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A B S T R A C T

Background: Total daily energy expenditure (TDEE) is vital for energy balance and cardiometabolic health, yet its trajectory across the 
lifespan, particularly in females, remains poorly understood.
Objectives: We sought to examine the effects of aging and sex on body composition and TDEE.
Methods: In a cross-sectional analysis of data from research centers across 9 European Countries and the United States from the Inter-
national Atomic Energy Agency database, TDEE and body composition measures of 2326 participants (1560W/766M; 50.7 ± 12 .6 y) were 
stratified across age groups: young (30–39 y; YOUNG), middle-aged (40–54 y; MID), and old (55–70 y; OLD). Doubly labeled water was 
used to estimate TDEE and fat-free mass (FFM). Fat mass (FM) was calculated as the difference between body mass and FFM, and %fat was 
ratio between FM and body mass as a percentage. Linear models were used for analysis.
Results: Females demonstrated greater FM and lower FFM with each age group, compared with males (P < 0.001). In females, OLD had 
lower absolute TDEE than YOUNG (− 217 kcal/d, P < 0.001) and MID (− 208 kcal/d, P < 0.001). Male absolute TDEE was lowered across 
all age groups (OLD compared with YOUNG: − 334 kcal/d; OLD compared with MID: − 210 kcal/d; MID compared with YOUNG: − 124 
kcal/d; P < 0.001). Adjusted TDEE was similar within age groups between females and males.
Conclusions: These results suggest that age influences changes in body composition and energy expenditure similarly between males and 
females. The most significant change in TDEE occurs as individuals transition from middle age to older adulthood. Females generally have 
a higher percentage of %fat and FM, along with lower FFM, compared with males across all age groups. These findings are important for 
understanding how aging affects metabolism and body composition, which could inform sex-specific health strategies and interventions.
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Introduction

Obesity is a major public health concern that disproportion-
ately affects females compared with males [1]. In the United 
States, the prevalence of obesity among females is 39.7% for 
those aged 20–39 y and 43.3% for both the 40–59 and 60+ age 
groups [1]. This rise in obesity rates aligns with the menopause 
transition (typically between ages 40 and 52), with lasting ef-
fects into the postmenopausal years (>52 y) [2–5]. The dramatic 
decreases in circulating estrogens during menopause reduce 
resting energy expenditure (REE) at midlife [3,6–8], whereas 
the stable decline in testosterone in males may attenuate vari-
ation in REE during aging [9]. However, REE comprises only 
50%–70% of total daily energy expenditure (TDEE). Accurately 
assessing how TDEE increases or decreases across the lifespan is

imperative for identifying alterations in nutritional re-
quirements that may influence energy balance and body weight. 
Yet, despite its importance, little is known about how TDEE 
differentially changes between young, middle-age, and older 
males and females.

In general, males have more fat-free mass, whereas females 
have more fat mass and a higher body fat percentage, and these 
sex-dependent differences in body composition emerge at pu-
berty primarily due to estrogen’s and testosterone’s role in 
regulating body composition [10]. During aging, changes to 
anatomy such as decreases in fat-free mass are often responsible 
for decreases in TDEE [11–13]. Menopause is associated with a 
gain in weight, relative body fat, and fat mass [6,14–16], and 
with an acceleration in the loss of fat-free mass [6,17,18]. 
Similar alterations in body composition have also been observed
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in age-matched males [10]. Nevertheless, the loss of fat-free 
mass and increase in fat mass occur much more rapidly in fe-
males than in males, suggesting a sex-dependent age-accelerat-
ing role in fat mass accretion [10]. Shifts in body composition 
and energy expenditure around the menopausal age range may 
reflect additional influence of menopause on TDEE. Doubly 
labeled water (DLW) provides an assessment of TDEE and body 
composition, allowing for measurements of free-living energy 
expenditure and body composition across the lifespan [19].

Given that energy expenditure is strongly influenced by ac-
tivity level, especially in males [9], it is essential to characterize 
physical activity. Utilizing the ratio of TDEE to REE is the most 
accurate assessment of physical activity level (PAL) [20]. The 
International Atomic Energy Agency (IAEA) database v.3.7 [19, 
21] has the largest data collection of TDEE and REE. Recent 
analyses of the IAEA database have shown clear age-related 
trajectories in TDEE [22], highlighted the role of body compo-
sition in variation [23], and addressed methodological consid-
erations and variability in energy expenditure estimates [9]. 
Interestingly, 1 study found that even after accounting for age, 
height, and body composition, males showed greater variation 
in total, activity, and basal energy expenditure compared to 
females. However, with aging, variation in TDEE declined with a 
more rapid decrease in males [9]. Given the inherent sex-based 
variability in energy expenditure, examining whether age in-
fluences TDEE and body composition differently in females and 
males is important. Assessing specific age groups that reflect the 
menopause transition adds further clarity, as the menopausal 
period involves hormonal and metabolic changes that may 
uniquely affect females’ energy expenditure and body compo-
sition. Using males as a comparator can help elucidate the fac-
tors influencing these potential changes. This distinction is 
important for identifying when and how metabolic decline oc-
curs across the lifespan to inform sex-specific strategies for 
maintaining energy balance and metabolic health.

Using the IAEA dataset, we aimed to determine the effects of 
aging and sex on body composition and TDEE, both measured by 
DLW. We expected to see a greater reduction in TDEE adjusted 
for body composition earlier in females compared with males, 
primarily through lower fat-free mass and greater fat mass. Our 
objective was to provide essential insights into TDEE and body 
composition changes at different life stages to provide more 
precise caloric and nutrition recommendations in an age- and 
sex-appropriate manner. Such recommendations may help the 
implementation of interventions to prevent weight gain and 
subsequent cardiometabolic risk factors.

Methods

Participants
Measures of TDEE and body composition were taken in 2326 

healthy, adult males and females who were 30–70 y old. We 
classified males and females as young (30–39 y), middle-aged 
(40–54 y), and older (55–70 y). These age groups also reflect 
the stages of menopause (premenopause, perimenopause, and 
postmenopause, respectively) [19,21], because reproductive 
status was not confirmed for females in the IAEA dataset. We 
excluded participants who were pregnant or lactating, were not 
weight stable (± 5 kg in the last 3 mo), or had a diagnosis of

diseases. If an individual had >1 TDEE measurement in the IAEA 
dataset (N = 5), the first available measurement was included. 
The dataset for this analysis comprised TDEE and body 
composition measurements from 1560 females and 766 males 
(Figure 1). Detailed information on the subjects is listed in 
Supplementary Tables 1 and 2.

Study design
TDEE in the IAEA database was calculated using a common 

method for respiratory exchange ratio to convert CO 2 produc-
tion from DLW, and all participants had ≥5 d of DLW data [19, 
21]. Fat-free mass was derived from total body water ( 18 O 

isotope dilution in liters/0.73) [24], and fat mass was calculated 
as the difference between body mass and fat-free mass. Percent 
body fat was calculated as the ratio between fat mass and body 
weight expressed as a percentage. Participants were enrolled 
across multiple studies and provided written informed consent 
prior to participation. Although the total IAEA database con-
tains data from 30 countries, the majority of the data (~65%) 
are from participants in the United States and European coun-
tries [9]; therefore, we restricted the dataset to participants in 
the United States and Europe due to their relative similarities in 
environment, socioeconomic status, and diet, which help pro-
vide a more controlled comparison across age and sex (Supple-
mentary Table 2). In our exploratory analysis of the full dataset, 
we observed substantial variability in TDEE, often exceeding ±3 
SDs from the mean, among participants from regions outside the 
United States and Europe, further supporting our decision to 
focus on these cohorts to improve data consistency and inter-
pretability. PAL values were calculated in a subsample of 604 
participants from the IAEA dataset who underwent REE testing 
(e.g., indirect calorimetry) by dividing the absolute TDEE by 
REE (Supplementary Table 3 and 4). PAL was used to classify the 
groups as sedentary (PAL = 1.0–1.39), low active (PAL = 

1.4–1.59), active (PAL = 1.6–1.89), and very active (PAL = 

1.9–2.5) [25]. Participants with PAL >2.5 were removed from 

the analysis (n = 16).

Statistical analysis
Individuals with TDEE values ≥3.5 SDs above or below the 

mean of the sample for each sex were considered outliers and 
removed from analyses (N = 14) [26]. For our first aim, to 
evaluate differences in body composition (percent body fat, fat 
mass, fat-free mass) variables, and TDEE between young, 
middle-aged, and older participants within each sex, we used a 
linear model with age group as the factor split by sex. In the case 
of a significant linear relationship, Tukey SD posthoc pairwise 
comparisons were conducted. Linear regression analyses were 
used to determine differences in TDEE between age groups 
within each sex after adjusting for fat-free mass and fat mass. 
Data were expressed as the residuals of the regression plus the 
mean TDEE value for each sex and with age as a continuous 
variable (Supplementary Figure 1). For our second aim, to 
evaluate differences in body composition and TDEE between 
sexes within each age group, univariate generalized linear 
models with sex as the factor were used. Secondarily, univariate 
generalized linear models with sex as the factor and age as a 
continuous variable were used. To evaluate PAL between young, 
middle-aged, and older participants within each sex, we used a
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linear model with age group as the factor split by sex. Sensitivity 
analyses were conducted to assess the relationship between 
adjusted TDEE, REE, and PAL with age as a continuous variable. 
We confirmed that the linear models presented were the best fit

based on visual inspection of residual plots and through exam-
ination of residuals. Adjusted R 2 values are provided for the 
relationships between age and fat mass, and fat-free mass and 
TDEE. Results are presented as mean ± SD and mean difference

FIGURE 1. CONSORT diagram of data collation. IAEA, International Atomic Energy Agency.

TABLE 1
Participant demographics, body composition, and total daily energy expenditure sex and age groups

Females Males Females vs. males comparison 1

Young (n = 

326)
Middle-aged (n
= 524)

Old (n = 

710)
Young (n = 

201)
Middle-aged (n
= 367)

Old (n = 

198)
Young Middle-

aged
Old Overall 2

Age (y) 34.4 ±
2.9 3,4

46.1 ± 4.3 3,5 65.0 ±
3.8 4,5

34.4 ±
2.9 6,7

46.5 ± 4.4 6,8 62.8 ±
4.4 7,8

0.864 0.188 <0.001 —

Height 
(cm) 

165.0 ±
6.1 4

164.2 ± 6.2 5 162.2 ±
6.6 4,5

179.3 ±
6.7 6,7

177.6 ± 7.0 6,8 176.0 ±
6.9 7,8

<0.001 <0.001 <0.001 <0.001

Weight 
(kg) 

77.2 ± 20.1 79.2 ± 22.9 76.7 ±
17.1

88.0 ± 20.3 87.7 ± 18.1 87.8 ±
15.8

<0.001 <0.001 <0.001 <0.001

BMI (kg/ 
m 2 ) 

28.3 ± 7.0 29.3 ± 8.2 29.1 ± 6.3 27.3 ± 5.9 27.9 ± 5.4 28.3 ± 4.3 0.075 <0.001 0.075 <0.001

FM (kg) 30.0 ±
14.0 3,4

33.0 ± 16.1 3 33.7 ±
12.1 4

23.7 ±
14.2 7

26.2 ± 12.1 28.4 ±
9.9 7

<0.001 0.002 <0.001 <0.001

FFM (kg) 47.1 ± 7.7 4 46.2 ± 8.3 5 43.0 ±
6.3 4,5

64.3 ±
9.9 6,7

61.5 ± 8.5 6,8 59.4 ±
8.3 7,8

<0.001 <0.001 <0.001 <0.001

%Fat 37.2 ± 

8.9 3,4 
39.7 ± 8.6 3,5 42.8 ±

6.8 4
25.6 ±
8.7 6,7

28.8 ± 7.3 6,8 31.7 ±
6.3 7,8

<0.001 <0.001 <0.001 <0.001

TDEE
(kcal/d)

2421 ± 

426 4
2412 ± 440 5 2204 ±

333 4,5
3243 ±
675 6,7

3119 ± 534 6,8 2909 ±
521 7,8

<0.001 <0.001 <0.001 <0.001

Values are presented as mean ± SD.
Abbreviations: FM, fat mass; FFM, fat-free mass; TDEE, total daily energy expenditure.

1 Significance between sex per age group by the univariate general linear model.
2 Significance between sex with age as a continuous variable in a univariate general linear model.
3 P < 0.001 young females different from middle-aged and old females.
4 P < 0.001 young females different from middle-aged and old females.
5 P < 0.001, middle-aged females different from old females (within sex between age-group difference by Tukey’s post hoc test in univariate 

general linear model).
6 P < 0.001 young males different from middle-aged and old males.
7 P < 0.001 young males different from middle-aged and old males.
8 P < 0.001, middle-aged males different from old males (within sex between age-group difference by Tukey’s post hoc test in univariate general 

linear model).
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± SE. Statistical significance was set at the α = 0.05. Statistical 
tests were conducted using SPSS (Version 26, IBM Armonk) and 
SAS (Version 9.4).

Results

Participant demographics
For the total sample, females were older, had a higher BMI (in 

kg/m 2 ), fat mass, and percent body fat, and lower fat-free mass 
and absolute TDEE than males (Supplementary Table 1). In a 
subsample of participants, females had lower REE (mean ± SD: 
1425 ± 235 kcal/d compared with 1820 ± 262 kcal/d; P < 

0.001) and PAL (1.7 ± 0.2 compared with 1.8 ± 0.3) compared 
with males, yet the overall sample was active (1.8 ± 0.2) 
(Supplementary Table 3). Within sex, middle-aged males (1.9 ± 

0.4) had a higher average PAL than older males (1.7 ± 0.3; P = 

0.017). Between sexes, younger and middle-aged males were 
more active than younger and middle-aged females (P < 0.05) 
(Supplementary Table 4).

Changes in percent body fat and fat-free mass 
between age groups

As shown in Table 1 and Figure 2, percent body fat, fat-free 
mass, and fat mass were different between females and males 
within each age group with the older groups having greater fat 
mass and lower fat-free mass than middle-aged and young 
groups.

In females, the older group had higher percent body fat than 
the younger (mean difference ± SE: +5.6 ± 0.5%; P < 0.001) 
and middle-aged groups (+3.1 ± 0.5%; P < 0.001), whereas the 
middle-aged group had higher percent body fat than the 
younger group (+2.5 ± 0.6%; P < 0.001). As such, the younger 
group had lower fat mass than the middle-aged (− 2.9 ± 1.0 kg; P
= 0.010) and older groups (− 3.6 ± 0.9 kg; P < 0.001), but 
values were similar between middle-aged and older groups (P = 

0.599). Younger females had similar fat-free mass compared 
with the middle-aged group (+0.9 ± 0.5 kg; P = 0.212), but both 
groups had higher fat-free mass compared with older females

(+4.1 ± 0.5 kg; P < 0.001 and +3.2 ± 0.4 kg; P <0.001, 
respectively) (Table 1 and Figure 2).

Similarly, in males, the older group had higher percent body 
fat than younger (+6.1 ± 0.7%; P < 0.001) and middle-aged 
groups (+2.9 ± 0.7%; P < 0.001), whereas the middle-aged 
group had higher percent body fat than the younger group 
(+3.2 ± 0.7%; P < 0.001). Fat mass was similar between 
younger and middle-aged groups (P = 0.060) and middle-aged 
and older groups (P = 0.085). However, the younger group 
had significantly lower fat mass than older group (− 4.7 ± 1.2 
kg; P < 0.001). Conversely, the younger group had greater fat-
free mass compared with middle-aged (+2.8 ± 0.8 kg; P < 

0.001) and older groups (+4.9 ± 0.9 kg; P < 0.001). The 
middle-aged group had greater fat-free mass compared with the 
older group (+2.1 ± 0.8 kg; P < 0.001) (Table 1 and Figure 2).

Absolute TDEE and adjusted TDEE between age 
groups and in a sex-dependent way

In females, absolute TDEE was similar between the younger 
and middle-aged groups (P = 0.943). However, the older group 
had lower TDEE than the younger (− 217 ± 26 kcal/d; P < 

0.001) and the middle-aged groups (− 208 ± 22 kcal/d; P < 

0.001) (Table 1). The same trends were observed when TDEE 
was adjusted for fat-free mass and fat mass using multiple 
regression analysis. The older group had lower adjusted TDEE 
than both the younger (− 71 ± 24 kcal/d; P = 0.003) and 
middle-aged groups (− 93 ± 20 kcal/d; P < 0.001), without 
differences between younger and middle-aged females (+22 ± 

24 kcal/d; P = 0.360) (Figure 3).
In males, absolute TDEE was progressively lower with each 

age group. Thus, the middle-aged group had lower TDEE than 
the younger group (− 124 ± 50 kcal/d; P = 0.036), whereas the 
older group had lower TDEE than both the younger (− 334 ± 57 
kcal/d; P < 0.001) and middle-aged groups (− 210 ± 50 kcal/d; 
P < 0.001). When adjusting TDEE for fat-free mass and fat mass, 
the difference between the younger and middle-aged group 
disappeared (+13 ± 30 kcal/d; P = 0.661), but the older group 
still had lower adjusted TDEE than both the younger (− 93 ± 35

FIGURE 2. Body weight represented with fat mass, fat-free mass, and %fat mass values per age group indicative of the menopause transition in 
females with males as the comparator group. * , indicates significance in females for %fat between each age group; †, indicates significance in 
males for %fat between age groups; #, indicates significant difference between young females and males for fat mass, fat-free mass, and %fat; ##, 

indicates significant differences between middle-aged females and males for fat mass, fat-free mass, and %fat; ###, indicates significant dif-
ferences between old females and males for fat mass, fat-free mass, and %fat.
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kcal/d; P = 0.008) and the middle-aged group (− 107 ± 30 kcal/ 
d; P < 0.001) (Figure 3).

After adjusting for fat-free mass and fat mass, TDEE was not 
different between females and males in the younger (− 38 ± 40 
kcal/d; P = 0.336), middle-aged (− 30 ± 31 kcal/d; P = 0.342) 
or the older groups (− 16 ± 34 kcal/d; P = 0.639). Importantly, 
the difference in adjusted TDEE between younger and middle-
aged groups was not different between sexes [females 
(younger compared with middle-aged) compared with males 
(younger compared with middle-aged): − 9 ± 38 kcal/d; P = 

0.821]. Neither were the differences in adjusted TDEE between 
middle-aged and older groups [females (middle-aged compared 
with older) compared with males (middle-aged compared with 
older): − 14 ± 36 kcal/d; P = 0.698] (Figure 3). Adjusted TDEE 
and REE both declined with age in both sexes, whereas percent 
body fat increased, and PAL showed a modest decline across the 
lifespan. The slopes of these relationships differed significantly 
between females and males for all outcomes when age was a 
continuous variable (P < 0.01) (Supplementary Figures 1–4).

Discussion

Our study used the DLW method to directly assess how age 
affects energy expenditure and body composition—factors that 
are rarely compared between males and females within the same 
cohort. By leveraging the largest global dataset of free-living 
TDEE measurements, our analysis provides novel insight into 
sex-specific changes in body composition and energy expendi-
ture using age groups that are reflective of the menopause 
transition. Our findings demonstrate that there was a higher 
percentage of body fat in middle-aged and older females despite 
no significant changes in weight. Absolute values of TDEE were 
similar between young and middle-aged females, but largely 
different from older females. When observing within sex dif-
ferences, older males demonstrated a significantly lower abso-
lute TDEE compared with young and middle-aged males. Our 
adjusted TDEE results in both females and males demonstrate 
how body composition changes across the lifespan largely in-
fluence TDEE. These findings enhance our understanding of how 

aging influences metabolism and body composition, providing a

foundation to develop sex-specific health interventions, such as 
tailored nutrition plans and physical activity programs ac-
counting for age-related changes in body composition and en-
ergy expenditure.

Previous cross-sectional studies suggest divergent patterns 
of change in fat mass in aging males and females [27–29]. 
Typically, older males have an equal or greater amount of fat 
mass compared with younger males [27,29,30]. Females 
experience body composition alterations in midlife when fat 
mass exponentially increases with consequential deleterious 
metabolic implications (e.g., increased risk of cardiovascular 
disease) [15,31–33]. In the present study, percent body fat was 
higher in middle-aged and older females and males despite no 
significant differences in body weight, suggesting similar tra-
jectories in fat mass gain with age. Cross-sectional and longi-
tudinal studies indicate that fat-free mass declines most rapidly 
during perimenopause [6,15,17]. Our data suggest older fe-
males demonstrated clinically meaningful lower fat-free mass 
compared with young and middle-aged females (Δ − 4.1 kg and 
Δ − 3.2 kg, respectively). Although reports of the pattern of 
changes in fat-free mass in males are more limited, our data 
show a similar pattern of body composition change between 
sexes (i.e., greater fat mass and lower fat-free mass), suggesting 
aging has a commonality that surpasses divergent sex-hormone 
differences [34].

Many existing linear regression models examining the effects 
of aging on TDEE do not include sex, limiting the interpretation 
of sex differences during critical periods such as menopause [16, 
35–37]. Importantly, in the present study, adjusted TDEE was 
not significantly different between sexes in any age group, 
suggesting that the differences in TDEE between sexes across the 
lifespan are mostly explained by differences in body composi-
tion. We stratified our analysis of TDEE by sex, thus providing 
objective measures and predictive equations for young, 
middle-aged, and older females and males (Supplementary 
Figures 1–4). When adjusting for fat-free mass and fat mass in 
our sample, adjusted TDEE remained stable between young and 
middle-aged females (Δ− 22 kcal/d), but largely lower between 
middle-aged and older females (Δ− 93 kcal/d). Adjusted TDEE 
was also similar between young and middle-aged males (Δ− 13

FIGURE 3. Adjusted total daily energy expenditure (TDEE) values per age groups indicative of the menopause transition in females with males as 
a comparator group. *, indicates significant difference from older group. There were no significant differences between sex for the magnitude of 
change in adjusted TDEE between groups [females (younger compared with middle-aged) compared with males (younger compared with middle-
aged): − 9 kcal/d ± 38 kcal/d; P = 0.821; females (middle-aged compared with older) compared with males (middle-aged compared with older):
− 14 kcal/d ± 36 kcal/d; P = 0.698].
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kcal/d) but was significantly lower between middle-aged to 
older males (Δ− 107 kcal/d). When sex was combined as re-
ported by Pontzer et al. [22], age did not affect adjusted TDEE 
(the model included fat-free mass, fat mass, and sex) in in-
dividuals who were 20–60 y of age. However, in individuals 
over 60 y, age did affect adjusted TDEE (β = − 24 kcal/d per 
extra year of age) [22]. Taken together with our data, the 
transition between middle-aged and older adulthood is likely 
where the greatest decreases in adjusted TDEE occur. Such 
observation is novel and important as it extends our under-
standing of the dataset. Energy balance, and thus body weight, is 
maintained by matching energy intake with expenditure, 
whereas chronic excess intake leads to fat gain.

This cross-sectional study provided a robust comparison 
between males and females across well-defined age categories. 
Strengths of this secondary outcome analysis include the use of 
the reference standard method of DLW to measure TDEE and 
body composition, as well as the inclusion of participants 
across 9 European countries and the United States, allowing for 
a generalizable sample. We obtained REE in a subsample of 
participants that allowed us to characterize PAL, demon-
strating no significant differences between age groups in fe-
males. Yet, our study has limitations related to defining 
menopausal stage, heterogeneity in participant characteristics, 
and lack of dietary recall data. First, menopause status was not 
confirmed (e.g., self-report, hormonal profiles, etc.), making it 
difficult to isolate the effects of menopause from age-related 
changes in body composition and energy expenditure. 
Although we based our age ranges on Stages of Reproductive 
Aging Workshop (STRAW) guidelines to try to account for 
menopause stages, to address this limitation, we used terms 
like “younger,” “middle-aged,” and “older” to transparently 
reflect age-related findings without assuming menopausal 
status. Second, the IAEA database includes participants from 

diverse studies with varying activity levels, potential medica-
tion use (e.g., hormonal contraception), and lifestyle factors 
that can contribute to variability in TDEE. These variables were 
not consistently reported, so we were unable to account for 
these variables in our statistical analyses. Finally, energy 
intake was not measured. Yet, the DLW method accounts for 
the thermic effect of food and substrate oxidation, indirectly 
capturing the influence of energy intake on energy balance and 
body composition [38].

In conclusion, with human life expectancy continually 
increasing [39], understanding the differences in body compo-
sition and energy expenditure across the lifespan presents 
important opportunities for investigations into factors that can 
impact the main determinants of energy expenditure. Our 
analysis stratified TDEE measures by sex, providing empirical 
measurements and predictive equations for both females and 
males across the aging spectrum. Our analyses suggest there is a 
substantially lower energy expenditure associated with changes 
in body composition across the lifespan, which may impact 
energy balance and cardiometabolic health for both males and 
females.
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