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Abstract
Background Although water is essential to the maintenance of health and life, standard values for human water 
requirements are yet to be determined. This study aimed to evaluate the distribution of water turnover (WT) 
according to sex and age, estimated using a prediction equation, in Japanese adolescents and adults.

Methods This cross-sectional study used data from the 2016 National Health and Nutrition Survey, Japan. Data were 
obtained from electronically available aggregated reports in the survey’s official website. Participants aged between 
15 and 80 years (10,546 men, 12,355 women) were selected using stratified random sampling. WT was calculated 
considering lifestyle and environmental factors, and using an equation (coefficient of determination = 0.471) 
previously developed by the international doubly labelled water (DLW) database group. As data on physical activity 
levels (PAL) were not collected in the survey, we used two evaluation methods: (1) energy intake assessed by dietary 
records and (2) total energy expenditure measured by the DLW method reported in previous Japanese studies, 
divided by basal metabolic rate predicted using the equation. We evaluated the relationship between WT and age 
using a restricted cubic spline model.

Results The average WT for the 15–19, 20–29, 30–39, 40–49, 50–59, 60–69, and ≥ 70 years was 3291, 3151, 3213, 
3243, 3205, 3104, and 2790 ml/day, respectively in men, and 2641, 2594, 2741, 2739, 2753, 2707, and 2482 ml/day, 
respectively in women. In the spline model, WT showed an inverse association with age in men older than 50 years, 
whereas women showed a reverse U-shaped relationship between WT and age (p for non-linearity < 0.001), although 
results differed with body weight adjustment. Similar results were found for both PAL evaluation methods, and the 
range of WT per body weight was 45–56 ml/day for both sexes.

Conclusions We determined the standard values of WT in Japanese population using a prediction equation and 
national large-scale survey data. These findings may be useful for setting water requirements for dietary guidelines in 
future.
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Background
When the fluid balance of the body is disturbed by the 
loss of water, humans experience hunger or thirst, and 
adjust primarily by consuming water through food and 
beverages [1]. Homeostatic functions maintain fluid lev-
els in the body [2]. Although humans are thought to have 
evolved to utilise less water per day compared to other 
primates [3], a few days spent without consuming water 
can prove fatal to them [4, 5]. Therefore, it is important 
to evaluate the amount of water required for maintaining 
life and good health.

The requirement of water consumption as per guide-
lines from the United States and Canada [6] and the 
World Health Organisation (WHO) [7] are 2.7 L/day for 
adult women and 3.7 L/day for adult men. However, the 
Dietary Reference Intake in Japan does not indicate set 
water requirements for Japanese people [8]. Regarded as 
a gold standard method to evaluate the required amount 
of daily water consumption, water turnover (WT) can 
be measured using the deuterium or the double-labelled 
water method [3, 4, 9–11]. WT has been shown to dif-
fer between countries and regions with different envi-
ronments [1, 4]. The sources of human water inputs are 
metabolic water produced by the metabolism of nutri-
ents, respiratory and transcutaneous water entering the 
body through breathing and the skin, and pre-formed 
water derived from ingested food and fluids [9]. There-
fore, clarifying the requirement of WT and pre-formed 
water in individuals is essential for establishing recom-
mendations and setting goal values for water consump-
tion to prevent dehydration and maintain body fluids 
[12].

To determine the water requirements for guidelines, 
standard values should be established by evaluating the 
mean and distributions of WT measured by DLW meth-
ods according to sex and age from a randomly selected 
sample population of Japanese individuals [8]. How-
ever, it is difficult to obtain such data because the DLW 
method is an expensive experimental technique. Intake 
values estimated from dietary records (DRs) are often 
underestimated [13–15], making it difficult to accurately 
estimate water as well as energy intake (EI) [11]. Recently, 
the international DLW database group, in which we are 
a participant, developed a prediction equation for WT 
measured by DLW methods [4]. This prediction equa-
tion included significant factors such as anthropometric, 
lifestyle, and environmental factors, and can obtain pre-
dicted WT for human in different countries and regions 
around the world. However, to the best of our knowl-
edge, standard values of WT have not been considered, 

and we believe that it may be possible to estimate stan-
dard values for the Japanese population using this equa-
tion and national large-scale survey data. Thus, this study 
aims to estimate the expected distribution of WT by age 
and sex in Japanese adults based on inputs for the pre-
viously developed prediction equation [4] and lifestyle 
and environmental factors. In addition, we compare the 
distribution of pre-formed water estimated by the predic-
tion equation with DRs. This study aims to obtain use-
ful knowledge for setting standard values of WT using 
a prediction equation and national large-scale survey 
data. Further, we hypothesised that pre-formed-water 
estimated from DR was underestimated compared with 
those estimated by prediction equation.

Methods
Study design and data
This study was conducted in the following steps: (1) data 
were collected from electronically available aggregated 
reports; (2) WT was estimated according to age and sex 
from the collected data using the previously developed 
prediction equation, and (3) pre-formed water calculated 
by subtracting metabolic, respiratory, transcutaneous 
derived water from predicted WT was compared with 
the value estimated from DRs.

We used data from the 2016 National Health and 
Nutrition Survey, Japan (NHNS-J) [16–18]. This sur-
vey commenced in 1946, with the purpose of obtaining 
basic data necessary to receive food aid after World War 
II from each country under the General Headquarters 
of the Allied Forces. It is a cross-sectional household 
examination survey conducted in November of each year 
with the exception of 2016, when it was conducted from 
1 October to 30 November because of the exceptionally 
large sample. Participants were selected using stratified 
random sampling from the 2010 census enumeration 
area of all 47 prefectures of Japan, with 10 districts per 
prefecture (only Tokyo, which has a large population, has 
15 districts). In these areas, household members aged one 
year or older were included, except for the 13 districts 
affected by natural disasters, such as earthquakes and 
typhoons, in 2016. The number of households that gave 
valid responses to the dietary section of this survey was 
10,745 out of 24,187 households (response rate = 44.4%). 
The present analyses included individuals aged 15–80 
years who completed the dietary survey (10,546 men and 
12,355 women).

Dietary intake was assessed from single-day semi-
weighed household DRs, excluding trip or festivity 
days [19]. Before the dietary survey, participants were 
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instructed on how to complete the DR by well-trained 
workers (mainly registered dietitians). A household 
member, usually responsible for preparing meals, was 
entrusted with weighing all food and beverages con-
sumed by the household members and assigning approxi-
mate proportions of each dietary item to individual 
household members. When data were missing or illogi-
cal, workers visited the household and verified the por-
tion sizes of food and beverages on the DR forms. Energy 
and nutrient intake were calculated from the weight of 
food and beverages consumed, based on the 2010 Stan-
dard Tables of Food Composition in Japan [20]. After the 
participants had completed the dietary survey, a physical 
examination was conducted in a facility within walking 
distance of their residence. The height and body weight 
were evaluated to the nearest 0.1 cm and 0.1 kg, respec-
tively, using a stadiometer and weighing scale, with the 
participants barefoot and wearing light clothing. If par-
ticipants were unavailable to measure these variables or 
could not travel to the facility, values were obtained from 
self-reports or measured at their homes. All data were 
available electronically in the form of aggregated reports 
in the official website of the Ministry of Health, Labour, 
and Welfare [21].

Estimation of WT
The WT was calculated using a previously developed 
equation derived from select variables using a multiple 
regression model with the WT measured by DLW meth-
ods as a dependent variable [4]. Data were collected from 
5604 people including Japanese data that we provided for 
the ages of eight days to 96 years from across 23 coun-
tries and stored in the international DLW database, based 
on which a model predictive equation for WT in adults 
aged 18 years and older was developed. The coefficient of 
determination (R2) for this model was 0.471. The model 
used the following equation [4]:

 

C = β0 + β1 PAL1 + β2 body weight2

+ β3 sex3(1 if men, 0 if women)

+ β4 humidity4

+ β5 athlete status5(1 if yes, 0 if no)

+ β6 HDI6(2 if low HDI, 1 if middle HDI, 0 if high HDI)

+ β7 altitude7 + β8 age
2
8 + β9 age9

+ β10 temperature210 + β11 temperature11

 (1)

where C represents WT. The intercept (β0) of the equa-
tion was − 713.1 ml. The coefficients of the binary 
variables of sex (β3), athlete status (β5), and human 
development index (HDI; β6), were 374.9 ml, 1070 ml, 
and 104.6 ml, respectively. The coefficients of the con-
tinuous variables of physical activity level (PAL; β1), body 
weight (β2), humidity (β4), altitude (β7), age2 (β8), age (β9), 
temperature2 (β10), and temperature (β11), were 1076 ml, 
14.34 ml (kg), 5.823 ml (%), 0.4726 ml (m), − 0.3529 ml 

(years), 24.78 ml (years), 1.865 ml (℃), and − 19.66 ml 
(℃), respectively. The product of the above coefficients 
and all characteristic variables of the participants, such 
as PAL (continuous), body weight (continuous), sex (1 for 
men, 0 for women), humidity (continuous), athlete status 
(1 for yes, 0 for no), HDI (2 for low HDI countries, 1 for 
middle HDI countries, 0 for high-HDI countries), alti-
tude (continuous), age2 (continuous), age (continuous), 
temperature2 (continuous), and temperature (continu-
ous) were calculated. WT was calculated as the sum of 
the above products and intercepts.

Other variables
Calibrated EI was calculated by multiplying the EI esti-
mated from the DR by 1.09, because it was previously 
reported that the values estimated from DRs were 
underestimated by approximately 9% compared with 
total energy expenditure (TEE), as measured using the 
DLW method in Japanese older adults [15]. The predic-
tive basal metabolic rate (pBMR) was estimated using 
the equation by Ganpule et al. for Japanese individuals 
[22], given that this equation provided the best results in 
a comparison of several different equations for calculat-
ing pBMR [23]. We assumed that EI and TEE had simi-
lar values [24], and PAL was substituted with calibrated 
EI/pBMR to compensate for the absence of PAL data in 
NHNS-J. As water intake from food was not reported in 
NHNS-J, and the mean ratio of water from foods in the 
DRs of previous studies was 69% [25], water intake from 
food was estimated at 69% of the food weight from the 
DR. Based on the sum of water intake from food and 
beverages, pre-formed water was estimated. Japan was 
considered a high-HDI country in accordance with a pre-
vious study [4]. We were unable to evaluate athletic sta-
tus in this survey, therefore, we assumed that there were 
no athletes across all age groups. For altitude, a value of 
189.2 m was used for all participants, which is the aver-
age value for the inhabited area in Japan [26]. The tem-
perature and relative humidity during the survey period 
adopted the mean values as on November 2016 in all sur-
veyed areas determined from the database of the Japan 
Meteorological Agency (temperature: 10.9℃ and relative 
humidity: 74.7%) [27].

Calculation of other water consumption
The carbon dioxide production rate (rCO2), metabolic, 
respiratory, transcutaneous, and pre-formed water were 
calculated using Eqs. 2–6. We assumed that EI and TEE 
showed similar values, and rCO2 (mg/day) was calculated 
using the calibrated EI (kcal/day), food quotient (FQ), 
and Eq. (2) referenced in a previous study [28]:

 rCO2 = calibratedEI/(1.106 + (3.94/FQ)) (2)
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We assumed that the respiratory quotient was equal to 
the FQ, which was calculated by multiplying the coef-
ficients (protein: 0.8, fat: 0.7, carbohydrates: 1.0) and 
dietary protein, fat, and carbohydrate intake. Metabolic 
water (Wmet; ml/day) was calculated using Eq. (3) [9]:

 

Wmet =Calibrated EI × (1/100, 000)
[
0.119%fat + 0.103%pro + 0.150%carb + 0.168%alc

] (3)

The intake of fat (%fat), protein (%pro), carbohydrates 
(%carb), and alcohol (%alc) per calibrated EI, as estimated 
from the single-day DR, were multiplied by their coef-
ficients and totalled. Metabolic water was estimated by 
multiplying the total value by the calibrated EI (kcal/day). 
Respiratory water (Wres; ml/day) was calculated from 
the concentration of water in the atmosphere, estimated 
from the average air temperature and relative humidity 
during the period when the DR was made, using Eq. (4) 
[9]:

 Wres = [absolute humidity/1000]× 0.035rCO2 (4)

The mean temperature, relative humidity, and abso-
lute humidity during the study were 10.9  °C, 74.7%, and 
7.45 g/m3 in November 2016, respectively [27]. For respi-
ratory air volume, 3.5% of the inhaled air was assumed to 
be CO2 and was calculated from the rCO2 obtained using 
above equation. Transcutaneous water (Wtrans; ml/day) 
was calculated using Eq. (5) [9]:

 Wtrans = [0.18absolute humidity/21.7]× 0.5×BSA× 1.44 (5)

The transdermal absorption rate per m2 of body surface 
area (BSA) in an atmosphere saturated with water vapor 
(21.7 mg/L) was 0.18 g/m2. The BSA (m2) was estimated 
using the Dubois equation [29]. As clothing reduces the 
rate of evaporation of moisture from the skin, the cloth-
ing coefficient was assumed to be 50%. Pre-formed water 
(Wpre; L/day) was calculated by subtracting the meta-
bolic, respiratory, and transcutaneous water from the 
WT using Eq. (6) [9]:

 Wpre = WT − [Wmet +Wres +Wtrans] (6)

Pre-formed water includes the fluids consumed from 
food and drinks.

Statistical analysis
All analyses were performed after stratifying by age (15–
19, 20–29, 30–39, 40–49, 50–59, 60–69, and ≥ 70 years) 
and sex (male or female) according to the summary tables 
reported by the NHNS-J. For descriptive statistics, con-
tinuous and categorical variables of participant charac-
teristics were expressed as mean and standard deviations 

or 95% confidence intervals (CI), and as numbers and 
percentages, respectively.

We used a restricted cubic spline model with three 
knots based on age distribution (5th (18 years), 50th (48 
years), and 95th (77 years) percentiles) to evaluate the 
curvilinearity of the relationship between water con-
sumption and age [30, 31]. The statistical significance of 
non-linearity was assessed using the Wald test, compar-
ing the likelihood ratio of the spline model with the lin-
ear model, with p values of < 0.05 indicating a statistically 
significant non-linear relationship between the WT and 
age [32]. For the sensitivity analysis, we performed the 
same procedure using the TEE evaluated by DLW meth-
ods reported in previous Japanese studies [15, 33–35] 
because EI from DRs may not be uniformly underesti-
mated in age groups [13, 14].

We compared the distribution of pre-formed water 
estimated by the prediction equation and DRs accord-
ing to sex- and age-stratified models. The analysis results 
are presented as mean differences and 95% CI. To assess 
the relationship between underestimation of pre-formed 
water estimated from the DR and age, the p-value of the 
linear trend was calculated using a regression model and 
the continuous variable of age.

A two-tailed significance level of 5% was adopted and 
STATA MP, version 15.0 (StataCorp LP, College Station, 
TX, USA) was used for all analyses.

Results
Table  1 shows the participant characteristics stratified 
by age and sex in the analysed population. The number 
of participants increased with age in both sexes. Body 
weight was the highest for those aged 40–49 years, fol-
lowed by an age-dependent decline up to ≥ 70 years in 
both sexes. The calibrated EI/pBMR tended to be high 
in the age ranges of 15–19 and ≥ 60 years. Comparison 
with the TEE reported in Japanese previous studies, cali-
brated EI took lower values, from approximately 3.5 (50–
59 years in women) to 14.1% (30–39 years in men) but 
EI (uncalibration) took lower values, from approximately 
11.5 (50–59 years in women) to 21.2% (30–39 years in 
men; Supplementary Table 1).

Table  2 shows the distribution of water consumption 
according to age and sex estimated using the prediction 
equation. The average WT for the 15–19, 20–29, 30–39, 
40–49, 50–59, 60–69, and ≥ 70 years was 3291, 3151, 
3213, 3243, 3205, 3104, and 2790 ml/day, respectively in 
men, and 2641, 2594, 2741, 2739, 2753, 2707, and 2482 
ml/day, respectively in women. Figures 1 and 2 show the 
dose-response relationship between water consumption 
and age using the restricted cubic spline model. WT and 
pre-formed water showed an inverse association with age 
in men ≥ 50 years (p for non-linearity < 0.001), whereas 
WT and pre-formed water per body weight showed a 
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Table 2 Distribution of water consumption according to age and sex as estimated by the prediction equation
n Water consumption estimated by prediction equation (ml/day)

Water turnover Metabolic 
water

Respiratory 
water

Transcutane-
ous water

Pre-formed water

Men
15–19 years 559 3291 (3265 to 3315) 355 (N/A) 124 (N/A) 76 (N/A) 2735 (2712 to 2758)

20–29 years 710 3151 (3125 to 3176) 309 (N/A) 108 (N/A) 80 (N/A) 2654 (2628 to 2679)

30–39 years 1207 3213 (3204 to 3221) 307 (N/A) 107 (N/A) 81 (N/A) 2718 (2709 to 2726)

40–49 years 1581 3243 (3236 to 3250) 311 (N/A) 109 (N/A) 81 (N/A) 2742 (2734 to 2748)

50–59 years 1486 3205 (3183 to 3226) 316 (N/A) 110 (N/A) 80 (N/A) 2699 (2677 to 2720)

60–69 years 2307 3104 (3072 to 3135) 318 (N/A) 111 (N/A) 78 (N/A) 2597 (2565 to 2628)

≥ 70 years　　　 2696 2790 (2746 to 2833) 295 (N/A) 103 (N/A) 75 (N/A) 2318 (2275 to 2360)

Women
15–19 years 491 2641 (2606 to 2676) 258 (N/A) 90 (N/A) 66 (N/A) 2228 (2193 to 2262)

20–29 years 779 2594 (2566 to 2621) 237 (N/A) 83 (N/A) 68 (N/A) 2206 (2179 to 2233)

30–39 years 1350 2741 (2729 to 2753) 247 (N/A) 86 (N/A) 68 (N/A) 2339 (2328 to 2351)

40–49 years 1819 2739 (2735 to 2743) 245 (N/A) 86 (N/A) 69 (N/A) 2339 (2335 to 2343)

50–59 years 1777 2753 (2736 to 2771) 252 (N/A) 88 (N/A) 69 (N/A) 2345 (2327 to 2363)

60–69 years 2641 2707 (2684 to 2729) 256 (N/A) 90 (N/A) 67 (N/A) 2294 (2272 to 2316)

≥ 70 years　　　 3498 2482 (2452 to 2512) 244 (N/A) 86 (N/A) 64 (N/A) 2088 (2058 to 2117)
N/A, not available

The survey was conducted between October and November 2016. The mean temperature and relative humidity during the survey period were 10.9℃ and 74.7%, 
respectively. The values are presented as mean (95% confidence interval)

Fig. 1 Relationship between water consumption and age among men illustrated by a restricted cubic spline model. (A) water turnover, (B) pre-formed 
water, (C) water turnover per kilogram body weight (BW), and (D) pre-formed water per kilogram BW. Solid lines represent mean water consumption, 
dashed lines represent 95% confidence intervals
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strong dose-dependent negative association with age ≤ 50 
years; however, no significant differences were observed 
in older men (L-shaped relationship). Conversely, women 
showed a reverse U-shaped relationship between water 
consumption and age (p for non-linearity < 0.001), and a 
slightly inverse linear association of WT and pre-formed 
water per body weight with age (p for trend < 0.001). 
Although water consumption calculated using calibrated 
EI was underestimated from 2.1 to 9.2% compared to the 
values estimated using TEE in previous studies, relation-
ships between age and water consumption were corrob-
orated by the main and sensitivity analyses, except for 
WT per body weight in women (Supplementary Tables 
2–3 and Supplementary Figs.  1–2). From the results 
of the main and sensitivity analyses, the ranges of WT 
and pre-formed water per body weight were 45–56 and 
37–47 ml/day, respectively, in both sexes. In addition, 
water consumption estimated using uncalibrated EI was 
underestimated from 6.7 to 14.3% compared to values 
estimated using TEE in previous studies (Supplementary 
Tables 4–5).

We compared the distribution of pre-formed water 
estimated by the prediction equation and DRs according 

to sex- and age-stratified models (Table 3). Pre-formed-
water estimated by DR was underestimated by approxi-
mately 20 to 40% compared with those estimated by 
prediction equation in both sexes. These underestima-
tion levels were negatively associated with age (p for 
trend < 0.001). Similar results were obtained from the 
sensitivity analysis (Supplementary Table 6).

Discussion
This study indicated the distribution of WT across age 
and sex in Japanese adolescents and adults, wherein 
WT was estimated using a prediction equation. WT and 
pre-formed water showed an inverse association with 
age in men aged ≥ 50 years, whereas a reverse U-shaped 
relationship between water consumption and age was 
observed in women. These results differed with adjust-
ment for body weight. Pre-formed water estimated 
from DRs was approximately 20 to 40% underestimated 
compared with those estimated by the prediction equa-
tion in both sexes, and this underestimated amount was 
negatively associated with age. This is the first study to 
standardise values of water consumption in a Japanese 
population using a prediction equation and national 

Fig. 2 Relationship between water consumption and age by a restricted cubic spline model among women. (A) water turnover, (B) pre-formed water, 
(C) water turnover per kilogram body weight (BW), and (D) pre-formed water per kilogram BW. Solid lines represent mean water consumption, dashed 
lines represent 95% confidence intervals
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large-scale survey data. These findings may be useful in 
setting water requirements for future dietary guidelines 
for the Japanese.

As previously stated, our results predict a different 
relationship of WT and age in men and women. The 
international DLW database group indicated that WT 
is greatest between the ages of 20–30 years in men and 
25–60 years in women, and is lower in > 40 years men 
and > 65 years women [4]. Moreover, a previous study 
of American adults aged 40–79 years living in temper-
ate climates reported that WT was inversely associated 
with age in both men and women [9]. Our findings are 
consistent with those of previous studies. These results 
suggest that age-related changes in WT in men aged > 50 
years may be explained by changes in body weight 
because WT per body weight showed no significant dif-
ferences with age after 50 years. In the 1998 National 
Nutrition Survey of Japan, 43.7% of all young Japanese 
women aged 15–39 indicated a desire to be ‘lean’ or 
‘underweight’ [36], and the data we used also showed a 
reverse U-shaped relationship between body weight and 
age. This suggests that the low body weight of young 
women might contribute to the reverse U-shaped rela-
tionship between WT and age in women because simi-
lar findings were not observed in the results of WT per 
body weight. Considering that the logarithmic plots of 

WT and body weight in other mammals and humans are 
nearly linear [1], the target value for WT per body weight 
may also be applicable to individuals of different body 
masses living in similar environments. In environments 
with high external temperatures, fluid loss due to sweat-
ing increases, which increases daily water requirements 
[4, 5]. A previous study that used DRs over four days in 
each season to estimate the total water intake from food 
and drink (pre-formed water) observed higher values in 
the hot summer season than those in the winter [37]. The 
average annual temperature was 15.1ºC in Japan in 2012 
[38], and the season in which the NHNS-J data were col-
lected was closer to the average annual value than other 
seasons, suggesting that the autumn estimation may 
have reflected average annual water consumption better. 
Therefore, this study has the potential to provide stan-
dard values of average annual water consumption that 
can be used as targets when creating dietary guidelines 
applicable to public health policy aimed at avoiding inad-
equate water consumption.

Compared to the prediction equation, our findings 
indicated that DRs underestimated pre-formed water by 
approximately 20–40%. This is similar to the results of a 
previous study that underestimated water consumption 
estimated from self-report dietary assessment methods 
such as DRs and 24-hour dietary recalls compared with 

Table 3 Comparison of distribution of pre-formed water estimated by the prediction equation and dietary record according to a sex 
and age-stratified model

n Pre-formed water (ml/day) Difference

Equation a Dietary record b Absolute (ml/day) Relative (%)

Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI
Men
15–19 years 559 2735 (2712 to 2758) 1648 (N/A) -1087 (-1111 to -1064) -39.7 (-40.3 to -39.2)

20–29 years 710 2654 (2628 to 2679) 1620 (N/A) -1034 (-1059 to -1008) -38.9 (-39.5 to -38.4)

30–39 years 1207 2718 (2709 to 2726) 1687 (N/A) -1031 (-1040 to -1022) -37.9 (-38.1 to -37.7)

40–49 years 1581 2742 (2734 to 2748) 1775 (N/A) -967 (-974 to -960) -35.3 (-35.4 to -35.1)

50–59 years 1486 2699 (2677 to 2720) 1867 (N/A) -833 (-854 to -811) -30.8 (-31.4 to -30.3)

60–69 years 2307 2597 (2565 to 2628) 1945 (N/A) -652 (-684 to -621) -25.1 (-26.0 to -24.2)

≥ 70 years　　　 2696 2318 (2275 to 2360) 1802 (N/A) -516 (-559 to -474) -22.2 (-23.7 to -20.8)

p for trend c < 0.001 < 0.001

Women
15–19 years 491 2228 (2193 to 2262) 1299 (N/A) -929 (-963 to -894) -41.7 (-42.6 to -40.8)

20–29 years 779 2206 (2179 to 2233) 1312 (N/A) -894 (-921 to -866) -40.5 (-41.2 to -39.8)

30–39 years 1350 2339 (2328 to 2351) 1443 (N/A) -896 (-908 to -884) -38.3 (-38.6 to -38.0)

40–49 years 1819 2339 (2335 to 2343) 1494 (N/A) -845 (-849 to -841) -36.1 (-36.3 to -36.0)

50–59 years 1777 2345 (2327 to 2363) 1620 (N/A) -725 (-742 to -707) -30.9 (-31.4 to -30.4)

60–69 years 2641 2294 (2272 to 2316) 1680 (N/A) -615 (-637 to -592) -26.8 (-27.5 to -26.1)

≥ 70 years　　　 3498 2088 (2058 to 2117) 1564 (N/A) -524 (-554 to -494) -25.1 (-26.1 to -24.0)

p for trend c < 0.001 < 0.001
CI, confidence interval; N/A, not available
aPre-formed water was calculated by a prediction equation using values of calibrated energy intake estimated from dietary records
bSince water intake from food estimated by dietary records has not been reported, the mean ratio of water in food in the dietary records of previous studies, 69%, 
was considered. The estimate of pre-formed water was calculated from the sum of water intake from food and drinks
cLinear trend p values were calculated for the regression model using the continuous variable of age
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water consumption measured from biomarkers [11]. 
In addition, we showed that these underestimation lev-
els were negatively correlated with age. Data from the 
2012 NHNS-J indicated that the under-reporting of EI is 
inversely associated with age, and these findings are con-
sistent with ours [14]. However, under-reporting of EI 
was associated with older age in the National Health and 
Nutrition Examination Survey in the United States [13]. 
Therefore, the relationship between the underestimation 
of pre-formed water estimated by dietary assessment and 
age needs to be examined in each country and region. 
These findings corroborate the fact that it is difficult to 
accurately evaluate self-reported dietary intake due to 
systematic errors associated with subject characteris-
tics [13–15, 39]. Further research is needed on whether 
predictive equations can be used to accurately estimate 
WT and pre-formed water intake by age and sex, as an 
alternative to DRs. It has been previously reported that 
a biomarker calibration approach for self-reported EI, 
as opposed to uncalibrated EI, is strongly associated 
with mortality [30] and the prevalence of frailty [31]. 
The guidelines for nutritional epidemiological studies 
recommend the use of biomarkers in the assessment of 
dietary intake [40]. Thus, our results may underscore the 
importance of estimating dietary intake using predictive 
equations that incorporate biomarkers. Using a predic-
tion equation to estimate pre-formed water can partially 
solve the problem of systematic errors that have hindered 
nutritional epidemiological studies for decades, thereby 
bridging the gap in results from different studies [41].

This study has the advantage of using data from partici-
pants selected by stratified random sampling across 47 
prefectures in Japan. Additionally, the sample size used 
to evaluate the distribution of water consumption in this 
study may be sufficient to provide strong support for our 
findings. However, there are some methodological limita-
tions. First, self-reported data for dietary assessment may 
have been affected by systematic errors related to indi-
viduals’ characteristics, such as age and BMI [13–15, 39], 
which hinders the accurate evaluation of dietary intake. 
In addition, they may not reflect an individual’s habitual 
dietary intake because the DR was maintained for only 
one day [25]. Consequently, we may have underestimated 
WT due to the underestimation of EI in our study, in 
which EI/BMR was assumed to be PAL. Although the 
ratio of underestimation of EI from DRs to TEE measured 
by the DLW method in a previous study was corrected, it 
is possible that these relationships are not uniform across 
age groups. However, our results were similar after sen-
sitivity analysis using data from previous Japanese stud-
ies that measured TEE using DLW methods. Second, we 
were unable to access any more data on the participants 
in this survey because we obtained all data from electron-
ically available aggregated reports on the official website. 

In this context, the data used in the form of aggregated 
reports included the age category of 15–19 years. The 
equation used to predict WT was developed for people 
over 18 years of age, so there may have been systematic 
bias in this data that included people under 18 years of 
age. Moreover, it was not possible to calculate standard 
deviations or 95% CIs for some variables. Thus, our find-
ings need to be re-evaluated using original data or other 
secondary databases such as National Health and Nutri-
tion Examination Survey because many indicators in the 
equation may deviate significantly from the actual situ-
ation by using unified conjectured data as personal data 
could not be obtained. Third, although we used the data 
of participants selected by stratified random sampling, 
only 44.4% underwent the 2016 NHNS-J. Thus, these 
participants may have been more health-aware than the 
general Japanese population, opening our study to the 
possibility of selection bias. Fourth, owing to its cross-
sectional design, this study is limited to describing pop-
ulation-level changes. Thus, it cannot be extended to 
understand how a specific individual’s water consump-
tion changes with age [42]. Considering these limita-
tions, extrapolation to participants with attributes and 
environmental conditions other than those included in 
this study should be performed with caution. Therefore, 
further longitudinal studies with repeated measurements 
and randomly sampled participants are needed to evalu-
ate longitudinal changes in water consumption over time 
according to age and sex.

Conclusions
We determined the standard values of water consump-
tion in the Japanese population using a predictive equa-
tion and national large-scale survey data. Our presented 
methodological approach may help assess water require-
ments in other regions or countries by using national 
nutrition survey data and prediction equations and is 
useful for setting target values for future dietary refer-
ence intakes. This method needs to be corrected for the 
underestimation of EI estimated by self-reported dietary 
assessment for a more accurate estimate of the standard 
value of WT.
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