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Global economic development has been associated with an increased prevalence of obe-
sity and related health problems. Increased caloric intake and reduced energy expenditure
are both cited as development-related contributors to the obesity crisis, but their relative
importance remains unresolved. Here, we examine energy expenditure and two measures

of obesity (body fat percentage and body mass index, BMI) for 4,213 adults from 34

Significance

Economic development is
associated with increased

populations across six continents and a wide range of lifestyles and economies, includ-
ing hunter-gatherer, pastoralist, farming, and industrialized populations. Economic
development was positively associated with greater body mass, BMI, and body fat, but
also with greater total, basal, and activity energy expenditure. Body size—adjusted total
and basal energy expenditures both decreased approximately 6 to 11% with increasing
economic development, but were highly variable among populations and did not corre-
spond closely with lifestyle. Body size-adjusted total energy expenditure was negatively,
but weakly, associated with measures of obesity, accounting for roughly one-tenth of
the elevated body fat percentage and BMI associated with economic development. In
contrast, estimated energy intake was greater in economically developed populations,

prevalence of obesity and related
health problems, but the relative
importance of increased caloric
intake and reduced energy
expenditure remains unresolved.
We show that daily energy
expenditures are greater in
developed populations, and
activity energy expenditures are
not reduced in more industrialized

and in populations with available data (n = 25), the percentage of ultraprocessed food
in the diet was associated with body fat percentage, suggesting that dietary intake
plays a far greater role than reduced energy expenditure in obesity related to economic
development.

populations, challenging the
hypothesis that decreased physical
activity contributes to rises in
obesity with economic
development. Instead, our results
suggest that dietary intake plays a
far greater role than reduced
expenditure in the elevated
prevalence of obesity associated
with economic development.

energy expenditure | obesity | physical activity | doubly labeled water

Obesity is a leading cause of global mortality and morbidity, accounting for more than 4
million deaths and 140 million disability-adjusted life years worldwide each year (1). The
causes of the modern obesity crisis remain a focus of debate in public health research but
appear to be related to economic development. Obesity was rare in the 1800s in the United
States (2), for example, and remains so in traditional farming and foraging communities
today, but has become common over the past century among most industrialized popu-
lations (3-5).

Fundamentally, weight gain results from consuming and absorbing more calories
than are expended. Public health organizations typically attribute this imbalance to
both reduced physical activity energy expenditure (AEE) and dietary changes pro-
moting overconsumption, but assessing the relative contributions of expenditure and
intake has proven challenging. Industrialized populations are much less physically
active than traditional farming and foraging communities (4), and daily physical
activity has declined within industrialized populations over the past few decades as
economic development increased (6, 7). However, comparisons between populations
and over time indicate that activity decline does not necessarily lead to corresponding
reductions in total energy expenditure (TEE) (i.c., the total energy expended per 24
h) (8-11). Similarly, while industrialization and economic development have irrevo-
cably changed our environments and the foods we eat, the salient obesogenic aspects
of modern lifestyles and diets and the importance of increased intake relative to
declining expenditure are unclear (12). Clarifying the relative importance of reduced
energy expenditure and increased energy consumption and absorption in unhealthy
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weight gain with economic development would help inform
public health efforts to prevent obesity.

A major challenge in resolving the contribution of intake and
expenditure is the lack of empirically measured expenditure,
intake, and body composition across diverse populations. Most
broad population comparisons of obesity prevalence lack empirical
measures of energy expenditure (5). Conversely, most studies of
total daily energy expenditure (M]/d) have examined individual
nonindustrial populations (8, 9, 13) or have lacked measures of
adiposity (i.e., body fat percentage) (14). Diet assessments across
populations have relied largely on surveys or country-level con-
sumption (15, 16), which are insufficient for establishing accurate
measures of energy intake (17).

In this study, we investigated the relative contribution of
expenditure and intake to obesity across a global, economically
diverse sample of 34 populations, using empirical measures of
TEE (M]J/d) and body composition for 4,213 adult individuals
between the ages of 18 and 60 y (S7 Appendix). These populations
represent a wide spectrum of economic development, including
hunter-gatherers, pastoralists, farmers, and people in industrialized
countries. We used the United Nations Human Development
Index (HDI) (18), which integrates measures of wealth, longevity,
and education, to further categorize the industrialized populations
into Low-, Mid-, and High-HDI economies (S/ Appendix,
Table S8). Following previous work with the International Atomic
Energy Agency Doubly Labelled Water Database (19), TEE was
determined using the doubly labeled water method. Basal energy
expenditure (BEE) was measured using indirect calorimetry or,
when no measures were available, estimated from body size
(SI Appendix). Following previous work (19), AEE was estimated
as [0.9(TEE) — BEE], which assumes 10% of daily calories are
expended on digesting and metabolizing food; see Materials and
Methods for additional detail. Body composition was assessed as
body fat percentage, which was measured by isotope dilution, and
we also examined body mass index (BMI; mass/height®), a com-
mon clinical metric for assessing obesity status.

Body composition reflects long-term energy balance, and pre-
vious work has shown that total daily energy expenditure is highly
repeatable and stable within individual adults, even when activity
levels fluctuate (10, 20). Therefore, if reduced physical activity
leads to lower TEE and greater adiposity with economic develop-
ment, measures of TEE should vary across populations accordingly
and variation in expenditure should explain variation in body
composition in multivariate regression models. Variation in body
composition with economic development that is not explained by
differences in energy expenditure may be provisionally attributed
to variation in energy intake (i.e., calories consumed and absorbed).

Results

Economy and Body Size. As expected, absolute body mass, body
fat percentage, and BMI were greater in more economically
developed populations (Kruskal-Wallis 2 < 0.05; Fig. 1 and
SI Appendix, Tables S1 and S2). Obesity, when identified by a BMI
>30 kg/mz, was also more common in Mid-HDI and High-HDI
populations, particularly among female cohorts (57 Appendix,
Table S1). Adiposity and BMI increased with age (87 Appendix,
Fig. $2), and fat percentage was greater in women (Fig. 1), but the
associations of both body fat percentage and BMI with economic
development remained after accounting for age and sex effects (2
<0.01; 81 Appendix, Table S2). Notably, the increase in BMI with
economic development was largely driven by greater fat-free mass
(FFM) in more-developed populations. Economy, age, and sex
explained only 7% of the variance in BMI, but adding FFM to

https://doi.org/10.1073/pnas.2420902122

the model increased the explained variance to 51% (SI Appendix,
Table S2). In comparison, 35 to 36% of the variance in body fat
percentage was explained by economy, age, and sex, and adding
FFM to the model only increased the explained variance by 2
to 3% (SI Appendix, Table S2). Further, in multivariate analyses
with sex, age, and FFM, the High-HDI category consistently had
higher body fat percentage than hunter-gatherer, agropastoralist,
horticulturalist, and low HDI populations, but did not always
have the highest BMI (SI Appendix, Table S2). The increase in
obesity with economic development is more reliably captured by
measures of body fat percentage than BML

Economy and Energy Expenditure. Like body size, TEE was
greater in more economically developed populations (2 < 0.001,
Fig. 2 and SI Appendix, Tables S1 and S3). BEE and AEE also
increased with economic development in analyses using HDI
rank, as did the physical activity level (PAL) ratio of TEE/BEE
(SI Appendix, Table S3). The development-related increase in
expenditure was a function of larger body size in more developed
populations, as all measures of expenditure increased with FFM
(81 Appendix, Fig. S3 and Table S3).

In multiple regression including FFM, fat mass (FM), sex, and
age, TEE was lower in more developed economies (P < 0.001,
SI Appendix, Table S3), but the effect was small and largely attrib-
utable to differences in BEE. When economic development is
treated as a rank-order variable (S Appendix, Table S3B), linear
models with FFM, FM, age, and sex predict a 6% decrease in TEE
from the lowest to highest ranked populations in our dataset.
Similar analyses predict an 11% decrease in BEE, but no signifi-
cant change (P > 0.05) in AEE or PAL (87 Appendix, Table S3).
When economies were grouped into categories for analyses, the
SD for body size—adjusted TEE for all economic groups except
horticulturalists overlapped with the High HDI group
(SI Appendix, Table S1). Body size—adjusted BEE for horticultur-
alists was similarly elevated (S Appendix, Table S1).

At the population level, variation in lifestyle did not correspond
closely with body size—adjusted TEE. Hadza hunter-gatherers and
Daasanach agropastoralists in equatorial Africa had size-adjusted
TEE:s equivalent to the US and Norwegian cohorts (Fig. 2). Tuvan
agropastoralists in Siberia had elevated size-adjusted TEE, on par
with cohorts from the Gambia, Australia, and Switzerland. The
high size-adjusted total expenditure of Tsimane horticulturalists
in Bolivia and Yakut adults in rural Siberia was attributable to
their elevated BEE rather than AEE or PAL, which were similar
to High-HDI populations (Fig. 2).

Energy Expenditure and Obesity. The slopes of the regressions
between TEE and both fat percentage and BMI differed between
men and women (Fig. 3), and therefore we analyzed male
and female cohorts separately. In women, total expenditure
was positively associated with fat percentage (P < 0.001) in
linear models that included age, but this relationship was not
significant (P > 0.05) in men (S Appendix, Table S4). When
FFM and economy were included as covariates, total expenditure
was not associated with body fat percentage among women (2
> 0.05). Among men, this FFM-adjusted total expenditure was
negatively associated with body fat percentage (P < 0.001),
but the effect size was small. A 1-SD increase in FFM-adjusted
TEE, equivalent to the largest differences between economic
groups (SI Appendix, Table S1), was associated with a ~1% point
decrement in body fat percentage. A similar pattern was evident
in BMI. TEE was positively correlated with BMI in both men
and women due to the covariation with FFM. When FFM, age,
and economy were included in models, TEE was negatively
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Fig. 1. Body size and composition across economies. Cohorts are ordered from lowest to highest HDI score. Bars indicate mean and quartiles. (A-D) Body mass,
height, BMI, and body fat percentage increase with economic development in both women and men. Substantial portions of the BMI distribution fall above the
criterion for obesity (BMI = 30 kg/m?) in Low, Mid, and High HDI populations. (E-H) There is considerable variability within and between populations in age- and
sex-adjusted body mass, height, BMI, and body fat percentage. See S/ Appendix, Table S8 for population measures and abbreviations.

associated with BMI in both men and women (P < 0.05), but the
effect was small, with a 1-SD increase in TEE associated with a
~0.6 decrement in BMI for both men and women (S Appendix,
Table S5). The differences in body fat percentage and BMI
among economic groups were approximately 10 times greater
than those associated with a 1 SD increase in TEE (87 Appendix,
Tables S4 and S5).

TEE is strongly related to FEM (SI Appendix, Fig. S3), so to
isolate and visualize the impact of TEE on body composition, we
examined the relationship between FFM-adjusted total expendi-
ture (i.e., residuals from the total expenditure-FFM regression)
on body fat percentage. FEM-adjusted TEE was unrelated to body
fat percentage for women (2 > 0.05), and unrelated to BMI in
both men and women (2 > 0.05), in linear models including age
and economy (S Appendix, Tables S4 and S5). For men,
FFM-adjusted TEE was negatively, but weakly associated with
body fat percentage: 1-SD increase in FFM-adjusted TEE, equiv-
alent to that between economic groups, was associated with a <1%

point decrement in body fat percentage (S/ Appendix, Table $4).

PNAS 2025 Vol.122 No.29 2420902122

By comparison, body fat percentage for the male High-HDI
cohort was 12.5% points greater than the hunter-gatherer cohort
(SI Appendix, Table S4). Further, the within-group relationships
between FFM-adjusted TEE and both body fat percentage and
BMI were highly variable among populations, with slopes distrib-
uted about 0 (Fig. 3).

Discussion

Economic Development and Energy Expenditure. Patterns
of energy expenditure and obesity across this global sample
challenge the hypothesis that decreased physical AEE
contributes meaningfully to the rise in obesity with economic
development. Absolute measures of TEE and AEE are greater in
more economically developed populations (Fig. 2), consistent
with their larger body size. Body size—adjusted TEE decreased
marginally with greater development, but this effect was small,
highly variable among populations, and attributableor PAL,
mirrors the temporal patterns to the trend in size-adjusted BEE,
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Fig. 2. Energy expenditure across economies. (A-D) TEE, BEE, and AEE increase with economic development. Bars indicate mean and quartiles. (E-H) Adjusted
expenditures, calculated from residuals from multiple regression with FFM, FM, age, and sex varied considerably within and between populations. Size-adjusted
TEE and BEE (residuals from regression with FFM, FM, sex, and age) decreased weakly with economic development. PAL and size-adjusted AEE were unrelated
to economic development. Populations with measured basal expenditures are indicated with _M, estimated with _E.

not size-adjusted AEE or PAL. Unadjusted TEE was negatively
associated with body fat percentage and BMI in some models,
and size-adjusted TEE was negatively associated with body fat
percentage in men, but these effects were universally small and
variable (Fig. 3 and SI Appendix, Tables S4 and S5). At most,
differences in TEE between economic groups could account for
approximately one-tenth of the increase in BMI and body fat
percentage associated with economic development.

The decrease in BEE with economic development, but not
AEE or PAL, mirrors the temporal patterns observed in the
United States and Europe over the past three decades (11). One
hypothesis is that economic development is associated with
reduced pathogen burden, which in turn reduces immune activ-
ity and BEE. Previous studies with the Tsimane (21) and Shuar
(22) horticulturalist populations in South America have reported
associations between elevated BEE and measures of immune
activity (e.g., serum immunoglobulin levels, the presence of hel-
minths, white blood cell count). Others have argued that the
decrease in BEE in the United States and Europe may be driven

40f 8 https://doi.org/10.1073/pnas.2420902122

by dietary changes, particularly changes in saturated fat relative
to unsaturated fat intake or decreases in fiber intake (11).
Additional measures of immune function and diet across a broad
set of populations are needed to test these hypotheses.

Economic Development and Obesity. Comparisons of energy
expenditure across populations strongly suggest that increased
energy intake (i.e., caloric consumption and absorption) is
the primary factor promoting overweight and obesity with
economic development. This view is supported by measures of
total expenditure and weight change, which together provide an
estimate of energy intake (23). Participants in this study were
relatively weight stable during the 7- to 14-d energy expenditure
measurement period (mean weight change = -0.04 kg; SD = 0.97
kg across all individuals; see SI Appendix, Table S6 for weight
change by economy and sex), suggesting that the greater absolute
TEEs evident in more economically developed populations
(Fig. 1) were accompanied by greater caloric intake. Our analyses
suggest that increased energy intake has been roughly 10 times
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Fig. 3. The relationship between energy expenditure, adiposity, and BMI. The relationship between TEE and body fat percentage (A and B) and BMI (C and D)
differed between women and men. The relationship between FFM-adjusted TEE and body fat percentage (E-H) and BMI (/-L) was weak, highly variable, and

distributed about 0 among populations (S/ Appendix, Tables S4 and S5).

more important than declining TEE in driving the modern
obesity crisis.

The data in this study are cross-sectional and we lack detailed
dietary data for most of the populations in this dataset. We there-
fore cannot establish causality in the relationships between eco-
nomic development, body fat percentage, and dietary intake. We
also cannot resolve the environmental, societal, and physiological
factors promoting increased caloric intake and absorption. One
possibility is that greater physical activity in less-developed pop-
ulations helps to regulate hunger and satiety (24). Another
hypothesis is that environmental contaminants in industrialized
settings promote fat storage and obesity (25). Differences in the
quality or quantity of food available in developed populations are
also likely factors (12). For example, industrially produced foods
common in developed countries may be more easily digested,
reducing fecal energy loss and increasing the proportion of

PNAS 2025 Vol.122 No.29 2420902122

consumed calories that are absorbed (26). Others have argued that
modern foods may promote the partitioning of calories to fat
storage rather than expenditure, leading to increased hunger and
overconsumption (27). We do not have the dietary nutrient data
needed to test this hypothesis, but we note that diets in
hunter-gatherer and horticulturalist populations, including some
in the present analysis, often have different macronutrient profiles
than those of more industrialized populations, including more
carbohydrate and less fat than the average US diet (4, 28).

One recent change in global food systems is access to ultrap-
rocessed foods (UPF) [i.e., industrial formulations of five or
more ingredients (29)] among populations that traditionally
had minimal exposure. While intake of UPF has been associ-
ated with risk of obesity and obesity-related outcomes (30-32),
the mechanisms involved are not clear. The low cost and long
shelf lives of these foods may contribute to increased

https://doi.org/10.1073/pnas.2420902122 5 of 8
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availability of calories. The hyperpalatability, energy density,
nutrient composition, and appearance of UPF might disrupt
satiety signaling and encourage overconsumption (33).
Processing has also been shown to increase the percentage of
calories consumed that are absorbed into the body rather than
excreted (34). We found some support for an obesogenic role
of UPF in the current dataset. For the 25 populations in this
sample for whom dietary data (e.g., percent UPF in the diet,
per capita meat consumption) were available (S7 Appendix,
Table S8), the percent of UPF in the diet was positively corre-
lated with body fat percentage, both in bivariate analyses and
in multivariate regression controlling for age, sex, energy
expenditure, and HDI rank (Fig. 4 and SI Appendix, Tables S7).
By contrast, per capita meat consumption, another dietary
change associated with development, was not significantly asso-
ciated with fat percentage when added to models including
percent UPF (81 Appendix, Table S7).

The central role of diet in the global obesity crisis does not
mean that efforts to promote physical activity should be mini-
mized. Daily physical activity hasa broad range of well-documented
health benefits, from reducing all-cause and cardiovascular mor-
tality to improving mental health, and is an essential component
of a healthy lifestyle (35). Time spent sedentary and the preva-
lence of insufficient daily physical activity are both higher in
wealthy countries and have been increasing globally in recent
decades (36), and cardiovascular disease is now a leading cause
of mortality globally (37). Rather than advocating for diet over
exercise in public health, data from this study join an emerging
consensus that both must prioritized. Diet and physical activity
should be viewed as essential and complementary, rather than
interchangeable.

Results here highlight the need to identify the factors that
make foods in developed countries obesogenic. Not all impacts
of economic development and the adoption of the modern food
system have been negative. Current global networks of produc-
tion and supply ensure that affordable foods and food compo-
nents are available to almost every population on earth (38).
Much of the additional energy provided by modern food sys-
tems appears to be channeled into healthy growth, as both adult
stature and FFM are considerably greater among industrialized
populations (Fig. 1 and ST Appendix, Tables S1 and S2). Indeed,
in the present sample, the increase in BMI with economic devel-
opment was largely attributable to greater FFM (SI Appendix,
Table S2). Efforts to track and prevent obesity will be improved

https://doi.org/10.1073/pnas.2420902122

by utilizing measures of body fat rather than BMI, and by focus-
ing on dietary intake rather than expenditure. Regulating food
environments to maximize the benefits of increased calorie
availability without promoting a nutrient-poor, obesogenic diet
remains a crucial challenge in public health that will only
become more acute as economic development continues

globally.

Materials and Methods

sample. Data were compiled from the International Atomic Energy Agency
Doubly Labelled Water Database (39) version 3.9.The doubly labeled water
method uses the rate of isotope depletion (*H and ®0) from the body water
pool to calculate the rate of CO, production and thus energy expenditure
(MJ/d) over a 7- to 14-d period (40). Isotope depletion rates for Doubly
Labelled Water Database entries were used to calculate TEE using a single,
validated equation (40). The doubly labeled water method also provides a
measure of body composition via deuterium dilution, which was used to
calculate FFM, FM, and body fat percentage for each subject in the Doubly
Labelled Water Database. Age, sex, body weight, and height were reported
for each entry in the database. BMI was calculated as mass/height?, where
mass is in kg and height is in meters.

To further expand the geographic and economic diversity of the popula-
tions represented, we included published doubly labeled water measures
of TEE from three pastoralist populations, the Aymara community in Bolivia
(41), the Tuvan community in Siberia (42), and the Daasanach community
in northern Kenya (43). Adding these populations to the Doubly Labelled
Water Database sample resulted in an initial sample of 10,590 individuals.
From that initial sample, we excluded subjects with missing data for sex or
with reported health conditions (obesity excepted). We also excluded those
listed as "athletes” in the database and those with TEEs greater than 25 MJ/d
(all of these excluded individuals were from High HDI populations). Finally,
to minimize the impact of age in our analyses (19), we excluded individuals
younger than 18 y or older than 60 y.

BEE measurements from indirect calorimetry were available for 1,300 subjects
in the sample. These measurements were used for analyses of BEE, AEE, and
PAL. For populations in which no measures of BEE were available, we estimated
BEE via a predictive equation determined from the 1,300 subjects with BEE. This
equation had the form [In(BEE) = In(FFM) x 0.703804 + In(FM) x 0.02424 —
0.963250; r* = 0.64; P < 0.001]. Following previous work (44), we estimated
AEE by modeling TEE as being composed of three components: BEE, the thermic
effect of food (i.e., energy expended digesting and metabolizing food), and AEE
(i.e., physical activity). Since the thermic effect of food is ~10% of TEE for people
in energy balance (45), AEE can be estimated using this approach as [0.9(TEE) -
BEE] (44). In addition to estimating activity energy expenditure, because PAL is
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commonly used as a body size-adjusted measure of physical activity expenditure
(46), we also calculated PAL using the equation PAL = [TEE/BEE].

Methodological differences in measuring TEE and BEE can affect results. To
minimize the impact of these effects for TEE, the DLW Database applies the same,
validated equations to measures of isotope depletion and dilution, eliminating
variation that can arise from using different equations to calculate energy expend-
iture from isotope data (40). Protocols for measuring TEE and BEE were similar for
populations regardless of economic development (see for example refs. 8 and 47),
and are not expected to result in systematic biases that would affect comparisons
with economic development in this study.

Economic developmentscores forindustrialized populations were assigned using
the HDI, following previous work (14). The HDI is designed to be a holistic measure
of development that incorporates population metrics for life expectancy, education,
and income. HDI scores were obtained from the United Nations Development
Programme’s Human Development Report (18); we followed the UN's thresholds
used for low (<0.550), medium (0.550 to 0.699), and high-very high (=0.700) HDI.
HDI scores were converted to rank-order, with the highest HDI assigned a rank of 1.
Based on assessments of market integration for nonindustrialized populations, we
assigned HDI rank of 206 to hunter-gatherers (Hadza), 203 to 205 to pastoralists
(Daasanach, Tuvan, and Aymara), 201 to 202 to horticulturalists (Shuar and Tsimane),
and 200 to Yakut, who supplement subsistence pastoralism, fishing, and hunting with
market participation. We note that, because economic development was used as a
rank-ordervariable in ouranalyses, itis the relative HDI value among populations, not
the precise, absolute HDI score, that is relevant for analyses and results in this paper.

Analyses. The scaling of TEE and BEE with body size follows a power-law curve
(19), and therefore size measures (mass, FFM, and FM) and expenditure meas-
ures (TEE, BEE, and AEE) were In-transformed prior to multiple linear regression
analysis. All analyses were conducted in R version 4.3.1 for Mac (48). We used
general linear models to assess the effects of economic development, as well as the
associations between TEE and dietary measures with body fat% and BMI (Figs. 1-4
and Sl Appendix, Tables S2-S5). Regression-based approaches with In-transformed
measures of expenditure and body size are the preferred approach for assessing
these relationships because they do not rely on simple ratios of energy/mass, which
themselves are related to body size (19, 49). We examined economic development
as both a categorical variable (hunter-gatherer, pastoralist, horticulturalist, low-HDI,
mid-HDI, high-HDI) and as a rank-order variable using the HDI score.

To calculate "adjusted” values of energy expenditure for visualization in Fig. 2
E-G, we calculated residual values of In-transformed expenditure (TEE, AEE, and
BEE, depending on the analysis) for each subject using the general linear model
regression with /n(FFM), In(FM), age, and sex. We used a similar approach for
visualizing adjusted TEE for Fig. 3 £, G, I, and K, calculating residual In-transformed
TEE using the regression with [n(FFM).

Data on the percentage of ultraprocessed food (%UPF) were collected from the
literature (see SIAppendix, Table S8 for sources); data on meat consumption were
collected from a recentanalysis of 175 global populations (50) and supplemented
with additional data from the literature (see S/ Appendix, Table S8 for sources). To
evaluate the relationship between body composition and diet, body fat percent-
age was modeled as a function of %UPF, per capita meat consumption, HDI rank,
age, sex, and/or FFM-adjusted TEE using general linear models.

Data, Materials, and Software Availability. Some study data available [All data
were collected from published sources or the IAEA DLW Database, which is publicly
accessible but requires a research proposal (https://www.iaea.org/resources/hhc/
nutrition/databases/double-labelled-water-dlw/how-to-request)] (39).
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