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Abstract
Background—Older adults are at increased risk of dehydration, yet water balance is understudied
in this population.

Objective—This controlled diet study assessed the effect of age on water input, output, and balance
in healthy adults. Hydration status (plasma osmolality and urine specific gravity) and body
composition were also measured.

Design—Eleven men and 14 women aged 23–46 y and 10 men and 11 women aged 63–81 y were
subjects. Water balance was assessed during days 7–10 of three 18-d controlled feeding trials with
protein intakes of 0.50, 0.75, and 1.00 g · kg−1 · d−1. Total water input included water from the
provided foods and beverages, ad libitum intake, and metabolic production. Water output included
the losses in urine and stool and the insensible losses from respiration and nonsweating perspiration.

Results—Ad libitum water consumption, total water intake, water output through urine, total water
output, and net water balance were not different in the older subjects than in the younger subjects.
Markers of hydration status were within the range of clinical normalcy for all groups. Total body
water (TBW) was not significantly different, fat-free mass (FFM) was significantly lower (P < 0.05),
and FFM hydration (TBW:FFM) was significantly higher (P < 0.05) in the older subjects than in the
younger subjects. Dietary protein intake did not influence any of these results.

Conclusions—These results show that healthy older adults maintain water input, output, and
balance comparable to those of younger adults and have no apparent changes in hydration status.
The results support that the hydration of FFM is increased in older men and women.
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Introduction
Water is fundamental to existence. Total body water (TBW) is tightly regulated within ±0.2%
of body weight each day (1). Water balance is achieved and maintained by matching the input
and output of water from the body. The Food and Nutrition Board Panel on Dietary Reference
Intakes for Electrolytes and Water (2) has established the adequate intake for water of adults
aged between 19 and >70 y as the median total water intake (from a combination of drinking
water, beverages, and food) of 19–30-y-old men (3.7 L/d) and women (2.7 L/d) from the
National Health and Nutrition Examination Survey III (NHANES III) data (3). The ad libitum
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consumption of drinking water, water in foods and beverages, and metabolic water production
contribute to water input, and water output occurs in urine, stool, sweat, and insensible
respiration and perspiration. Thirst and hormonal mechanisms are responsible for keeping
TBW within a narrow range. Thirst is stimulated by an increase in plasma osmolality, a decrease
in plasma volume, or a decrease in blood pressure (4). The hormone vasopressin is responsible
for controlling water balance on a daily basis (4,5). A net fluid loss of as little as 1% of body
weight will increase plasma osmolality, and a 2% loss will negatively affect exercise
performance (6). A water deficit of 20% can be life-threatening (7).

The aging process is associated with several physiologic changes that may affect one's ability
to maintain water balance. These changes include a decrease in TBW associated with a loss of
fat-free mass (FFM) (8), a decrease in the sensation of thirst (9), and alterations in plasma
vasopressin concentration or effectiveness (or both), which influence the ability of the kidneys
to concentrate urine (5,10,11). Dehydration is the most frequent fluid or electrolyte disorder
in older adults (12). It is important to ensure that older adults consume enough fluids to maintain
euhydration and that the current fluid intake recommendations (2,13–16) are adequate to offset
any age-associated changes in how water balance is achieved.

Only a few studies exist on water intake and excretion in older humans. De Castro et al (17)
reported that age did not influence ad libitum oral water intake, based on 7-d food diaries from
262 healthy, community-living 20–80-y-old men and women. Water excretion was not
documented. Raman et al (18) reported findings from 458 community-living 40–79-y-old
adults who completed an evaluation of water turnover with the use of the 2H oxide technique.
Water intake, derived as the difference between water turnover and nonoral water input, was
highly variable among the subjects and lower in the 70–79-y-old men and women, compared
with men and women aged 40–49 y. Urinary water excretion was also highly variable and not
influenced by age, except for a small increase in urine output with advancing age in men only.
Direct measurements of ad libitum drinking and food and beverage water intakes, stool water
excretion, and hydration status were not obtained, and subjects aged <40 y were not included
in that study. We are unaware of any research study that has directly measured ad libitum oral
water input, water output in both urine and stool, and water balance in older adults; incorporated
measurements of hydration status, body composition, and perceived thirst; and included
younger adults as a comparison group.

The purpose of this study was to use a strictly controlled diet protocol to assess the effect of
age on markers of water input, output, and balance in healthy men and women. Markers of
hydration status (plasma osmolality and urine specific gravity), perceived thirst, and body
composition (including FFM and TBW) were also assessed.

Subjects and Methods
Subjects

Fifty-eight adults were recruited to participate in this study through advertisements in local
newspapers and community postings. The recruits included 13 younger men (YM), 12 older
men (OM), 21 younger women (YW), and 12 older women (OW). Forty-eight adults completed
the study: 12 YM, 10 OM, 15 YW, and 11 OW. Data from 1 YM and 1 YW were excluded
because of incomplete stool and urine collections, respectively. Thus, results are presented
from 11 YM, 10 OM, 14 YW, and 11 OW. Each subject completed first a telephone interview
and then a screening to determine whether he or she was qualified to participate. The screening
consisted of a self-reported medical history questionnaire, a resting-state electrocardiogram,
routine clinical blood and urine chemistries, and an interview with the study coordinator.
Eligible participants were required to have clinically normal kidney, heart, liver, and thyroid
functions; to have complete bladder control; not to smoke; to have clinically normal blood
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pressure; and not to have diabetes mellitus. Subjects who consumed physician-prescribed
medications to achieve and maintain clinically normal organ functions and blood pressure were
included in the study. All the YW who participated in the study had normal menstrual function
and were not lactating, and testing was done the week after the beginning of menstrual bleeding.
All of the OW in this study were postmenopausal and aged ≥70 y.

Written informed consent was obtained from all subjects. The protocol was approved by the
Human Research Advisory Committee at the University of Arkansas for Medical Sciences and
the Committee on the Use of Human Research Subjects at Purdue University. Each subject
received a monetary stipend for participation.

Experimental design
Each subject completed three 18-d periods in random order. Each of the 3 trials was conducted
with the same experimental conditions, except for the macronutrient contents of the diets. The
subjects consumed their habitual diet for a minimum of 1 wk between trials as a dietary
washout. This experimental design was used to assess the effect of age on the dietary protein
requirement of adults. The number of subjects recruited for the study was deemed adequate to
assess the hypothesized age-associated difference in protein requirement. The strict dietary
control and complete urine and stool collections associated with the nitrogen balance
assessment provided a unique opportunity to also assess water balance.

Diet
A rotating schedule of 3 menus was used to provide each subject with all of the foods and
beverages in precisely portioned quantities throughout each of the 3 trials. No foods or
beverages (other than water) were provided ad libitum. The total energy intake of each subject
was individually set at 1.75 times the resting energy expenditure, estimated from the Harris-
Benedict equation for men or women (19). The protein intake during each trial was 0.50
(inadequate), 0.75 (marginal), or 1.00 (adequate) g · kg−1 · d−1. Nonprotein energy consisted
of 65% carbohydrate and 35% fat among all 3 trials. Adjustment to protein intake among the
trials was accomplished with both vegetable- and animal-based proteins (20). A diet that
contained 0.2 g protein · kg−1 · d−1 was provided to each subject on the first day of each trial
to enhance adaptation to the subsequent protein intake. The energy and macronutrient contents
of the subjects' daily menus were calculated with the use of NUTRITIONIST V software
(version 1.5; First Databank Inc, San Bruno, CA).

Subjects consumed breakfast at the research kitchen each weekday morning; weekday lunch
and dinner and all weekend meals were packaged for consumption away from the laboratory.
Instructions were provided for each subject to eat all the foods provided, to scrape all containers,
and to use water to clean out any food left in the containers and to drink that water. The subjects
were allowed to consume water ad libitum and were instructed not to consume any additional
food or beverages and not to consume any alcohol or added salt during the 3 trials. No caffeine
was allowed during the trials, but the subjects were allowed to consume decaffeinated tea and
coffee provided to them on request. Selected menu items had to be changed because of
availability, which resulted in a higher sodium intake among the men than women. All of the
subjects were provided with one multivitamin and mineral supplement tablet (Advanced
Formula Centrum; Lederle Laboratories, Pearl River, NY) to consume each day and were asked
to discontinue use of all other nonprescription or physician-recommended dietary supplements.
Each person was asked to maintain his or her usual amount of physical activity and to not start
any new exercise programs.
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Water input
Water input included ad libitum water consumption, water consumption from foods and
beverages, and metabolic water production. From days 7–10 of each trial, each subject was
instructed to exclusively consume their ad libitum water intake from bottled water provided to
them. The subjects were instructed to drink only the bottled water, to use the bottled water to
make any decaffeinated tea or coffee consumed, and to use the bottled water to clean out any
excess food in their containers. The subjects were not given any guidelines about water intake
and were uninformed of the research aim to determine water balance. The bottles were weighed
before and after the subjects returned them to quantify the total amount of water consumed per
day. The ad libitum water consumed by the subjects is denoted as WAL.

Duplicate food composites were made for each of the trials' 3 menus (a total of 9 composites).
Foods and beverages (not including ad libitum water intake) were combined and homogenized
in a blender, and total weight was recorded. An aliquot of each composite was frozen and
analyzed for water content. A 3-g sample of each aliquot thawed and mixed by vortex was
dried at 80 °C (Isotemp, model 516G; Fisher Scientific International Inc, Hampton, NH) for 3
d to a constant weight to eliminate the water in the sample and was reweighed immediately on
removal from the oven. Water content of foods and beverages was determined from the
proportion of the wet sample that was water multiplied by the total composite weight and is
denoted as WFB.

Metabolic water production was estimated from the macronutrient intakes of each subject,
assuming that 41, 55, and 107 g water was produced for every 100 g protein, carbohydrate
(starch), and fat consumed, respectively (21). These general factors approximate the water
production from the complete oxidation of a mixture of macronutrients consumed.
Quantification of the sources and quantities of all proteins, carbohydrates, and fats consumed
would be needed to more precisely estimate water production according to the theoretical
stoichiometry of the oxidation reactions. Water produced through metabolic processes is
denoted as WM.

Water output
Water output includes urinary water, stool water, insensible water loss by respiration and
through the skin (ie, perspiration or transepidermal diffusion), and sweat water loss. From days
7–10, each subject completed 24-h urine collections. The water volume of each 24-h collection
was calculated as the total weight of the collection divided by its density, which was determined
by weighing a precisely portioned volume of the collection. The amount of water in the urine
is denoted as WU.

Subjects completed a 72-h stool collection from days 7–9 of each trial. The beginning and end
of the collection were identified with the use of stool dye markers. All stools collected during
the 72-h period were combined, homogenized in a blender dedicated to this task, and weighed.
An aliquot of each sample was frozen and later analyzed for water content by using the same
method as for the food composites. Stool water is denoted as WS.

Insensible water losses through respiration and the skin were estimated according to the
proportions of 13 and 30 mL water, respectively, given off for every 100 kcal energy consumed
(22). These factors are considered reasonable estimates of these water losses, with the
understanding that the insensible water loss of an individual is proportionate to heat production
and will vary as a result of body size, the level of physical activity, and environmental
conditions. The day-to-day indoor and outdoor environmental conditions that the subjects
resided in were not recorded. The estimations were based on the assumption that total dietary
energy provided matched each subject's energy requirement. The insensible water loss by
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respiration and perspiration is denoted as WI. Water loss by sweat was not estimated but may
be closely approximated as the difference between total water input and output from urine,
stool, respiration, and insensible perspiration.

Calculation of water balance
Net water balance was calculated for each trial with the following formula and was expressed
on a daily basis (in g water/d):

(1)

The assessment of net water balance assumes that body water volume is constant during the
measurement period; ie, water is not retained or released from the body. The retention or release
of body water was estimated from the day-to-day changes in body weight during the balance
periods.

Comparison of fluid intake to recommendations
Fluid intake, including water consumed ad libitum and through food and beverages, was
compared with 3 recommendations. The fluid intake recommendations were 1) 30 mL/kg body
wt (13,14); 2) 1 mL/kcal energy consumed (15); and 3) 100 mL/kg for the first 10 kg, 50 mL/
kg for next 10 kg, and 15 mL for each additional kilogram of body weight (16).

Body composition
Fasting-state nude body weight was measured to the nearest 0.1 kg each weekday morning on
an electronic digital scale (model ES200L; Ohaus Corporation, Pine Brook, NJ). Whole-body
density was measured with the use of an air-displacement plethysmography system (BOD
POD; Life Measurement Inc, Concord, CA) (23), which has been validated for use with older
adults (24). Percentage body fat and FFM were estimated from body density with the use of
the two-compartment equation of Siri (25). TBW was measured by using a deuterium oxide
dilution method (26,27). The body density and TBW measurements were usually done on day
14 of each of the 3 trials, and each subject's results from the 3 trials were averaged for
presentation.

Assessment of hydration status
Hydration status was assessed by evaluating urine specific gravity and plasma osmolality.
Urine specific gravity was assumed to equal urine density, which was determined by weighing
a specified volume of urine from each 24-h collection. Fasting-state blood samples were
collected on day 12 of each trial by venipuncture of an antecubital vein. The blood was placed
into a heparin-coated tube, and the tube was centrifuged (1000 × g for 10 min at 4 °C) to obtain
plasma. Osmolality was determined with the use of an osmometer either at our laboratory (The
Advanced Osmometer, Model 3D3; Advanced Instruments Inc, Norwood, MA) or at a
commercial clinical chemistry laboratory (LabCorp, Burlington, NC).

Assessment of physical activity
To estimate the energy expenditure associated with habitual physical activity, each subject
completed the Yale Physical Activity Survey (28) once per trial. Values from the 3 trials were
averaged to obtain an overall estimate of daily energy expenditure (in kcal/d) and total time
(in h/wk) for work, exercise, and recreational activity. A categorical listing of different types
of activities (ie, vigorous activity, leisurely walking, moving, standing, and sitting) was
calculated as the product of the frequency and duration of each activity and a weighting factor.
These activity dimension indexes are reported as the sum of the 5 activity categories.
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Questionnaires
To assess the subject's perceptions of appetite, during 1 d of each trial, the men in the study
completed a Visual Analog Scale immediately on waking and every hour thereafter (29). These
data were not collected for the women because this assessment tool was added to the protocol
after most of the women had finished the study. The following questions were included on the
questionnaires: “How strong is your feeling of thirst?” and “How strong is your desire to eat
something salty?” Subjects were instructed to mark a single horizontal line on a 100-mm
vertical labeled magnitude scale to indicate their feeling about the question at each time point.
Data were scored to the nearest millimeter with the use of a ruler. One value was obtained for
each subject by averaging the values obtained over the course of the day and then averaging
the values from each of the 3 trials.

Statistical analysis
Data are reported as mean ± SD for each age and sex group. The main effects of trial (ie, dietary
protein intake; within-subjects effect), age (between-subjects effect), and sex (between-
subjects effect) and the interactions among these independent variables were assessed by three-
factor repeated-measures analysis of variance. These analyses established that no significant
age-by-sex, trial-by-sex, trial-by-age, or trial-by-sex-by-age interactions existed. A P value <
0.05 was considered significant. Data were analyzed with the use of JMP STATISTICAL
DISCOVERY software (version 3; SAS Institute, Cary, NC).

Results
Independent of sex, the older subjects were not significantly different in height and weight
from the younger subjects, although body mass index was higher for the older subjects (Table
1). The older subjects also had lower FFM, no significant difference in TBW, and higher
percentage of body fat. The TBW:FFM was lower in the younger subjects than in the older
subjects. TBW was 53 ± 5% (YM), 50 ± 6% (OM), 47 ± 5% (YW), and 39 ± 4% (OW) of body
weight. For all 4 groups, fasting body weight on the first and last days of the 4-d balance periods
was not significantly different, with variability < 0.1 kg/d. For all subjects combined, the daily
fluctuations represented ±0.4% of fasting body weight. The CV of the daily body weight
changes was 0.29%.

The dietary intakes of energy, carbohydrate, fat, and fiber were higher for the younger subjects
than for the older subjects and were not appreciably different among the 3 trials (Table 2).
Independent of trial, total protein intake was not different between the younger and older
subjects (because protein was provided on a per-kilogram body weight basis, and body weight
was not different between the younger and older subjects). Sodium and potassium intakes were
not different between the younger and older subjects.

Dietary protein intake did not influence ad libitum water intake or urine and stool water outputs
(Table 3). Although food and beverage water decreased significantly with increased protein
intake, because of the somewhat higher water content of the different foods used to manipulate
protein intake, the difference in water was only 132 mL between the 0.5 and 1.0 g protein ·
kg−1 · d−1 trials. The estimates of metabolic water production and respiratory and perspiration
insensible water losses were not affected by protein intake.

Independent of age, the men had significantly higher food and beverage water input (P = 0.001),
ad libitum water intake (P = 0.034), and metabolic water production (P < 0.001) than did the
women (Table 3). Total water input was significantly higher in the men than in the women
(P = 0.001). Water output in stool (P = 0.026) and insensible losses (P < 0.001) were
significantly higher for the men than for the women, and urinary water excretion was not
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different between the men and the women. The percentages of water content of stool were 78
± 4% (YM), 77 ± 6% (OM), 77 ± 6% (YM), and 83 ± 6% (OW). Total water output was
significantly higher in the men (P = 0.031). Net water balance, which did not include sweat
water loss, was significantly higher in the men than in the women (P = 0.020).

Independent of sex, the younger subjects had significantly higher food and beverage water
input (P = 0.042) and metabolic water production (P = 0.004) than did the older subjects, but
there was no significant difference in ad libitum water intake (P = 0.111) (Table 3). Total water
intake was not different between the younger and the older subjects. Water output in urine was
not influenced by age, whereas stool water output was significantly lower (P = 0.042) and
insensible water loss was significantly higher (P = 0.010) in the younger subjects than in the
older subjects. Net water balance was not different between the younger and the older subjects.

All 4 groups were adequately hydrated, based on normalcy ranges of 1.006–1.020 for urine
specific gravity (30) and 280–300 mOsm/kg for plasma osmolality (31) (Table 1). Although
all 4 groups were within the clinically normal range, urine specific gravity was significantly
higher in the men than in the women (P < 0.001) and in the younger subjects than in the older
subjects (P < 0.001). Plasma osmolality was not influenced by age and sex. Individually, 43
subjects were adequately hydrated, and 3 subjects (1 OM and 2 OW) had above-normal
hydration. On the basis of plasma osmolality, 42 subjects were adequately hydrated, 3 subjects
(1 YM and 2 OM) had below-normal hydration, and 1 OM had above-normal hydration.

Total water intake (food, beverage, and ad libitum water intakes combined) exceeded each of
the 3 intake recommendations, as well as the 50th percentile for water intake from NHANES
III (Figure 1). It is important to note that the 50th percentile values of for the YM and YW are
the “adequate intakes” set by the Food and Nutrition Board for adults of all ages, and that these
3.7 and 2.7 L/d values, respectively, are higher than the NHANES III 50th percentile water
intakes for OM (2.9 L/d) and OW (2.5 L/d).

No significant differences in daily energy expenditure for physical activity, total time in
activity, and the activity indexes sum were found among groups. For the YM, OM, YW, and
OW, daily energy expenditure for physical activity was 1069 ± 635, 973 ± 480, 724 ± 340, and
817 ± 443 kcal/d; total time in activity was 28 ± 15, 27 ± 13, 22 ± 11, and 26 ± 14 h/wk; and
the activity indexes sum was 48 ± 11, 46 ± 21, 44 ± 11, and 36 ± 14 total units, respectively.

Average perceived thirst was not different between the younger and the older men. Average
perceived desire to eat something salty was significantly higher in the older men than in the
younger men (P = 0.006). Similar data were not collected from the women.

Discussion
This comprehensive water balance study is the first to document water input and output in
younger and older men and women. The results indicate that chronologic age does not influence
the ability of a healthy person to consume sufficient fluid to achieve water balance and to
maintain indexes of hydration within clinical normalcy.

The observation that age did not influence total water intake is consistent with some previous
research. De Castro et al (17), using 7-d food diary data from 262 healthy men and women
grouped into 20–34 y, 35–49 y, 50–64 y, and 65–80 y age ranges, reported that total water
intake, regardless of source, was not different among the 4 age groups. They also reported that
age did not influence water intake from “drinks,” defined as an item ingested in liquid form
and not normally considered a food (ie, items such as soups and instant breakfast beverages
were excluded). In contrast, Raman et al (18), using 2H-labeled water turnover data from 458
men and women grouped into 40–49 y, 50–59 y, 60–69 y, and 70–79 y age ranges, reported
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that preformed water intake, defined as water consumed orally from beverages and food, was
lower in the 70–79-y-old men than in the 40–49-y-old men and lower in the 70–79-y-old women
than in the 40–59-y-old women. The dietary total water intakes of ≈3300 mL/d in older women
and 3700 mL/d in older men in the current study are somewhat higher than those Raman et al
(18) reported for the 70–79-y-old women (2330 mL/d) and men (2750 mL/d) and are 135–
160% of recommended intakes (13–15). The strict dietary control of the present study provides
an opportunity to document that age did not influence ad libitum water consumption and that
it accounted for ≈44–50% of dietary total water intake among the 4 groups when water intake
from food and beverage sources was controlled. The ≈1720, 1830, 1350, and 1640 mL/d ad
libitum water intake by the YM, OM, YW, and OW, respectively, represents 91%, 96%, 71%,
and 86% of the recommendation to consume 8 glasses (8 oz or 237 mL each) of water each
day (≈1900 mL/d) (32,33).

Improved education of older adults about guidelines for water intake is required. For example,
the modified food guide pyramid for adults aged ≥70 y (32) depicts 8 glasses of water as the
foundation of the pyramid. However, Russell et al (32) indicated in the description of the
pyramid that older adults are encouraged to consume ≥8 servings of noncaffeine, nonalcohol
“fluids” per day, but not specifically water. Nutrition education directed toward older adults
should continue to emphasize the importance of adequate water intake, but it should more
clearly state that this need may be met by consuming a variety of fluids, not exclusively 8
glasses of water. Indeed, little scientific support is found for the recommendation to consume
8 (8-oz or 237 mL) glasses of water (33). The overconsumption of water may cause water
intoxication and nonfatal hyponatremia, especially in older adults as a result of an age-
associated decline in the kidneys to dilute urine (2,33).

The current study and previous research by de Castro et al (17,34) and Raman et al (18) used
healthy subjects who were not purposefully exposed to conditions known to alter fluid balance,
such as water deprivation, overhydration, altered metabolic state (eg, induced hypertonicity),
altered environmental conditions (eg, high temperature or altitude), and prolonged exercise
(5,9,35–39). Under stressed conditions, thirst responses are controlled by homeostatic
mechanisms (36). Older adults exhibit a different thirst response and reduced fluid intake
(36), which are associated with an age-related shift in the set point that controls body fluid
volume and composition (37,39). The ability of the older subjects in the current and past
research studies (17,18,34) to maintain water intakes comparable to those of groups of younger
subjects suggests that water consumption was not controlled by homeostatic mechanisms
(17,36). That is, the experimental conditions were such that the main determiners of water
intake were unregulated factors, such as the amount and timing of food intake, food and
beverage preferences, food and beverage availability, and the consequences of food and
beverage intake (eg, urine production). De Castro et al (17) emphasized that the apparent lack
of homeostatic control of fluid intake under unstressed conditions does not imply that
homeostatic mechanisms are not important in older adults, but only that they are not likely
called on when water intake exceeds requirement.

The findings that dietary protein intakes that spanned the range of adequacy did not influence
water input, output, and balance corroborate those of Luft et al (40). They reported that water
intake (food, beverage, and ad libitum consumption) and urinary excretion were not different
when 8 young men consumed either 80 or 180 g protein/d during 7-d controlled feeding periods.
De Castro et al (17) observed that, for 20–80-y-old men and women, protein intake positively
correlated with total fluid intake. However, this apparent relation did not remain when other
dietary factors (ie, carbohydrate, fat, and sodium) were considered with multivariate analyses,
and the researchers concluded that the primary determinant of fluid ingestion was the amount
of solid ingested, not a specific macronutrient. The current findings that urine specific gravity
and plasma osmolality were not influenced by protein intake or subject age, coupled with the
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lack of change in ad libitum water consumption, support the conclusion that healthy older adults
with clinically normal kidney function are able to successfully respond to changes in urea
production. These conclusions should not be generalized to high-protein diets (40) or protein
deficiency (41) without further research.

The apparent positive net water balance (Table 3) was expected, because water output by sweat
was not accounted for in the water balance equation. The accurate assessment of 24-h sweat
loss is notoriously difficult to quantify and will vary considerably from person to person. The
greater net water balance in men than in women may be attributed to greater sweat losses in
men during resting and exercise states (42). The questionnaire-based assessment of physical
activity suggested that the 4 groups performed comparable amounts of work, activities, and
exercise. This finding would support the conclusion that the differential net water balance
between men and women was not due to differences in habitual activities. This conclusion
should be drawn cautiously, because the questionnaire was designed to assess patterns of
physical activities during the previous month (28) and not on the specific days of water balance
assessment. In addition, this questionnaire was designed for use in older adults and is better
suited to evaluating the energy expenditure of physical activity for groups of subjects than for
individual subjects (43). The stability of body weight during the water balance periods suggests
that the positive water balance was not due to body water retention and that these subjects were
able to tightly regulate their body water.

The difference in water balance between the men and the women is not likely due to the
difference in sodium intake. Luft et al (40) reported that water intake and urinary water
excretion in young men were not influenced when sodium intake was set at 10, 200, or 400
mEq/d, and de Castro et al (17,34) showed that sodium intake did not relate to fluid intake
among 262 men and women aged 20–80 y.

The observation that urinary water output was not different in the younger and older men and
women is generally consistent with the observation of Raman et al (18), who reported no age-
related difference in urinary excretion among women aged 40–69 y, but they reported ≈20%
greater urine excretion in 60–69-y-old men than in 40–59-y-old men. In the current study,
urinary water excretion accounted for ≈60, 63, 64, and 68% of total water output in the YM,
OM, YW, and OW, respectively. These values are comparable to the 66% value reported by
Raman et al (18) and higher than the 50% value previously assumed (15). Stool water excretion
accounted for ≈4% of total water output among the 4 groups in the present study. The measured
stool moisture content was 79%, which is higher than the 72% assumed by Raman et al (18).

The assumed constant hydration of FFM is among the most widely known and applied body-
composition constants (44,45). The biological importance of an age-related change in FFM
hydration, as observed in this study, is not well established, but it may relate to age-associated
shifts in body composition (including osteoporosis and sarcopenia). The biological importance
of the FFM hydration is also applicable to growth, sex, body size, and acute or chronic catabolic
illness (44). As reviewed by Wang et al (44), controversy exists as to whether FFM hydration
is influenced by age in the adult human. The current observation that FFM hydration
(TBW:FFM; Table 1) was higher in the older men and women than in the younger men and
women supports previous findings in men (46) and women (47). In contrast, some studies
showed no age-related change in FFM hydration (8,48–51). Wang et al (44) commented that
these contradictory findings may relate to differences in health status, levels of physical
activity, body mass, and other differential population characteristics. The distribution of body
fluid within the intracellular and extracellular compartments is important physiologically but
was not assessed in this study.
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In summary, the results of this comprehensive water balance study in younger and older men
and women suggest that chronologic age does not compromise the ability of an apparently
healthy person to consume sufficient water to maintain hydration status. These data provide
the first documentation that ad libitum water intake is comparable among younger and older
adults who are adapted to controlled diets that provide protein intakes ranging from 63% to
125% of the recommended dietary allowance. These findings are limited to healthy people
who are not acutely exposed to stressors known to compromise hydration status. Further
research into the effect of age on water balance with the direct measurement of water input and
output in older adults under uncontrolled dietary conditions is needed.
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Figure 1.
Total fluid intake of younger men (YM), older men (OM), younger women (YW), and older
women (OW) with comparisons to recommended (Rec) fluid intakes. The total fluid intake
included water consumed ad libitum and from the foods and beverages provided. The third
National Health and Nutrition Examination Survey (NHANES III) 50th percentile is the
median total fluid intake for the respective groups. These values for the YM and YW are used
as the “adequate intake” of water set by the Food and Nutrition Board for all adults, independent
of age (2). Rec 1 = 30 mL/kg body wt (13,14); Rec 2 = 1 mL/kcal energy consumed (15); Rec
3 = 100 mL/kg for first 10 kg, 50 mL/kg for next 10 kg, and 15 mL for each additional kilogram
of body weight (16).
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Table 1
Subject characteristics1

Group

YM
(n = 11)

OM
(n = 10)

YW
(n = 14)

OW
(n = 11)

Age (y)2 30 ± 73 (23–43)4 72 ± 4 (63–79) 31 ± 8 (21–46) 75 ± 4 (70–81)
Height (cm)5 177.6 ± 5.0 173.2 ± 4.5 169.1 ± 5.9 162.8 ± 5.3
Weight (kg)5 78.6 ± 15.7 79.6 ± 11.7 64.9 ± 8.5 72.9 ± 13.2
BMI (kg/m2)2 24.8 ± 4.4 26.5 ± 3.3 22.7 ± 2.5 27.4 ± 4.2
Body fat (%)2,5 22.4 ± 6.7 28.3 ± 6.7 28.8 ± 5.9 45.4 ± 6.7
FFM (kg)2,5 59.9 ± 8.9 56.0 ± 6.5 44.6 ± 2.5 38.6 ± 5.8
TBW (L)5 41.1 ± 5.9 40.8 ± 5.8 30.2 ± 2.3 28.1 ± 3.2
TBW:FFM (%)2 68.7 ± 4.0 73.3 ± 11.0 67.5 ± 3.1 72.5 ± 6.9
Urine specific gravity2,5 1.013 ± 0.003

(1.010–1.018)
1.010 ± 0.003
(1.003–1.015)

1.009 ± 0.003
(1.007–1.013)

1.007 ± 0.001
(1.005–1.011)

Plasma osmolality (mOsm/kg) 281 ± 11 (275–315) 291 ± 12 (281–321) 288 ± 4 (276–294) 291 ± 4 (282–297)

1
YM, younger men; OM, older men; YW, younger women; OW, older women; FFM, fat-free mass; TBW, total body water.

2
Younger significantly different from older, P < 0.05 (between-subjects main effect of age, three-factor repeated-measures ANOVA).

3
x̄ ± SD (all such values) for the adequate protein intake trial of 1.00 g protein · kg−1 · d −1.

4
Range (all such values).

5
Men significantly different from women, P < 0.05 (between-subjects main effect of sex, three-way repeated-measures ANOVA).
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