 4. Cognitive Performance of participants.

Dehydration Test

F p
Rehydration Test Interaction

WS Group 1
(n = 16)

WS Group 2
(n = 16)

WS Group 3
(n = 16)

NW Group
(n = 16)

WS Group 1
(n = 16)

WS Group 2
(n = 16)

WS Group 3
(n = 16)

NW Group
(n = 16) F p

Vocabulary test 55 ± 6 58 ± 4 57 ± 3 56 ± 9 0.533 0.662 55 ± 6 58 ± 4 57 ± 3 56 ± 9 - -
Similarities test 51 ± 7 52 ± 6 51 ± 6 47 ± 8 1.904 0.139 51 ± 7 52 ± 6 51 ± 6 47 ± 8 - -

Symbol search test 47 ± 5 49 ± 4 48 ± 5 48 ± 5 0.305 0.822 52 ± 6 † 53 ± 6 † 52 ± 7 † 50 ± 5 0.151 0.929
Operation span test 9 ± 2 10 ± 4 11 ± 2 11 ± 3 2.132 0.106 11 ± 2 † 11 ± 3 12 ± 2 11 ± 2 2.816 0.047

Portrait memory test 38 ± 8 37 ± 7 33 ± 10 39 ± 7 1.531 0.216 35 ± 9 35 ± 8 35 ± 12 37 ± 9 1.211 0.314

Note: Data are presented as mean ± standard deviation (SD); †, there were significant within-group differences comparing the dehydration test with the rehydration test.
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4. Discussion

The current study is, to our knowledge, the first in China to report increased cognitive performance
after supplementation with different volumes of water.

It is demonstrated that blood glucose is the major source of energy for the brain and is essential for
the normal functioning of the central nervous system. Moreover, there is much evidence that glucose
improved various aspects of cognitive performance, such as increasing immediate and delayed recall
in episodic memory tasks, and evaluating declarative learning and memory in both young and older
healthy adults [43,44]. Therefore, it was also important to measure the levels of blood glucose of the
participants during the study in order to explore the effects of water supplementation on cognitive
performance merely. Furthermore, the results of the blood glucose did not differ significantly among
the participants in our study. Additionally, studies have shown that temperature and humidity affect
hydration status, and even cognitive performance [45,46]; therefore, it was necessary to record the
indoor and outdoor temperature and humidity of our study area. During the two days of the study,
the environment including the temperature and humidity indoors and outdoors was comfortable
for participants.

In this study, we observed significant thirst reduction after participants drank 200 and 500 mL
water; though, a small volume of water (100 mL) tended to decrease the thirst of participants, but with
no significance. Moreover, a significant increase in thirst was found for participants who did not drink
water. Therefore, results demonstrated that after water restriction for 12 h, 200 mL of water could
alleviate the subjective feelings of thirst, and water supplementation was a sufficient way to prevent
dehydration. These results were in line with those of other studies that found similar thirst reductions
after drinking larger volumes of water. A study employed among young adults showed that the thirst
for those who drank 300 mL of water decreased significantly, while thirst for those who drank 25 mL
did not change [33]. Studies implemented in children showed that those who drink 250 or 500 mL
water rated themselves as significantly less thirsty [28,47].

Regarding mood, the results of this study demonstrated that water supplementation could
alleviate anger, fatigue, and TMD. Consistent with the current findings, a study conducted among
young adults after water restriction for 12 h demonstrated that alertness increased after drinking 300 mL
of water [48]. Another study with 12 young adults revealed that 1500 mL water supplementation
attenuated the decrements of dehydration, including vigor, fatigue, and TMD [23]. A systematic
analysis concluded that mood, including feelings of alert or calm, was positively influenced by
water supplementation [49]. However, the results of some researches are inconsistent. In a study
of 168 children, it was shown that drinking water did not affect the scores of fatigue and confusion,
and the alertness, concentration, and energy of 10 young endurance-trained men did not change after
fluid replacement [50,51]. Furthermore, a dose–response study confirmed that neither small nor large
volumes of water influenced the mood states of children [33].

Our main result was the significant improvement in working memory after water supplementation,
in which participants performed better when they received 500 mL of water. Results from this study
indicated that only the large amount of water supplementation (500 mL) could improve cognitive
performance, not the amounts of 200 and 100 mL. In a study of 52 children aged 9–12 years old, it was
revealed that consumption of 750 mL of water affected the working memory [52]. Similarly, in a
randomized controlled study, 101 adults were exposed to hot temperatures for four hours, and a
significant improvement in working memory was obtained after participants drank 300 mL of water [53].
In another study with 10 male athletes exposed to a high ambient temperature of 32 ◦C, cognitive
performance (executive function) was enhanced after water ingestion [54]. Additionally, one study
confirmed the effects of water supplementation of 2.5 L (recommend amount) on working memory
in young, healthy women [55]. It was found that drinking 500 mL of water after 12 h dehydration
increased the performance in judgement and decision-making tasks for 29 adults [56]. In contrast to
the findings mentioned above, some studies did not observe improvement in cognitive performance
after water supplementation. One study evaluating cognitive performance in a randomized controlled
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trial among seven young adults revealed that no beneficial effects of fluid ingestion on cognition tests
were obtained [57]. Among well-trained athletes, no differences in choice reaction time were observed
after fluid supplementation [51]. In a crossover trial among school children, cognitive performance,
including visual attention and short-term memory, were unaffected by water supplementation [58].
The processing speed and episodic memory were also not enhanced by different amounts of water
supplementation. Nevertheless, in a study of adults exposed to a temperature of 30 ◦C for 4 h,
it was observed that participants who consumed 300 mL of water had better performance in episodic
memory [59]. In addition, in a study of older adult women, it was demonstrated that hydration status
and water intake were associated with improved processing speed [60]. Different methods to induce
dehydration and various cognitive performance tests may be attributed to the different results of
these studies.

Despite the findings from this study were significant, additional studies are necessary to replicate
and substantiate these results. Moreover, the mechanisms by which hydration status mediate cognitive
performance remain unclear, and further research needs to be conducted. Studies have revealed
that exercising in a state of thermal stress and dehydration enhances cognitive performance through
increasing the secretion of proteins associated with neurogenesis, such as the serotonin (5-HT),
which plays an important role in the expression of brain-derived neurotrophic factor (BDNF) [54,61].
Few studies have used MRI to explore the association between hydration status and brain structure
and function. One study showed that the brain volume significantly increased after 1.5 L water
consumption, compared to dehydration induced by water restriction for 16 h, among 12 healthy
adults [62]. Further, a randomized controlled trial of 13 young adults, investigating the effects
of exercise heat stress with and without water supplementation on brain structure and cognitive
performance, reported that the brain ventricles decreased and periventricular structures, such as the
cerebellum, increased after water replacement compared to dehydration [20]. Another study reported
that dehydration and rehydration did not affect brain volume [63]. In children and elderly adults,
imaging data suggest that their brains have fewer resources to manage the effects of dehydration,
and their cognitive performance was more likely to be impaired compared to young adults [64].
Therefore, future work is needed to determine the mechanism by which water influences cognitive
performance and mood among young adults.

This study has some strengths. Firstly, a randomized controlled design was used to reduce bias.
Secondly, urine osmolality was measured to monitor the hydration status of participants. Thirdly, it was
revealed that water temperature affects cognitive performance and mood; therefore, water temperature
was maintained between 30 ◦C and 40 ◦C in order to avoid and alleviate gastrointestinal discomfort
among the participants. There are also limitations in the current research. Firstly, the impacts of
long-term water supplementation on cognitive performance and mood were not explored. Additionally,
the mechanisms of changes to cognition and mood after water supplementation, such as brain function
and structure and hormone levels, were not investigated in this study.

5. Conclusions

In summary, a small amount of water (200 mL) was sufficient to alleviate feelings of thirst,
improve hydration status, and attenuate anger, fatigue, and TMD in young adults, but a larger drink
(500 mL) appeared to be necessary to improve working memory. The amount of 500 mL was the most
appropriate to improve hydration status, cognitive performance, and mood after water restriction for
12 h.
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Table S1: The temperature and humidity of study days.

Author Contributions: Conceptualization, J.Z., N.Z., S.D., and G.M. data curation, J.Z. and H.H. formal analysis,
N.Z. funding acquisition, S.D. Investigation, J.Z., N.Z., and H.H. methodology, J.Z., N.Z., and G.M. project
administration, J.Z., H.H., and G.M. supervision, S.D. and G.M. writing—original draft, J.Z., N.Z., and H.H.

http://www.mdpi.com/1660-4601/17/21/7792/s1


Int. J. Environ. Res. Public Health 2020, 17, 7792 14 of 17

writing—review and editing, G.M. All authors were involved in the manuscript revision and have approved this
final version. All authors have read and agreed to the published version of the manuscript.

Funding: This project has been funded by National Natural Science Foundation of China (81673146).

Acknowledgments: We would like to thank the National Natural Science Foundation of China for funding the
project. We also would like to thank the researchers in the study for participant recruitment and measurement of
biochemical indexes at Hebei University affiliated Hospital.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

WS group Water supplementation group
NW group No water supplementation group
H Height
W Weight
BP Blood pressure
BG Blood glucose
CP Cognitive performance
VAS Visual analogue
TMD Total mood disturbance
POMS Profile of mood states

References

1. Jequier, E.; Constant, F. Water as an essential nutrient: The physiological basis of hydration. Eur. J. Clin. Nutr.
2010, 64, 115–123. [CrossRef] [PubMed]

2. Kleiner, S.M. Water: An essential but overlooked nutrient. J. Am. Diet. Assoc. 1999, 99, 200. [CrossRef]
3. Ball, P. Water is an active matrix of life for cell and molecular biology. Proc. Natl. Acad. Sci. USA 2017, 114,

13327–13335. [CrossRef] [PubMed]
4. Chinese Nutrition Society. Chinese Dietary Reference Intakes 2013; Science Press: Beijing, China, 2014; pp. 48–51.
5. Scientific Opinion on Dietary Reference Values for water. EFSA J. 2010, 8, 1459.
6. Ferreira-Pêgo, C.; Guelinckx, I.; Moreno, L.A.; Kavouras, S.A.; Gandy, J.; Martinez, H.; Bardosono, S.;

Abdollahi, M.; Nasseri, E.; Jarosz, A.; et al. Total fluid intake and its determinants: Cross-sectional surveys
among adults in 13 countries worldwide. Eur. J. Nutr. 2015, 54, 35–43. [CrossRef] [PubMed]

7. Iglesia, I.; Guelinckx, I.; De Miguel-Etayo, P.M.; González-Gil, E.M.; Salas-Salvadó, J.; Kavouras, S.A.;
Gandy, J.; Martínez, H.; Bardosono, S.; Abdollahi, M.; et al. Total fluid intake of children and adolescents:
Cross-sectional surveys in 13 countries worldwide. Eur. J. Nutr. 2015, 54, 57–67. [CrossRef]

8. Drewnowski, A.; Rehm, C.D.; Constant, F. Water and beverage consumption among adults in the United
States: Cross-sectional study using data from NHANES 2005–2010. BMC Public Health 2013, 13, 1068.
[CrossRef]

9. Savoie, F.A.; Kenefick, R.W.; Ely, B.R.; Cheuvront, S.N.; Goulet, E.D. Effect of Hypohydration on Muscle
Endurance, Strength, Anaerobic Power and Capacity and Vertical Jumping Ability: A Meta-Analysis.
Sports Med. 2015, 45, 1207–1227. [CrossRef]

10. Goulet, E.D.B.; Mélançon, M.O.; Lafrenière, D.; Paquin, J.; Maltais, M.; Morais, J.A. Impact of Mild
Hypohydration on Muscle Endurance, Power and Strength in Healthy, Active Older Men. J. Strength
Cond. Res. 2018, 32, 3405–3415. [CrossRef]

11. Suhr, J.A.; Hall, J.; Patterson, S.M.; Niinisto, R.T. The relation of hydration status to cognitive performance in
healthy older adults. Int. J. Psychophysiol. 2004, 53, 121–125. [CrossRef]

12. D’Anci, K.E.; Mahoney, C.R.; Vibhakar, A.; Kanter, J.H.; Taylor, H.A. Voluntary Dehydration and Cognitive
Performance in Trained College Athletes. Percept. Motor Skill 2009, 109, 251–269. [CrossRef]

13. Lindseth, P.D.; Lindseth, G.N.; Petros, T.V.; Jensen, W.C.; Caspers, J. Effects of Hydration on Cognitive
Function of Pilots. Mil. Med. 2013, 178, 792–798. [CrossRef] [PubMed]

14. Bar-David, Y.; Urkin, J.; Kozminsky, E. The effect of voluntary dehydration on cognitive functions of
elementary school children. Acta Paediatr. 2005, 94, 1667–1673. [CrossRef]

http://dx.doi.org/10.1038/ejcn.2009.111
http://www.ncbi.nlm.nih.gov/pubmed/19724292
http://dx.doi.org/10.1016/S0002-8223(99)00048-6
http://dx.doi.org/10.1073/pnas.1703781114
http://www.ncbi.nlm.nih.gov/pubmed/28592654
http://dx.doi.org/10.1007/s00394-015-0943-9
http://www.ncbi.nlm.nih.gov/pubmed/26066354
http://dx.doi.org/10.1007/s00394-015-0946-6
http://dx.doi.org/10.1186/1471-2458-13-1068
http://dx.doi.org/10.1007/s40279-015-0349-0
http://dx.doi.org/10.1519/JSC.0000000000001857
http://dx.doi.org/10.1016/j.ijpsycho.2004.03.003
http://dx.doi.org/10.2466/pms.109.1.251-269
http://dx.doi.org/10.7205/MILMED-D-13-00013
http://www.ncbi.nlm.nih.gov/pubmed/23820354
http://dx.doi.org/10.1080/08035250500254670


Int. J. Environ. Res. Public Health 2020, 17, 7792 15 of 17

15. MacLeod, H.; Cooper, S.; Bandelow, S.; Malcolm, R.; Sunderland, C. Effects of heat stress and dehydration
on cognitive function in elite female field hockey players. BMC Sports Sci. Med. Rehabil. 2018, 10, 1–13.
[CrossRef]

16. Ely, B.R.; Sollanek, K.J.; Cheuvront, S.N.; Lieberman, H.R.; Kenefick, R.W. Hypohydration and acute thermal
stress affect mood state but not cognition or dynamic postural balance. Eur. J. Appl. Physiol. 2013, 113,
1027–1034. [CrossRef] [PubMed]

17. Armstrong, L.E.; Ganio, M.S.; Casa, D.J.; Lee, E.C.; McDermott, B.P.; Klau, J.F.; Jimenez, L.; Le Bellego, L.;
Chevillotte, E.; Lieberman, H.R. Mild Dehydration Affects Mood in Healthy Young Women. J. Nutr. 2012,
142, 382–388. [CrossRef]

18. Ganio, M.S.; Armstrong, L.E.; Casa, D.J.; McDermott, B.P.; Lee, E.C.; Yamamoto, L.M.; Marzano, S.;
Lopez, R.M.; Jimenez, L.; Le Bellego, L.; et al. Mild dehydration impairs cognitive performance and mood of
men. Br. J. Nutr. 2011, 106, 1535–1543. [CrossRef] [PubMed]

19. Lieberman, H.R. Hydration and Human Cognition. Nutr. Today (Annapolis) 2010, 45, S33–S36. [CrossRef]
20. Wittbrodt, M.T.; Sawka, M.N.; Mizelle, J.C.; Wheaton, L.A.; Millard-Stafford, M.L. Exercise-heat stress with

and without water replacement alters brain structures and impairs visuomotor performance. Physiol. Rep.
2018, 6, e13805. [CrossRef]

21. Mazlomi, A.; Golbabaei, F.; Farhang, D.S.; Abbasinia, M.; Mahmoud, K.S.; Ansari, M.; Hosseini, M.
The influence of occupational heat exposure on cognitive performance and blood level of stress hormones:
A field study report. Int. J. Occup. Saf. Ergon. 2017, 23, 431–439. [CrossRef]

22. Taylor, L.; Watkins, S.L.; Marshall, H.; Dascombe, B.J.; Foster, J. The Impact of Different Environmental
Conditions on Cognitive Function: A Focused Review. Front. Physiol. 2016, 6, 372. [CrossRef] [PubMed]

23. Zhang, N.; Du, S.M.; Zhang, J.F.; Ma, G.S. Effects of Dehydration and Rehydration on Cognitive Performance
and Mood among Male College Students in Cangzhou, China: A Self-Controlled Trial. Int. J. Environ. Res.
Public Health 2019, 16, 1891. [CrossRef] [PubMed]

24. Rogers, P.J.; Kainth, A.; Smit, H.J. A drink of water can improve or impair mental performance depending on
small differences in thirst. Appetite 2001, 36, 57–58. [CrossRef]

25. Edmonds, C.J.; Crombie, R.; Ballieux, H.; Gardner, M.R.; Dawkins, L. Water consumption, not expectancies
about water consumption, affects cognitive performance in adults. Appetite 2013, 60, 148–153. [CrossRef]

26. Drozdowska, A.; Falkenstein, M.; Jendrusch, G.; Platen, P.; Luecke, T.; Kersting, M.; Jansen, K.
Water Consumption during a School Day and Children’s Short-Term Cognitive Performance: The CogniDROP
Randomized Intervention Trial. Nutrients 2020, 12, 1297. [CrossRef]

27. Benton, D.; Burgess, N. The effect of the consumption of water on the memory and attention of children.
Appetite 2009, 53, 143–146. [CrossRef]

28. Edmonds, C.J.; Jeffes, B. Does having a drink help you think? 6–7-year-old children show improvements
in cognitive performance from baseline to test after having a drink of water. Appetite 2009, 53, 469–472.
[CrossRef]

29. Wittbrodt, M.T.; Millard-Stafford, M.; Sherman, R.A.; Cheatham, C.C. Fluid Replacement Attenuates
Physiological Strain Resulting from Mild Hypohydration without Impacting Cognitive Performance. Int. J.
Sport Nutr. Exe. 2015, 25, 439–447. [CrossRef]

30. Edmonds, C.J.; Crombie, R.; Gardner, M.R. Subjective thirst moderates changes in speed of responding
associated with water consumption. Front. Hum. Neurosci. 2013, 7, 363. [CrossRef]

31. Trinies, V.; Chard, A.N.; Mateo, T.; Freeman, M.C. Effects of Water Provision and Hydration on Cognitive
Function among Primary-School Pupils in Zambia: A Randomized Trial. PLoS ONE 2016, 11, e0150071.
[CrossRef] [PubMed]

32. Zhang, J.; Zhang, N.; Du, S.; He, H.; Xu, Y.; Cai, H.; Guo, X.; Ma, G. The Effects of Hydration Status on
Cognitive Performances among Young Adults in Hebei, China: A Randomized Controlled Trial (RCT). Int. J.
Environ. Res. Public Health 2018, 15, 1477. [CrossRef] [PubMed]

33. Edmonds, C.J.; Crosbie, L.; Fatima, F.; Hussain, M.; Jacob, N.; Gardner, M. Dose-response effects of water
supplementation on cognitive performance and mood in children and adults. Appetite 2017, 108, 464–470.
[CrossRef]

http://dx.doi.org/10.1186/s13102-018-0101-9
http://dx.doi.org/10.1007/s00421-012-2506-6
http://www.ncbi.nlm.nih.gov/pubmed/23064870
http://dx.doi.org/10.3945/jn.111.142000
http://dx.doi.org/10.1017/S0007114511002005
http://www.ncbi.nlm.nih.gov/pubmed/21736786
http://dx.doi.org/10.1097/NT.0b013e3181fe1747
http://dx.doi.org/10.14814/phy2.13805
http://dx.doi.org/10.1080/10803548.2016.1251137
http://dx.doi.org/10.3389/fphys.2015.00372
http://www.ncbi.nlm.nih.gov/pubmed/26779029
http://dx.doi.org/10.3390/ijerph16111891
http://www.ncbi.nlm.nih.gov/pubmed/31146326
http://dx.doi.org/10.1006/appe.2000.0374
http://dx.doi.org/10.1016/j.appet.2012.10.016
http://dx.doi.org/10.3390/nu12051297
http://dx.doi.org/10.1016/j.appet.2009.05.006
http://dx.doi.org/10.1016/j.appet.2009.10.002
http://dx.doi.org/10.1123/ijsnem.2014-0173
http://dx.doi.org/10.3389/fnhum.2013.00363
http://dx.doi.org/10.1371/journal.pone.0150071
http://www.ncbi.nlm.nih.gov/pubmed/26950696
http://dx.doi.org/10.3390/ijerph15071477
http://www.ncbi.nlm.nih.gov/pubmed/30720789
http://dx.doi.org/10.1016/j.appet.2016.11.011


Int. J. Environ. Res. Public Health 2020, 17, 7792 16 of 17

34. Zhang, N.; Du, S.; Tang, Z.; Zheng, M.; Yan, R.; Zhu, Y.; Ma, G. Hydration, Fluid Intake, and Related Urine
Biomarkers among Male College Students in Cangzhou, China: A Cross-Sectional Study—Applications for
Assessing Fluid Intake and Adequate Water Intake. Int. J. Environ. Res. Public Health 2017, 14, 513. [CrossRef]
[PubMed]

35. Perrier, E.T.; Buendia-Jimenez, I.; Vecchio, M.; Armstrong, L.E.; Tack, I.; Klein, A. Twenty-four-hour urine
osmolality as a physiological index of adequate water intake. Dis. Markers 2015, 2015, 231063. [CrossRef]

36. Hill, A.J.; Blundell, J.E. Nutrients and behaviour: Research strategies for the investigation of taste
characteristics, food preferences, hunger sensations and eating patterns in man. J. Psychiatr. Res. 1982, 17,
203–212. [CrossRef]

37. Rolls, B.J.; Wood, R.J.; Rolls, E.T.; Lind, H.; Lind, W.; Ledingham, J.G. Thirst following water deprivation in
humans. Am. J. Physiol. 1980, 239, R476–R482. [CrossRef]

38. Short, M.; Lack, L.; Wright, H. Does subjective sleepiness predict objective sleep propensity? Sleep 2010, 33,
123–129. [CrossRef]

39. Mcnair, D.M. Citation Classic-Manual for the profile of mood states. Curr. Contents/Soc. Behav. Sci. 1984,
27, 20.

40. Lichtenberger, E.O.; Kaufman, A.S. Essentials of WAIS-IV Assessment; John Wiley: Hoboken, NJ, USA, 2012.
41. Conway, A.R.A.; Kane, M.J.; Bunting, M.F.; Hambrick, D.Z.; Wilhelm, O.; Engle, R.W. Working memory span

tasks: A methodological review and user’s guide. Psychon. Bull. Rev. 2005, 12, 769–786. [CrossRef]
42. Xu, S.; Wu, Z. The Construction of “The Clinical Memory Test”. Acta Psychol. Sin. 1986, 18, 102–110.
43. Messier, C. Glucose improvement of memory: A review. Eur. J. Pharmacol. 2004, 490, 33–57. [CrossRef]

[PubMed]
44. Riby, L.M.; McMurtrie, H.; Smallwood, J.; Ballantyne, C.; Meikle, A.; Smith, E. The facilitative effects of

glucose ingestion on memory retrieval in younger and older adults: Is task difficulty or task domain critical?
Br. J. Nutr. 2006, 95, 414–420. [CrossRef] [PubMed]

45. Mora-Rodriguez, R.; Ortega, J.F.; Fernandez-Elias, V.E.; Kapsokefalou, M.; Malisova, O.; Athanasatou, A.;
Husemann, M.; Domnik, K.; Braun, H. Influence of Physical Activity and Ambient Temperature on Hydration:
The European Hydration Research Study (EHRS). Nutrients 2016, 8, 252. [CrossRef] [PubMed]

46. McMorris, T.; Swain, J.; Smith, M.; Corbett, J.; Delves, S.; Sale, C.; Harris, R.C.; Potter, J. Heat stress, plasma
concentrations of adrenaline, noradrenaline, 5-hydroxytryptamine and cortisol, mood state and cognitive
performance. Int. J. Psychophysiol. 2006, 61, 204–215. [CrossRef]

47. Edmonds, C.J.; Burford, D. Should children drink more water? Appetite 2009, 52, 776–779. [CrossRef]
48. Neave, N.; Scholey, A.B.; Emmett, J.R.; Moss, M.; Kennedy, D.O.; Wesnes, K.A. Water ingestion improves

subjective alertness, but has no effect on cognitive performance in dehydrated healthy young volunteers.
Appetite 2001, 37, 255–256. [CrossRef]

49. Masento, N.A.; Golightly, M.; Field, D.T.; Butler, L.T.; van Reekum, C.M. Effects of hydration status on
cognitive performance and mood. Br. J. Nutr. 2014, 111, 1841–1852. [CrossRef]

50. Fadda, R.; Rapinett, G.; Grathwohl, D.; Parisi, M.; Fanari, R.; Calo, C.M.; Schmitt, J. Effects of drinking
supplementary water at school on cognitive performance in children. Appetite 2012, 59, 730–737. [CrossRef]

51. Irwin, C.; Campagnolo, N.; Iudakhina, E.; Cox, G.R.; Desbrow, B. Effects of acute exercise, dehydration and
rehydration on cognitive function in well-trained athletes. J. Sports Sci. 2018, 36, 247–255. [CrossRef]

52. Perry, C.S.; Rapinett, G.; Glaser, N.S.; Ghetti, S. Hydration status moderates the effects of drinking water on
children’s cognitive performance. Appetite 2015, 95, 520–527. [CrossRef]

53. Young, H.A.; Benton, D. The use of moderated mediated analysis to study the influence of hypo-hydration
on working memory. Nutr. Hosp. 2016, 33, 71–75. [CrossRef]

54. Roh, H.; So, W.; Cho, S.; Suh, S. Effects of Fluid Ingestion on Brain-Derived Neurotrophic Factor and
Cognition During Exercise in the Heat. J. Hum. Kinet. 2017, 58, 73–86. [CrossRef] [PubMed]

55. Stachenfeld, N.S.; Leone, C.A.; Mitchell, E.S.; Freese, E.; Harkness, L. Water intake reverses dehydration
associated impaired executive function in healthy young women. Physiol. Behav. 2018, 185, 103–111.
[CrossRef] [PubMed]

56. Patsalos, O.C.; Thoma, V. Water supplementation after dehydration improves judgment and decision-making
performance. Psychol. Res. 2019, 84, 1223–1234. [CrossRef]

57. Cian, C.; Barraud, P.A.; Melin, B.; Raphel, C. Effects of fluid ingestion on cognitive function after heat stress
or exercise-induced dehydration. Int. J. Psychophysiol. 2001, 42, 243–251. [CrossRef]

http://dx.doi.org/10.3390/ijerph14050513
http://www.ncbi.nlm.nih.gov/pubmed/28492493
http://dx.doi.org/10.1155/2015/231063
http://dx.doi.org/10.1016/0022-3956(82)90023-1
http://dx.doi.org/10.1152/ajpregu.1980.239.5.R476
http://dx.doi.org/10.1093/sleep/33.1.123
http://dx.doi.org/10.3758/BF03196772
http://dx.doi.org/10.1016/j.ejphar.2004.02.043
http://www.ncbi.nlm.nih.gov/pubmed/15094072
http://dx.doi.org/10.1079/BJN20051649
http://www.ncbi.nlm.nih.gov/pubmed/16469161
http://dx.doi.org/10.3390/nu8050252
http://www.ncbi.nlm.nih.gov/pubmed/27128938
http://dx.doi.org/10.1016/j.ijpsycho.2005.10.002
http://dx.doi.org/10.1016/j.appet.2009.02.010
http://dx.doi.org/10.1006/appe.2001.0429
http://dx.doi.org/10.1017/S0007114513004455
http://dx.doi.org/10.1016/j.appet.2012.07.005
http://dx.doi.org/10.1080/02640414.2017.1298828
http://dx.doi.org/10.1016/j.appet.2015.08.006
http://dx.doi.org/10.20960/nh.323
http://dx.doi.org/10.1515/hukin-2017-0074
http://www.ncbi.nlm.nih.gov/pubmed/28828079
http://dx.doi.org/10.1016/j.physbeh.2017.12.028
http://www.ncbi.nlm.nih.gov/pubmed/29277553
http://dx.doi.org/10.1007/s00426-018-1136-y
http://dx.doi.org/10.1016/S0167-8760(01)00142-8


Int. J. Environ. Res. Public Health 2020, 17, 7792 17 of 17

58. Chard, A.N.; Trinies, V.; Edmonds, C.J.; Sogore, A.; Freeman, M.C. The impact of water consumption on
hydration and cognition among schoolchildren: Methods and results from a crossover trial in rural Mali.
PLoS ONE 2019, 14, e0210568. [CrossRef]

59. Benton, D.; Jenkins, K.T.; Watkins, H.T.; Young, H.A. Minor degree of hypohydration adversely influences
cognition: A mediator analysis. Am. J. Clin. Nutr. 2016, 104, 603–612. [CrossRef]

60. Bethancourt, H.J.; Kenney, W.L.; Almeida, D.M.; Rosinger, A.Y. Cognitive performance in relation to
hydration status and water intake among older adults, NHANES 2011–2014. Eur. J. Nutr. 2019, 59, 3133–3148.
[CrossRef]

61. Maughan, R.J.; Shirreffs, S.M.; Watson, P. Exercise, heat, hydration and the brain. J. Am. Coll. Nutr. 2007, 26,
604S–612S. [CrossRef]

62. Nakamura, K.; Brown, R.A.; Araujo, D.; Narayanan, S.; Arnold, D.L. Correlation between brain volume
change and T2 relaxation time induced by dehydration and rehydration: Implications for monitoring atrophy
in clinical studies. Neuroimage Clin. 2014, 6, 166–170. [CrossRef]

63. Meyers, S.M.; Tam, R.; Lee, J.S.; Kolind, S.H.; Vavasour, I.M.; Mackie, E.; Zhao, Y.S.; Laule, C.; Madler, B.;
Li, D.K.B.; et al. Does hydration status affect MRI measures of brain volume or water content? J. Magn.
Reson. Imaging 2016, 44, 296–304. [CrossRef] [PubMed]

64. Pross, N. Effects of Dehydration on Brain Functioning: A Life-Span Perspective. Ann. Nutr. Metab. 2017, 70,
30–36. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1371/journal.pone.0210568
http://dx.doi.org/10.3945/ajcn.116.132605
http://dx.doi.org/10.1007/s00394-019-02152-9
http://dx.doi.org/10.1080/07315724.2007.10719666
http://dx.doi.org/10.1016/j.nicl.2014.08.014
http://dx.doi.org/10.1002/jmri.25168
http://www.ncbi.nlm.nih.gov/pubmed/26825048
http://dx.doi.org/10.1159/000463060
http://www.ncbi.nlm.nih.gov/pubmed/28614811
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Background 
	Methods 
	Participants 
	Sample Size Calculation 
	Study Design and Procedure 
	Ethical Standards 
	Anthropometric Measurements 
	Temperature and Humidity of the Environment 
	Urinary Biomarker Measurements 
	Plasma Biomarker Measurements 
	Definition of Hydration Status 
	Visual Analogue Scales (VAS) for Subjective Sensation 
	Profile of Mood States (POMS) 
	Cognitive Performance (CP) 
	Vocabulary Test 
	Similarities Test 
	Symbol Search Test 
	Operation Span Test 
	Portrait Memory Test 
	Statistical Analyses 

	Results 
	Characteristics of Participants 
	Temperature and Humidity 
	Water Supplementation Effects on Thirst and Hydration Status 
	Water Supplementation Effects on Mood 
	Water Supplementation Effects on Cognitive Performance (CP) 

	Discussion 
	Conclusions 
	References

