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ABSTRACT

Background: There is an assumption that people in developing
countries have a higher total energy expenditure (TEE) and physical
activity level (PAL) than do people in developed nations, but few
objective data for this assertion exist.

Objective: We conducted a meta-analysis of TEE and PAL by using
data from countries that have a low or middle human development
index (HDI) compared with those with a high HDI to better un-
derstand how energy-expenditure variables are associated with de-
velopment status and population differences in body size.

Design: We performed a literature search for studies in which en-
ergy expenditure was measured by using doubly labeled water.
Mean data on age, weight, body mass index (BMIL; in kg/m?),
TEE, and PAL were extracted, and HDI status was assessed. Pooled
estimates of the mean effect by sex were obtained, and the extent to
which age, weight, HDI status, and year of publication explained
heterogeneity was assessed.

Results: A total of 98 studies (14 studies from low- or middle-HDI
countries) that represented 183 cohorts and 4972 individuals were
included. Mean (=SE) BMI was lower in countries with a low or
middle HDI than in those with a high HDI for both men and women
(22.7 = 1.0 compared with 26.0 = 0.7, respectively, in men and
24.3 = 0.7 compared with 26.6 = 0.4, respectively, in women). In
meta-regression models, there was an inverse association of age
(P < 0.001) and a positive association of weight (P < 0.001) with
TEE for both sexes; there was an association of age only in men
with PAL (P < 0.001). There was no association of HDI status with
either TEE or PAL.

Conclusion: TEE adjusted for weight and age or PAL did not differ
significantly between developing and industrialized countries, which
calls into question the role of energy expenditure in the cause of
obesity at the population level. Am J Clin Nutr 2011;93:427-41.

INTRODUCTION

The World Health Organization projects that 2.3 billion adults
worldwide will be overweight and >700 million will be obese by
2015 (1). Increasingly, low- and middle-income countries are
experiencing rapidly rising rates of overweight and obesity (2—
7). As more countries face the consequences of obesity, public
health organizations will adopt strategies to combat excess
weight gain. Almost certainly, these strategies will include the
reduction of energy intake and an increase of energy expenditure
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through physical activity (1, 8), but a clear understanding of how
both factors contribute to excess weight gain at the population
level will be essential for the design and implementation of
appropriate public health policies.

Worldwide increases in urbanization with accompanying
changes in patterns of dietary intake and energy expenditure have
been implicated as the primary environmental drivers of the
“obesity pandemic” (4, 6, 7). A lower mean body mass index
(BMI; in kg/mz) and lower prevalence of obesity in most de-
veloping compared with industrialized societies has led to the
assumption that energy expenditure differs between populations
at different stages of social and economic development. Popkin
(7) proposed a number of causes for the likely decrease in en-
ergy expenditure associated with urbanization, including a
change from agricultural to service sector occupations, reduced
levels of occupational physical activity, and changes in the types
of transportation used by urban residents. Although data on
physical activity patterns and expenditure have been collected
for decades by using subjective measures, objective measure-
ments of free-living physical activity energy expenditure (PAEE)
were not available until the mid-1980s with the application of the
doubly labeled water (DLW) method to humans (9).

It is commonly assumed that populations in developing
countries have a higher PAEE than in industrialized societies
where people have more labor-saving devices and use more
motor transportation (4, 6, 7), but in a 1996 review, Ferro-Luzzi
and Martino (10) concluded that there was actually little objective
evidence to support this assumption. On the other hand, they
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observed that energy expenditure in Western countries had been
decreasing over the preceding decades with populations be-
coming more sedentary as a result of declines in activities of daily
life (10). Most of the data presented in the Ferro-Luzzi and
Martino review (10) were collected by using questionnaires and
physical activity diaries or recalls, with only a limited number of
DLW studies included. In contrast, results of a compilation of
DLW studies by Westerterp and Speakman (11) suggested no
measureable decrease in the PAEE in Western populations be-
tween the 1980s and 2005. In addition, a study by Ebersole et al
(12) reported no significant differences in DLW-measured PAEE
between a cohort of women in rural Nigeria and one in suburban
Chicago, and a subsequent longitudinal analysis showed no as-
sociation between weight change over time and any variable of
energy expenditure in either cohort (13). These studies provided
indirect evidence that reduced energy expenditure may not be the
primary determinant of excess weight gain or of differing rates of
obesity between populations. To test our hypothesis that objec-
tively measured free-living energy expenditure does not differ
significantly between developing and industrialized countries, we
conducted a meta-analysis of studies that used DLW for the
measurement of total energy expenditure (TEE) and physical
activity level (PAL) in adults.

METHODS

Study selection

Studies were chosen for inclusion in these analyses if they
were energy-expenditure studies that used the DLW technique.
Weight-loss and postobese studies were excluded; intervention
studies were included only if the preintervention measures were
available. Also, studies of children, athletes, military personnel,
and pregnant or lactating women were excluded. With the ex-
ception of one master’s thesis (14), all data were retrieved from
studies published in English-language journals. Articles were
collected via a comprehensive literature search of Medline from
1986 to 30 June 2009. The keywords doubly labeled water (or
doubly labelled water) and energy expenditure were used. Ad-
ditional studies were found in the reference lists of identified
articles. When data were not reported in articles as required for
the meta-analysis (eg, if the data for both sexes were combined),
attempts were made to contact the corresponding authors di-
rectly; in 8 cases, clarifications were received, and these studies
were included. Studies with Eric Poehlman as a coinvestigator
were excluded because of potential concerns regarding the au-
thenticity of some data. The selection process for studies included
in this meta-analysis is illustrated in Figure 1. Studies for which
we could not break out mean data by sex, and studies with
missing age, weight, or TEE data were excluded from the
analyses (n = 30). Studies for which only PAL data were missing
were included in the TEE analyses (n = 26). A total of 98 studies
were included. Details of the cohorts and studies are shown in
Appendix A.

Data extraction

We collected the year of publication, country of origin, sample
size, sex, ethnicity (where available), cohort description, labo-
ratory where the stable isotope analyses were conducted, and the
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mean (*SD) of age, weight, BMI, TEE (in MJ/d), and PAL
(defined as the ratio of TEE to the resting energy expenditure).
In all but 5 studies, the resting energy expenditure was measured
with indirect calorimetry, and it was calculated by the original
study investigators in the remaining studies by using Schofield’s
equations (15, 16), Mifflin’s equations (17), or ethnic-specific
equations (18, 19), and in one study PAL was estimated as

TEE + (BMR + 0.1 TEE) (20) (1)

The human development index (HDI) developed by the United
Nations Development Program was used to categorize the
country of origin for each cohort as developing or middle income
(ie, low or middle HDI) or developed (ie, high HDI) (21). Al-
ternatively, cohorts were classified on the basis of on whether the
country of origin had membership in the Organization for
Economic and Community Development (OECD) (22).

Statistical analyses

With the METAN module of Stata (version 11; StataCorp,
College Station, TX), meta-analyses were performed to obtain
pooled estimates of mean effects and corresponding SEs for age,
weight, BMI, TEE, and PAL after stratification by sex and age
group (ie, <65 or >65 y). We used a random effects approach to
estimate the summary effect size; this model incorporated an
estimate of between-study heterogeneity into the study weights
(23). The restricted maximum likelihood method was used to
estimate the variance between studies. The I* statistic was
computed to estimate the proportion of total variance that was
due to differences in effect sizes. Under this model, the 72 sta-
tistic measured the amount of variability because of differences
of the true effect sizes apart from random variation across
studies. Meta-regression analyses allowed us to determine the
extent to which the heterogeneity observed between studies was
due to individual covariates or combinations of covariates.
Concern over differing DLW analytic techniques prompted us to
include the laboratory of analysis as a covariate in the meta-
regression. We used dummy variables for the 4 most frequently
cited laboratories (the Department of Human Biology, Maastricht
University, Maastricht, Netherlands; the Medical Research Coun-
cil Collaborative Centre for Human Nutrition Research, Cam-
bridge, United Kingdom; the Department of Nutritional Sciences,
University of Wisconsin, Madison, WI; and the Human Nutrition
Research Center, US Department of Agriculture, Beltsville, MD)
with the remainder combined in a fifth dummy variable.

The Q statistic was used to test for heterogeneity in TEE and
PAL between studies. Meta-regression analyses were performed
with the METAREG module of Stata (version 11; StataCorp) to
determine the extent to which age, weight, BMI, and HDI (or
OECD) status and year of study publication explained the het-
erogeneity observed in the meta-analyses. All meta-regression
analyses were conducted separately for male and female cohorts.

RESULTS

Ninety-eight studies were included in the meta-analysis and
represented 183 cohorts and 4972 individual men and women
(details of studies included are shown in Appendix A). Of the
98 studies, 14 studies that represented 21 cohorts and 483
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FIGURE 1. Study selection flowchart.

individuals were conducted in low- or middle-income countries
as defined by HDI, specifically, Bolivia (24), Cameroon (25),
China (18), Gambia (26-28), Guatemala (16), India (29), Jamaica
(30), Nigeria (12, 31), Russia (remote Siberian herders) (32),
South Africa (33), and Swaziland (15). The bulk of high-HDI
studies were conducted in European countries (19, 34-59) and the
United States (12, 14, 17, 20, 31, 59-100), with additions from
Canada (101, 102), Mexico (103, 104), Cuba (104), Chile (104,
105), Brazil (106), Japan (107, 108), Australia (109-111), and

New Zealand (112, 113). There were no cohorts in the low- or
middle-HDI studies in which the mean age of the participants was
>65 y; however, there were 30 such cohorts from 14 studies in
the high-HDI group. Therefore, we presented the results of the
meta-analysis with and without the studies with the older mean
age of participants (Table 1). To make the low- or middle-HDI
and high-HDI groups more comparable in terms of age, the 30
cohorts with a mean age >65 y were excluded from the meta-
regression. The primary results of interest (ie, whether or not TEE

TABLE 1
Results of meta-analysis by sex, human development index (HDI) status, and age group’
Men Women
Low or High HDI Low or High HDI
All middle HDI ~ High HDI <65 y of age’ All middle HDI ~ High HDI <65 y of age’

No. of studies 53 9 44 35 81 12 69 62
No. of cohorts 68 10 58 42 115 13 102 87
No. of subjects 1719 144 1575 1135 3253 339 2914 2462
Age (y) 432 +23° 325+33 450+ 26 345+ 1.7 39319 332*x27 401 =*21 351+ 13
Weight (kg) 781 15 661 £27 800=*1.6 81.3 £ 2.0 704 =28 593 %20 71.8*30 72.6 =32
BMI (kg/m?) 25504 227x10 260=*=0.7 26.0 = 0.6 263 =04 24307 266=*04 26.6 = 0.4
Total energy expenditure (MJ/d) 12.7 £ 02 123 =04 127 £03 135 £ 0.3 9.9 = 0.1 93*+02 100 =*0.1 103 = 0.1
Physical activity level 1.80 = 0.03 188 £0.06 179 £0.02 181 £0.03 171 £0.01 1.70=*=0.03 1.71 £0.02 1.72 = 0.02

" HDI is a composite statistic developed by the United Nations Development Program to rank countries by level of development. In our model, HDI status

values were 0 (low or middle HDI) and 1 (high HDI).

2 Cohorts were restricted to those in which the mean age of participants was <65 y of age.

3 Mean * SE (all such values).
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or PAL differed between low- or middle-HDI and high-HDI
countries) were not affected by the exclusion of these older cohorts.

As shown in Table 1, once the older cohorts were excluded
from the meta-analysis, the mean ages for both men and women
between the low- or middle-HDI and high-HDI groups were
similar (32.5 compared with 34.5 y for men; 33.2 compared with
35.1y for women). As expected, the mean body weight was lower
in men in the low- or middle-HDI group than in men in the high-
HDI group (66.1 compared with 81.3 kg, respectively); the same
pattern was observed for women (59.3 compared with 72.6 kg,
respectively). Mean BMI was also lower in the low- or middle-
HDI group for both men (22.7 compared with 26.0 for men in the
high-HDI group) and women (24.3 compared with 26.6 for
women in the high-HDI group). TEE, unadjusted for body size or
weight, was ~1 MJ/d lower for both men and women in the low-
or middle-HDI group than in the high HDI group. The I* statistic
for sex- and HDI-stratified studies ranged between 83.1% for
men in low- or middle-HDI countries to 91.1% for men in high-
HDI countries, which indicated that 83.1% and 91.1% of the
variance in TEE was due to differences in the true means for the
respective groups of studies. The /> values were similar for PAL
(data not shown). The > was 1.14 for men and 1.18 for the
women, whereas the I statistic was 90.2% and 93.9% for men
and women, respectively. The forest plots for TEE by sex and
HDI status are presented in Figure 2, A-D. In contrast, PAL,
which can be considered modestly adjusted for body size (10),
was higher in the low- or middle-HDI men than in high-HDI
men [1.88 (95% CI: 1.77, 2.00) compared with 1.79 (95% CI:
1.74, 1.84), respectively] but slightly lower in low- or middle-
HDI women than in high-HDI women [1.70 (95% CI: 1.63,
1.77) compared with 1.72 (95% CI: 1.68, 1.76), respectively]
(forest plots of PAL by sex and HDI were not included).

With the use of meta-regression, we showed age was signif-
icantly and inversely associated and weight positively associated
with TEE for both men and women in all models tested, except
for women in model 1 (Table 2). The coefficients for age and
weight were roughly similar to those measured for the 2003
Dietary Reference Intake equations (114). In contrast, HDI
status was not associated with TEE (ie, after adjustment for age
and body weight, TEE did not differ between low- or middle-

A

First author [cit.] Effect Size (95% CI)
0

2 4 6 8 10 12 14 16 18 20

Mean (95% CI)
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development and high-development countries). The year of
publication was marginally inversely associated (P = 0.05) with
TEE in men but not in women, which suggested that TEE in
men decreased modestly between 1989 (the first year of publi-
cation for a male cohort) and 2009. None of the laboratories
exerted a significant effect on TEE, and inclusion of laboratory
did not explain >1% of the residual heterogeneity observed
between studies (data not shown). In addition, results were
virtually identical when studies were classified by using HDI
status or OECD membership (6 cohorts were reclassified);
therefore, only the results for HDI are presented.

The results of the meta-regression analyses for PAL differed
from those for TEE (Table 3). In women, none of the covariates
examined were shown to be associated with PAL, whereas in
men, only age was significantly inversely associated in all
models tested. Because PAL was nominally adjusted for body
size through the inclusion of the resting energy expenditure
term, it was not surprising that weight did not explain any of the
heterogeneity between studies. As with TEE, PAL did not differ
by HDI status. In the full model after adjustment for age, weight,
HDI status, and year of publication, there remained a relatively
large degree of residual heterogeneity between studies (66.3%
for men and 86.7% for women), which indicated that there were
influences on TEE that we did not capture with this analysis.
With PAL, the residual heterogeneity between studies was also
high (88.0% for men and 90.1% for women).

DISCUSSION

Energy expenditure is a critical component of energy balance,
but uncertainty remains over its direct effect on body weight in
normal adult populations and the role it should play in public
health policies for the prevention of overweight and obesity (115,
116). It has been hypothesized that lower BMIs observed in most
developing compared with more-developed societies are due, in
part, to higher levels of TEE and PAEE (10), which are assumed
to be protective against excess weight gain.

Although it is indisputable that patterns of physical activity are
different between countries at differing levels of industrialization,
we could not detect differences in TEE or PAL, as measured by

B

First author [cit.] Effect Size (95% Cl)

0 2 4 6 8 10 12 14 16 18 20

Mean (95% Cl)

Kashiwazaki [24] —_— 11.297 (9.717,12.877)
Heini [27) | —e—— 16234 (13.352,19.116)
Borgonha (a) [29] —— 12201 (10,999, 13.402)
Borgonha (b} [29] —_— 11.201 (9.041,13.36)
Luke (31] - 12.096 (11.508,12.684)
Yao [18] - 10.385 (9.669,11.1)
Snodgrass [32) ;-— 12.983 (12558,13.408)
Luke [30] —— 13221 (11.72,14.723)
Assah [25] -—l— 14.159 (12.133,16.184)
Dugas [33] — 11.715 (10.538,12.892)
Overall

1=83.1% - 12.301 (11.499,13.102)

11.:30
Mean TEE (MJday)

Stein (a) [16] - 9.427 (8.329,10.524)
Stein (b) [16] - 8.054 (7.544,8.564)
Huss-Ashmore [15] - 7.494 (6.762,8.226)
Singh [28] —— 10,071 (8.455,11.686)
Heini [26] —— 9657 (8.51,10.803)
Kashiwazaki [24] -q- 9.238 (8.786,9.691)
Luke [31) - 8.845 (8.286,9.404)
Yao [18] S 9.493 (9.102,9.885)
Snodgrass [32] . 9619 (9.345,9.893)
Luke [30] —— 9.937 (9.054,10.82)
Assah [25] | —— 10719 (9.962,11.477)
Ebersole [12] . 9.489 (9.218,9.761)
Dugas [33] —— 10301 (9.118,11.484)
Overall i

12=84.2% - 9.335 (8.942,9.727)

9335
Mean TEE (MJday)

FIGURE 2. Forest plots of means (circles) and 95% ClIs (horizontal lines) of total energy expenditure (TEE; in MJ/d) for men (<65 y of age) representing
low— or middle—human development index (HDI) countries (A), for women (<65 y of age ) representing low- or middle-HDI countries (B), for men (<65 y of

age) representing high-HDI countries (C), and for women (<65 y of age) representing high-HDI countries (D).

(Continued)
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First author [cit.] Effect Size (95% Cl) Mean (95% CI)
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Bouten [38]
Davidson [39]
Haggarty [103]

13.054 (12.168,13.94)
14.489 (12.726,16.252)
12678 (11.417,13.938)

Riumallo [105] —— 11.36 (10.436,12.284)
Schulz [56) e 14351 (12.346,16.356)
Livingstone [48] —— 14226 (12.778,15.673)
Seale [88] - 13456 (12.804,14.108)
Roberts [81] — 14615 (13.122,16.107)
Diaz [40] - 13201 (12.519,13.883)
Meijer (a) [50] —— 17 (13.572,20.427)
Meijer (b) [50] ——— 13.799 (11.238,16.36)
Goran [67] e 11.686 (10.439,12.933)
Seale [85] —— 14,138 (13.261,15.014)
Rising [20] —_— 12,008 (11.188,12.829)
Schulz [84] 13272 (11.598, 14.945)
—

Seale [87) 12.903 (12.106,13.701)
Vinken [91] 14.05 (12.985,15.114)
Faello [14] 12.042 (10.85,13.233)
Goris [45] — 16.698 (15.839,17.558)
Conway [65] - 13.263 (12.577,13.95)
Hise [71] e 14364 (13.182,15.546)
Luke [31) —— 13.573 (12.169,14.977)
Rafamantanantsoa [108] —— 11.397 (10.734,12.06)
Tataranni [89)] - 12.489 (11.996,12.982)
Washburn [93] g 13.878 (12.57,15.187)
Paul [80] - 12,694 (12.28,13.108)
Plasqui [53) —— 12.765 (11.205,14.326)
Rush (a) [113] SRS 16.707 (15.078,18.335)
Rush (b) [113] ———— 18,539 (15.631,21.448)
Rush (c) [113] —_— 15.841 (14.321,17.36)
Joosen (a) [47) — 13.991 (13.203,14.78)
Joosen (b) [47) . 12.594 (12.397,12.791)
Paul [99] —.— 12,594 (11.69,13.498)
Plasqui [52] —— 13.1 (11.798,14.402)
Warwick [110] s 14.293 (11.261,17.324)
Tooze [17) . 12,142 (11.87,12.414)
Johannsen [74] [N 14.544 (12.888,16.199)
Moshfegh (a) [79] - 13.226 (12.606,13.845)
Moshfegh (b) [79) - 12401 (12.006,12.797)
Moshfegh (c) [79] - | i 10.862 (10.484,11.239)
Okubo [107) - 10.698 (10.292,11.105)
Siervo [57] - 11.1 (10.488,11.713)
Overall :

?=91.1% - 13.215 (12.839,13.592)

13.215
Mean TEE (MJday)

FIGURE 2. (Continued)

using DLW, between subjects from low- or middle-HDI and high-
HDI countries. In our meta-regression analyses, age, weight, and
sex were significant determinants of TEE, whereas only age was
predictive of PAL in men. Once adjusted for age and weight, TEE
and PAL did not differ by HDI status. This result conflicts with
reports that implicated decreased levels of TEE (including PAEE)
as a driver of the obesity epidemic (6, 7). These investigators and
others have postulated that developing countries are at increased
risk of the development of obesity because of decreases in the
energy expenditure of occupational and transportation activities
associated with increased mechanization and automation (3, 4,
117, 118).

There are relatively few published reports in which TEE or
PAL is compared between populations (13, 119); most reports are
compilations or reviews of existing literature (11, 120, 121). The
findings of the current meta-analysis support the conclusions of
Westerterp and Speakman (11), who collected data from multiple
sources (some included in this meta-analysis) and examined
TEE and PAL trends in industrialized societies and compared
these to data from developing countries by using generalized
linear regression models. The focus of their study was the change

D
First author [cit.] Effect Size (95% CI) Mean (95% CI)
6 8 10 12 14 16 18 20
Prentice (a) [55] - 7.991 (7 364 8 619)
Prentice (b) [55] — 10.222 (9.336,11.107)
Schulz [56] - 11.033 (10?37 11.329)
Livingstone (48] — 9.924 (9.149,10.699 )
Tuschl [58] —— 9.456 (8.217,10.695 )
Forsum [42] - 10.401 (9.398,11.405)
Meijer (a) [50] — 10.1 (8.872,11.329)
Meijer (b) [50] —— 12.502 (11. 02 13.983)
Welle (a) [96] - 9.46 (8.968,9.952)
Welle (b) [96] — 11.201 (10.512,11.889)
Amatruda (a) [60] e 11.314 (10446 12.181)
Amatruda (b) [60] - 9.452 (9.031,9.872)
Goldberg [44] = 9.519 ( 8. 597 10.34)
Seale [85] —_—— 10.376 (8.917,11.836)
Clark (a) [109] e 8.494 (8.045,8.942)
Clark (b) [109] — 11.272 (10. 391 12.152)
Hibbert (a) [70] —_—— 8.339 (7.23 9 446 )
Hibbert (b) [70] - 12.397 (11, 902 12.892)
Schulz (84] —— 11.673 (10.471,12.876)
Kushner (a) [75] T 11.309 (10.592,12.027)
Kushner (b) [75] — 10.259 (9.468,11.05)
Platte (a) [54] —— 9.862 (8.616,11.108)
Platte (b) [54] - 15.514 (14 60? 16.422 )
Bouten [38] — 10.904 (9.957,11.85)
Martin [102] — (3243 9.757)
Sawaya [83] — 9.816 (8.734,10.897 )
Seale [87] - 9.565 (9. 288 9 842 )
Fogelholm [41] - 10.259 (9.773,10.745)
Johnson [97] - 11.062 (10. 365 11.76)
Withers [111] —-— 9.301 (8.504, 10.098 )
Rush (a) [112] —— 13.393 (12129 14.657 )
Rush (b) [112] - 10.297 (9.194,11.4)
Rush (c) [112] — 12.694 (11507 13.882)
Rush (d) [112] — 12.393 (11.414,13.372)
Black [35] —— 9.418 (8.526,10.31)
Hunter (a) [73] —- 8.238 (7.577,8.899)
Hunter (b) [73] - 9.109 (8578 964)
Kaczkowski [101] — 10.364 (9.543,11.185)
Melby (a) [98]) —— 9.473 (7. 321 11.124)
Melby (b) [98] - 6.962 (6.314,7.61)
Weinsier (a) [95] — 8.745 (7 918 9 571)
Weinsier (b) [95] - 9.318 (8.556,10.079)
Bathalon (a) [61] - 8.958 (8 449 9.467 )
Bathalon (b) [61] -~ 9.489 (9.039,9.94)
Weber (a) [94] —_— 1.1 (9.34,12.86)
Weber (b) [94] i 11.962 (11. 124 12.8)
Hebert [69] - 8.862 (8.491,9.232)
Hise [71] - 10.857 (10.247,11.468)
Luke[31] —— 11.155 (10.205, 12.104 )
Roubenoff [82] g 10.473 (9.6,11. 345 )
Andersen [34] — 9.234 (8.281,10.187)
Butte (a) [63] > 10.104 (9.771,10.438)
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FIGURE 2. (Continued)

in energy expenditure over the 20-y period during which there
was a marked increase in the prevalence of obesity in the US
and most European countries (122). Interestingly, their analysis
showed a slight increase in PAEE between 1988 and 2006
in industrialized countries, whereas PAL remained stable. The
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TABLE 2

DUGAS ET AL

Results of meta-regression models with total energy expenditure (in kJ/d) as the outcome in cohorts with a mean

age of <65y’

Men (n = 1279)

Women (n = 2801)

Model and independent variable Values P Values P
Model 1

Age —50 (=90, —10) 0.02 —20 (—49, 8) 0.16
Model 2

Weight 72 (44, 99) <0.001 65 (54, 77) <0.001
Model 3

Age —74 (=99, —48) <0.001 —25(—43, -7) 0.008

Weight 88 (66, 109) <0.001 66 (55, 77) <0.001
Model 4

Age —74 (—100, —48) <0.001 —25(—43, -7 0.008

Weight 90 (66, 114) <0.001 65 (54, 77) <0.001

HDI status’ —190 (—950, 569) 0.62 130 (—438, 697) 0.65
Model 5

Age —69 (—94, —43) <0.001 —24 (—42,5) 0.02

Weight 93 (70, 116) <0.001 66 (55, 78) <0.001

HDI status’ —348 (—1090, 706) 0.35 139 (—428, 706) 0.63

Year of publication —45 (—89, —1) 0.05 —17 (—48, 14) 0.28

! All values are coefficients; 95% CIs in parentheses. HDI, human development index.
2 HDI is a composite statistic developed by the United Nations Development Program to rank countries by level of
development. In our model, HDI status values were 0 (low or middle HDI) and 1 (high HDI).

investigators concluded it was unlikely that decreased energy
expenditure was the primary cause of the current obesity
epidemic.

A recent anthropologic review of farmers in developing
countries reported considerable variation in PAL between groups
of farmers, an, although the data generally supported the hy-
pothesis that energy expenditure was high among farmers in
developing countries, it was not as high as anticipated by the
investigators (121). This review included 26 studies of both men
and women, which used either objective or subjective data-

TABLE 3

collection techniques (ie, DLW, heart-rate monitoring, and
questionnaires). The PAL for both men and women was in the
range of moderate activity (for men: 1.36-2.40 with a mean of
1.90; for women: 1.47-2.36 with a mean of 1.74). The mean PAL
reported in the review was somewhat higher than the PAL for the
low- or middle-HDI samples in the current meta-analysis (ie, 1.88
for men and 1.70 for women) and likely reflect the effect of the
different methodologies used by the studies included in the re-
view. In this review of energy expenditure in farmers in de-
veloping countries, a significant variability in expenditure over

Results of meta-regression models with physical activity level as the outcome in cohorts with a mean age of <65 y’

Men (n = 1279)

Women (n = 2801)

Model and independent variable Values P Values P
Model 1

Age —0.010 (—0.014, —0.004) 0.001 0.0001 (—0.004, 0.004) 0.94
Model 2

Weight —0.002 (—0.007, 0.004) 0.51 —0.001 (—0.003, 0.001) 0.32
Model 3

Age —0.009 (—0.014, —0.004) 0.002 0.0002 (—0.003, 0.004) 0.93

Weight 0.0004 (—0.005, 0.004) 0.88 —0.001 (—0.003, 0.001) 0.33
Model 4

Age —0.010 (—0.015, —0.004) 0.001 0.0001 (—0.004, 0.004) 0.94

Weight 0.001 (—0.004, 0.007) 0.59 —0.002 (—0.003, 0.001) 0.27

HDI status’ —0.112 (—0.268, 0.044) 0.15 0.032 (—0.071, 0.136) 0.54
Model 5

Age —0.010 (—0.016, —0.004) 0.001 —0.0001 (—0.004, 0.004) 0.95

Weight 0.001 (—0.005, 0.007) 0.70 —0.001 (—0.003, 0.001) 0.21

HDI status’ —0.105 (—0.264, 0.055) 0.19 0.029 (—0.074, 0.133) 0.57

Year of publication 0.003 (—0.008, 0.014) 0.60 0.003 (—0.003, 0.009) 0.31

! All values are coefficients; 95% Cls in parentheses. HDI, human development index.
2 HDI is a composite statistic developed by the United Nations Development Program to rank countries by level of development. In our model, HDI status

values were 0 (low or middle HDI) and 1 (high HDI).
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the course of different seasons was also suggested (eg, the only
studies that reported mean PAL in the vigorous range were
conducted during the peak harvesting season).

For differences in energy expenditure between populations to
be considered important for differences in obesity prevalence,
some association between expenditure and excess weight gain
must be shown. To our knowledge, this has not occurred. In
several relatively large cross-sectional studies of individuals
encompassing wide ranges of body weights and BMI, positive or
null associations have been described between PAEE or PAL and
BMI (55, 123, 124), rather than the anticipated negative asso-
ciation. The few prospective studies in adults that used objective
measures have also showed no significant inverse relation be-
tween energy expenditure and weight gain (13, 89, 125, 126).
Previous studies by Luke et al showed no difference in PAEE
between Nigerian and African American women (12) and no
association between PAEE and weight gain over 3 y (13). Al-
though Ravussin et al (127) and Tataranni et al (89) reported that
resting energy expenditure was a significant predictor of weight
gain in adult Pima Indians, PAEE was not (89). Recent pro-
spective work by Plasqui and Westerterp (128), suggested that
high PAEE at baseline was not protective against subsequent
weight gain and that a decrease in energy expenditure over time
was predictive of gains in body fat. Although the results of
studies that used self-reported physical activity were equivocal
regarding subsequent weight gain (129, 130), in a large sample of
healthy women, Lee et al (131) showed that high levels of self-
reported physical activity (>21 metabolic equivalent task h/wk
or >60 min/d) were associated with decreased weight gain.

The lack of observed differences in TEE and PAL in the
current study suggested that the difference in mean BMI between
low- or middle-HDI and high-HDI countries was due to energy
intake rather than energy expenditure. Two recent articles (132,
133) provide further support that an increased food supply may be
more important than a decrease in physical activity. Swinburn
et al (132) estimated changes in body weight for both US children
and adults between the 1970s and 2000s by using energy-intake
data inserted into DLW-derived equations to estimate body
weight. The predicted weight gain in children was identical to the
measured weight gain, whereas for adults, the predicted weight
gain was actually higher than the measured weight gain, which
indicated that current increases in energy intake were sufficient to
explain the significantincrease in obesity prevalence. In the second
article, also by Swinburn etal (133), an equation for relating energy
flux to body weight was investigated by using DLW data from
the past 3 decades. Energy flux was positively related to weight
after adjustment for height, age, and sex, and the authors concluded
that an increase in energy intake was primarily responsible for
increases in body weight over the past 3 decades (133).

As with any analysis of data from multiple sources, there were
limitations to the current study. Research that used DLW for the
measurement of TEE has been hampered by the high cost of
isotopes and the isotopic analysis; thus, most studies included in
this meta-analysis were of a relatively small size. In addition, few
of the studies were population-based or had randomly selected
participants, and therefore most samples were not truly repre-
sentative of the population from which they were drawn. Another
potential limitation was the use of TEE adjusted for body weight
via meta-regression and the use of PAL rather than examining
PAEE directly. These expenditure variables were chosen for

inclusion because of availability in the largest number of studies;
in a majority of studies, either PAEE, or resting energy expen-
diture for the calculation of PAEE, were not presented or the
method of calculation was not explicit in the text. PAL calculated
as the ratio of TEE to resting energy expenditure is not an optimal
measure of physical activity expenditure; however, it is the metric
used most often for comparisons between countries (10). In
addition, we did not ascertain occupation or site of residence (ie,
rural or urban) of the cohorts within each country; thus, simply
identifying a country as low or high HDI may have over-
generalized important individual study characteristics.

The statistical method of a meta-analysis has its own set of
limitations. Meta-analysis of observational data often produces
spurious results because of unadjusted for confounding factors
(134, 135), and these cannot be ruled out as an explanation of our
findings. Unlike a typical meta-analysis, we did not focus on an
exposure-disease relation but instead summarized mean levels of
TEE and PAL in studies that have been conducted around the
world. The heterogeneity in populations observed in these
analyses might also seem a limitation; however, we argue that it is
a strength. Explanation of heterogeneity should be regarded as
a goal of the review of observational studies, which may be
carried out by using a meta-regression (135). To our surprise, the
meta-regression revealed that HDI explained none of the het-
erogeneity between studies, whereas the mean body weight of the
study populations was explanatory.

In conclusion, we showed no differences for DLW-measured
TEE or PAL between populations living in countries with a high-
compared with low- or middle-development index despite sig-
nificant differences in body size. These data draw into question
the commonly held belief that energy expenditure differs between
populations living in developing and industrialized countries,
thereby accounting for much of observed disparities in obesity
prevalence.
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META-ANALYSIS OF DOUBLY LABELED WATER STUDIES

U |,

‘(senfea yons [[e) S F UBN ,

‘umouwyun Jo SIdYjo ‘g

AN QIIIASIPY @IMNOLFY Jo Jusunreddq S ‘¢ SSPUBIOYIAN WILISLRIA ‘ANSISAIUL) WOLISERIAL ‘€ IA\ ‘UOSIPRIA ‘UISUOISIA JO AVISIOAIU() ‘T (WOPSULY PAjIU[) ‘dFpLIqUIE)) [IOUN0OD) YIIeasdy [BIPIN ‘1

‘UAWIOM ‘T fudu ‘() ,

'Sk ‘g tou T

‘IAH YS1Y ‘T {IAH dPPIW 10 MO[ ‘| z
"SNJEIS DIWOUOIAOI0S ‘SHS ([oAd] ANAndE [eorskyd “Tyd ‘ormipuadxe A310ud [e10) ‘FHL Hudwdopad AJUNWIWO) pue JILOUOIY Joj uonezIuesiQ ‘ADHO xapul Judwdoaasp uewny ‘[QH ,

age jo £ .09

YL S €00 ¥ CLT 1I€0*¥E€6 01 * 0¢ 0c+08. 01=+069 I 6¢ C [4 oSetoAe ‘sajelg pajuf) 800C ‘udsuueyor
9 S LO0O = S8T 810+ 096 60+ €¥C - V1769 1 I C C Ap1oppo ‘spuefrayioN 800C ‘US0oMoH
89 S 00+ 99T 61I'0+7CC8 60~+6¢C BT+TEY LT+99L 1 S C 4 A110p[o ‘sorerg panun LOOT ‘stIeH
LL C WO F6S9T €Io+c6L 90+¢€9C 91 *8LY €0x6¥%L 1 08 C C Amym “A[IdP[2 ‘selel§ panuf) 900¢ ‘Tuuey
LL [4 ¥0'0 = CL'T 0CT0 +CTI'8 LO=+88C 61 +6€L ¥0O+0SL 1 1L C [4 oe[q ‘A[ap[e ‘sarelg pajup) 900C ‘Tuuey
01 S 200+ vL'T 10+ 068 O * 9¢ FEFEE9 LTF669 1 8 C C Aop[o ‘0o1XaN 900C ‘0RN-UBWIA[Y
01 S Y00 = LS'T TE0 = 0€L VT +TC e+ 805 TvEF669 1 S I 4 Ap1oppo “eqn) 900C ‘O9BN-UBWIR[Y
01 S POO F ¥ST €€0F+T9L 80F1ST TT*T19S LTF669 1 8 I C Apepye ‘o) 900C ‘0N-UBWIA[Y
9 4 €00 = 691 610+ L6L LO+98C TTx+¢Ce¢L VvO+9vL 1 L9 C [4 yoe[q A[IOP[o ‘SAlel§ panun ¥00T “ouelg
9 T WO0F6S9T #I'0O*68L 90+T9C 91 *TLY €0F+8%L 1 LL C C M A[Iop[a ‘salels pauf ¥00T “ouelg
98 ¥ L8l STO+¢e¥6 60+9LC 9T+869 TI+¢ceL 1 €l C C A[10p[o [eanI ‘sojerg partupy 200T 9reas
61 S 0T'0 F 2LT 6£0x096 TI'T*6%C 61 LS9 L€ I 6 C 4 A[1ep[e ‘uspoms 8661 ‘Sroquayioy
s S - €€0F 096 90+89C Te€xLLY O1IF¢CIL 1 9 C [4 A[10p[a ‘ddueL] L661 ‘OLON
€8 S — 8COFTSL 60FT1¥C Te€xL8 ¥IFO0¥L 1 o1 C C 19p[0 ‘seI§ paAaun 9661 ‘eAemeg
a3e jo

£ 69< uswom ([(TH YSTH
YL S €00 * 81 9¢0 * €Tl 01 F 6C 0C+006 O01+069 O 6¢ C [4 a3e Jo K /-9 d5eIoAL ‘sojel§ pajuf) 800C ‘udsuueyor
9% S LO0O = 8LT +¥'0 + 00CTI L0 * €9C - TIF90L O o1 C C Apepye ‘spuefroyaN 800C ‘ySoreH
89 S LO0O * SL'T SLO * €TIT S0 F ¥¢ rexvvL 91 +0SL O S C [4 A110p[o ‘sererg panun L00T ‘SHIeH
LL C 00 F LT 610801 SO*9LT +vIFTE FO0OFx0SL O SL C C Amym “A[IdP[2 ‘selel§ panuf) 900¢ ‘TuIuey
LL [4 €00 F ILT IT0*9L6 SOFT1LC LIF918 +0+0SL O €L C [4 oe[q ‘A[ap[e ‘sayerg pajup) 900C ‘Tuuey
01 S P00 F LT €F0 * 6€01 9T *¥+¥C €€ *069 TTFI10L O 9 C C ApIop[e ‘091X 900C ‘0RN-UBWIA[Y
¥01 S LO0O =9L1T 0OF0+8t6 80+80C 9¢+8SS +vT+10L O S I C A11op[o “eqn) 900C ‘ORN-UBWA[Y
01 S LOO * €91 9¥0 866 9T *€9C LSF00L 61*T10L O 8 I C Apepye ‘o) 900C ‘0N-UBWIA[Y
9 4 €00 = IL'T 1T0*7CL6 SO+T1LC LT+918 €0F8¥L O L C [4 yoe[q AIOp[o ‘sajel§ panu() ¥00T “ouelg
9 4 €00 F PL'T 0TO ¥ SSO0I SO *9LC STF*6¢€8 +vO*xTISL O 7L C 4 argm A[1opld ‘salelg paiuf) ¥00T “ouelg
98 % ,£8°1 Y0 F Tl 90+ T8 1T+ 9¢€8 I'N=1IvL O 4! C C A[10p[o [eanI ‘soyerg paytupy 200T 9reas
9¢ S LOO * ILT 950 * 7901 — TTFEYL  60*F¥eEL O 61 C 4 Apepre Ayifeay ‘eouer] 100¢ ‘Aojouuog
16 S 900 = ¥L'1 €50 = 0801 80+ 16C 6CT+¢€8L F¥I+8L9 0 0T C C I9p[0 ‘s®IS PN 6661 ‘UDUIA
61 S 600 = ¥L'T 8I'l = 6L01 8T+ L€ 9L=F0VL €L 0 € C 4 A110p[o ‘udpomg 8661 ‘S1quayIoy
IS S - LTT = 08C1 91T +69C TI'S+6¥L O01+88 0 9 C [4 Ap1oppo ‘oouel] L661 ‘OO
3% I $00 ¥ 0S'T 600+ 0C6 90+8%C TTFV¥CL 90F078 O €T C [4 Ajaepre ‘wopSury] payun 9661 “I9[IN

a3e jo

£ 69< uaw :JqH YSH

06 S Y00 = LL'T LTO =800I +0=+LLC ¥vO+¥TL LOFTCC 1 T C C AMyM ‘sajel§ partun 800C ‘UdpIEZaa,
prn U7 3y «
‘ou Ar0rE100E] Ivd 4L INg ySropm By ,Xo8  spafgns  roquiow Smes uondrosep 110Yod Ieak ‘IOyIne ISI
QoudIRyoY Jo'oN @Od0O IaH 10 uonjendod

(ponupuo)) v XIANAIAV



