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Abstract
Objective: To assess the change in daily energy intake associated with pairwise
compositional change in carbohydrate, fat and protein intake among US adults
stratified by sex, race/ethnicity and weight status.
Design: Linear mixture model was performed to estimate the relationship between
daily energy intake and macronutrient composition, adjusted for age and alcohol
consumption, and accounting for survey design.
Setting: Study sample from the National Health and Nutrition Examination Survey,
1999–2010 waves.
Subjects: A total of 27 589 US adults aged 20 years and older were included in the
study. Dietary macronutrient intake was calculated from 24 h dietary recall and
BMI from objectively measured weight/height.
Results: Across all population subgroups, substituting protein or carbohydrate for
fat and substituting protein for carbohydrate were associated with decreased daily
energy intake, with the largest effect resulting from substituting protein for fat.
A 1 % increase in the percentage of energy from protein substituted for a 1 %
decrease in the percentage of energy from fat was associated with a decrease
in daily energy intake of 268·2 (95% CI 169·0, 367·4) kJ, 289·5 (95% CI 215·9, 363·2)
kJ and 293·7 (95% CI 210·0, 377·4) kJ among normal-weight (18·5≤BMI,
kg/m2<25·0), overweight (25·0≤BMI, kg/m2<30·0) and obese (BMI ≥30·0
kg/m2) men, and 177·4 (95% CI 130·5, 224·3) kJ, 188·7 (95% CI 139·3, 238·1) kJ
and 204·2 (95% CI 158·2, 250·2) kJ among normal-weight, overweight and obese
women, respectively. The relationship between macronutrient composition and daily
energy intake varied substantially across sex, race/ethnicity and weight status.
Conclusions: Policies promoting higher daily protein intake at the expense of lower
fat intake could be effective in reducing total energy intake among US adults.
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Obesity is a leading risk factor for many adverse health
outcomes including type 2 diabetes, hypertension, dyslipid-
aemia, CHD and certain types of cancer(1). The prevalence
of adult obesity in the USA more than doubled from
1976–1980 to 2011–2012(2,3) and it has increased in both
men and women as well as across all racial/ethnic groups(4).
In 2009, the estimated annual cost of obesity approached
$US 300 billion, including $US 173 billion in lost productivity
and $US 127–147 billion in medical expenditures(5,6).

Body weight is governed, at least partly, by the energy
content of the diet. Diets of different macronutrient compo-
sitions have been documented to affect total daily energy
intake and body weight in many randomized trials(7–11).
In particular, controlled energy intake accompanied by a

moderately elevated protein intake appears to be an effective
and practical weight-management strategy, mainly through
increased satiety and thermogenesis, and maintenance or
accretion of fat-free mass (muscle)(12). Skeletal muscle plays a
major role in determining BMR, which is the main compo-
nent of daily total energy expenditure for most individuals(13).

Despite the growing evidence on the relationship between
macronutrient composition and energy intake or body
weight from small-scale experiments, relevant population-
level studies remain relatively scarce. Ford and Dietz(14)

documented trends in carbohydrate, fat and protein intakes
among US adults from 1971–1975 to 2009–2010 using data
from the National Health and Nutrition Examination Survey
(NHANES), noting a decrease in dietary energy intake in
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recent years. Austin et al.(15) estimated and compared the
associations between macronutrient composition and
energy intake by body weight status and across NHANES
wave (1971–1975 v. 2005–2006). Their study demonstra-
ted that substituting dietary protein for fat or carbohydrate
was associated with lower daily total energy intake.
However, it did not directly assess the impact of macro-
nutrient substitutions on dietary energy intake in gender-
specific minority groups. Evidence suggests that there are
clear racial disparities in the prevalence of overweight/
obesity in the American population(4).

Heterogeneity in macronutrient intake and energy con-
sumption across sex and race/ethnicity has been exten-
sively documented, but the underlying mechanisms
remain less well understood. Leblanc et al.(16) reported
higher energy intake, energy density and percentage of
energy from fats, and lower percentage of energy from
carbohydrates, in men than in women and the disparity
appeared to be associated with sex differences in eating-
related self-determined motivation. There was some but
mixed evidence on the relationship between sex differences
in energy metabolism and sex steroids, differences in insulin
resistance, metabolic effects of other hormones such as
leptin, and acute energy intake regulation(17–21). Using data
from a nationally representative health survey, Wang and
Chen(22) investigated the extent to which racial/ethnic dis-
parities in dietary intakes could be explained by nutrition-
and health-related psychosocial factors and socio-economic
status among US adults. Differences in diet were evident
between racial/ethnic groups, but few of these disparities
were explained by nutrition- and health-related psychosocial
factors whereas socio-economic status explained some.

The aim of the present study was to examine the change
in daily energy intake associated with pairwise composi-
tional change in dietary carbohydrate, fat and protein
intake among US adults aged 20 years and older, using a
nationally representative sample from NHANES 1999–2010
waves. Given the possible heterogeneity in the relationship
between macronutrient intake and energy consumption,
we conducted subgroup analyses, stratifying the study
sample by sex, race/ethnicity and body weight status.

Methods

Study sample
Individual-level data came from NHANES 1999–2000,
2001–2002, 2003–2004, 2005–2006, 2007–2008 and 2009–
2010 waves. NHANES is a programme of studies designed
to assess the health and nutritional status of adults and
children and represents a multistage probability sample of
the US civilian, non-institutionalized population(23). The
NHANES programme began in the early 1960 s and peri-
odically conducted separate surveys focusing on different
population groups or health topics. Since 1999, NHANES
has been conducted continuously in 2-year cycles and has

a changing focus on a variety of health and nutrition
measurements.

Demographic information such as sex, age and race/
ethnicity (non-Hispanic White; non-Hispanic African
American; non-Hispanic other race/multi-race; Hispanic)
was collected through in-person interview. NHANES
respondents’ body weight and height were measured by
digital scale and stadiometer in the mobile examination
centre. Among the 32 464 adults aged 20 years and older
who participated in NHANES 1999–2010 waves, 2040
of them were either pregnant or on a special diet to lose
weight at the time of interview and were excluded from
analyses. We further excluded 2835 individuals with
missing information on body weight/height and/or dietary
measures. This resulted in a total effective sample size
of 27 589.

Dietary recall
Except for NHANES 1999–2000 wave where all respon-
dents were asked to complete a single 24 h dietary recall
interview, all subsequent waves incorporate two dietary
recalls, with the first collected in-person and the second
by telephone 3 to 10 d later. In both interviews, each
food item and the corresponding quantity consumed by a
respondent from midnight to midnight on the day before the
interview were recorded. The in-person dietary recall was
conducted by trained dietary interviewers in the mobile
examination centre with a standard set of measuring guides.
These tools aim to help the respondent accurately report the
volume and dimensions of the food items consumed. Upon
completion of the in-person interview, participants were
provided measuring cups, spoons, a ruler and a food model
booklet, which contain two-dimensional drawings of the
various measuring guides available in the mobile examina-
tion centre, to use for reporting dietary intake during the
telephone interview. Due to confidentiality concerns, for
NHANES 2001–2002 wave, only in-person dietary recall data
were released. For all subsequent waves, both in-person
and telephone dietary recall data were publicly available.

NHANES 24 h dietary recall data have been extensively
used by government agencies and researchers for the
purposes of public health surveillance, dietary guideline
formulation and public health policy design. To ensure
data quality and reduce measurement errors, rigorous
quality control protocols have been implemented for
reviewing and coding dietary recall data(24). Nevertheless,
methodological limitations have been reported to com-
promise the validity of NHANES nutritional surveillance
data(25). Under-reporting of dietary intake appeared to be
most salient among obese participants.

Energy intake and body weight status
Daily total energy intake (kJ) from carbohydrate, fat, protein
and alcohol was calculated based on the consumed quantity
(gram) recorded in the dietary recall data. For NHANES
1999–2000 and 2001–2002 waves, only in-person dietary

1344 R An and NA Burd

https://doi.org/10.1017/S1368980014001876 Published online by Cambridge University Press

https://doi.org/10.1017/S1368980014001876


recall data were used, whereas for all subsequent waves
data from in-person and telephone interviews were aver-
aged. Macronutrient compositions are defined as the share
(percentage) of energy from carbohydrate, fat, protein and
alcohol in daily total energy intake.

BMI is defined by weight in kilograms divided by height
in metres squared. Normal weight is defined as 18·5≤ BMI,
kg/m2< 25·0, overweight as 25·0≤ BMI, kg/m2< 30·0 and
obese as BMI ≥ 30·0 kg/m2. Excess weight refers to the
status of overweight or obese with BMI ≥ 25·0 kg/m2.

Statistical analysis
We summarized the mean age, BMI, daily total energy
intake, energy from carbohydrate, fat, protein and alcohol,
and their respective share in total energy intake among the
US adult population during 1999–2010. Separate statistics
are reported for each sex, race/ethnicity (non-Hispanic
White, non-Hispanic African American, Hispanic; other
races/ethnicities were excluded due to small sample size)
and body weight status (normal weight, overweight, obese).

Multiple linear regression analyses were performed to
estimate the change in daily total energy intake associated
with pairwise compositional change in carbohydrate,
fat and protein intake. The dependent variable was daily
total energy intake, and the independent variables were
percentages of energy from carbohydrate, fat, protein and
alcohol, and their interactions (six two-way interactions,
three three-way interactions and one four-way interaction).
This model is known as the Scheffé linear mixture model,
which has been widely used to model compositional or
mixture data(26). Detailed introduction about the model
is documented in Cornell(27). Austin et al.(15) applied the
Scheffé linear mixture model to study the relationship
between macronutrient intake and daily energy consump-
tion among American adults. In our multiple linear regres-
sions, age in years and age squared were controlled in the
model to account for the potential non-linear ageing effect
on diet. Separate models were estimated for each sex, race/
ethnicity and body weight status. The change in daily total
energy intake was estimated by simulating a 1 % increase
(decrease) in the percentage of energy from one macro-
nutrient accompanied by a 1 % decrease (increase) in the
percentage of energy from another macronutrient.

NHANES adopted a complex, multistage, probability
sampling design to select participants representative of the
civilian, non-institutionalized US population. Oversampling of
certain population subgroups was performed to improve the
reliability and precision of health status indicator estimates for
these groups. NHANES sampling design was incorporated in
all analyses using the ‘svy’ functions in Stata. Due to the use
of multiple waves of NHANES data, we constructed proper
sampling weights for combined survey cycles (six cycles in
total from 1999–2010) following the procedures specified on
the NHANES web portal(28). We performed sub-population
analysis on each sub-sample stratified by sex, race/ethnicity
and body weight status using the ‘subpopulation’ option of

‘svy’ functions. All statistical analyses were conducted using
the statistical software program Stata 13·1 SE version.

Results

Table 1 reports the individual characteristics of the study
sample by sex, race/ethnicity and body weight status.
During 1999–2010, 71·3 % of men and 63·3 % of women
aged 20 years and older were with excess weight (BMI≥
25 kg/m2), and 30·5% of men and 34·6% of women were
obese (BMI≥30·0 kg/m2). Overweight and obesity pre-
valence differed substantially across race/ethnicity. Among
men, Hispanics had the highest excess weight rate (74·8%)
whereas African Americans led the obesity rate (33·7%).
Among women, African Americans ranked the highest for
both excess weight (79·5%) and obesity prevalence (52·1%).

Table 2 reports daily energy intake by sex, race/ethni-
city and body weight status for US adults aged 20 years
and older. Even after excluding individuals who were
on a special diet to lose weight, overweight and obese
adults tended to consume less kilojoules on a daily basis
compared with their normal-weight counterparts, and this
pattern held for all sub-populations stratified by sex and
race/ethnicity. Normal-weight men on average consumed
11 183 kJ/d, compared with 10 677 and 10 629 kJ/d among
overweight and obese men; and normal-weight women on
average consumed 7712 kJ/d, compared with 7372 and
7599 kJ/d among overweight and obese women, respectively.
For energy composition, women had a higher proportion of
energy intake from carbohydrate (49·9%, 50·1% and 49·6%
among normal-weight, overweight and obese females, com-
pared with 48·7%, 47·8% and 46·7% among their male
counterparts, respectively) but a lower proportion of energy
intake from alcohol (2·6%, 2·0% and 1·2% among normal-
weight, overweight and obese females, compared with 4·4%,
4·1% and 3·2% among their male counterparts, respectively).
In contrast, the shares of fat and protein intake were similar
between men and women.

Differential energy intake patterns were present across
race/ethnicity. Compared with their African-American and
Hispanic counterparts, Caucasian men consumed more
kilojoules across different body weight status (11 452, 10 898
and 10 779 kJ/d among normal-weight, overweight and
obese Caucasian men, respectively). Among the normal-
weight and overweight female population, African Amer-
icans (7940 and 7571 kJ/d, respectively) tended to have
higher energy intake than their Caucasian and Hispanic
counterparts, whereas in the obese category, Caucasians
(7702 kJ/d) ranked the top. For energy composition, across
sex and body weight status, Hispanics had a noticeably
larger proportion of energy intake from carbohydrate and
a smaller proportion from fat compared with their Caucasian
and African-American counterparts. Energy from carbohy-
drate accounted for 50·4% and 52·4% of daily total energy
intake among overweight Hispanic men and women,
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Table 1 Individual characteristics of the study sample by sex, race/ethnicity and body weight status: US adults aged 20 years and older (n 27 589), NHANES 1999–2010

All Caucasian African American Hispanic

Male Female Male Female Male Female Male Female

Variable* Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE

Normal weight (18·5≤ BMI, kg/m2<25·0)
Sample size (n) 3972 4270 1970 2490 850 562 902 933
Proportion in population (%) 28·67 36·68 27·90 39·77 31·97 20·49 25·22 27·00
Age (years) 42·35 0·39 45·18 0·32 43·67 0·51 46·44 0·40 40·53 0·57 42·03 0·75 36·26 0·65 38·51 0·62
BMI (kg/m2) 22·69 0·03 22·24 0·03 22·76 0·04 22·20 0·04 22·36 0·06 22·40 0·09 22·79 0·07 22·51 0·06

Overweight (25·0≤ BMI, kg/m2<30·0)
Sample size (n) 5697 4150 2837 1910 950 779 1723 1311
Proportion in population (%) 40·84 28·70 41·29 28·10 34·31 27·38 45·75 34·19
Age (years) 46·82 0·27 49·74 0·38 48·79 0·36 52·00 0·46 44·92 0·58 46·07 0·48 40·19 0·45 43·07 0·65

BMI (kg/m2) 27·42 0·02 27·37 0·03 27·43 0·03 27·36 0·04 27·38 0·04 27·50 0·05 27·43 0·04 27·37 0·05
Obese (BMI ≥30·0 kg/m2)
Sample size (n) 4269 5231 2097 2112 931 1466 1125 1527
Proportion in population (%) 30·48 34·61 30·81 32·14 33·72 52·13 29·03 38·82
Age (years) 46·75 0·35 48·45 0·29 48·69 0·43 50·60 0·36 43·84 0·42 45·74 0·50 40·21 0·39 42·52 0·50
BMI (kg/m2) 34·72 0·09 36·35 0·10 34·68 0·12 36·13 0·14 35·68 0·19 37·65 0·19 34·29 0·16 35·54 0·18

NHANES, National Health and Nutrition Examination Survey.
*NHANES 1999–2010 multiyear complex survey design was incorporated in estimations (except for sample size).
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Table 2 Daily energy intake by sex, race/ethnicity and body weight status: US adults aged 20 years and older (n 27 589), NHANES 1999–2010

All Caucasian African American Hispanic

Male Female Male Female Male Female Male Female

Variable* Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE

Normal weight
Total energy (kJ) 11 183·0 110·1 7712·4 56·1 11 452·0 135·6 7744·6 69·9 10 844·9 207·1 7940·4 156·9 11 078·8 200·4 7694·0 102·5
Carbohydrate (kJ) 5387·3 54·4 3823·8 31·8 5468·9 72·0 3820·0 39·7 5137·1 93·7 3892·0 75·3 5555·9 110·0 3925·4 68·2
Carbohydrate (%) 48·7 0·2 49·9 0·2 48·2 0·3 49·6 0·2 48·3 0·4 49·8 0·5 50·7 0·5 51·4 0·5
Fat (kJ) 3608·3 40·2 2526·3 21·3 3740·5 49·0 2554·3 25·9 3551·0 90·4 2703·3 74·5 3410·4 84·5 2416·3 42·3
Fat (%) 31·8 0·2 32·3 0·1 32·4 0·2 32·7 0·2 32·0 0·4 33·1 0·4 30·3 0·3 30·8 0·4
Protein (kJ) 1646·8 17·2 1138·5 9·6 1661·9 21·8 1125·5 10·9 1592·8 31·0 1177·0 28·5 1677·4 33·5 1193·3 20·5
Protein (%) 15·0 0·1 15·1 0·1 14·8 0·1 14·8 0·1 15·0 0·2 15·1 0·3 15·3 0·2 15·9 0·2
Alcohol (kJ) 540·2 32·2 223·8 11·7 580·7 41·0 244·8 15·5 564·4 57·3 168·2 20·9 434·7 39·3 159·0 19·7
Alcohol (%) 4·4 0·2 2·6 0·1 4·7 0·2 2·9 0·2 4·7 0·3 2·0 0·2 3·7 0·3 1·9 0·2

Overweight
Total energy (kJ) 10 677·1 80·8 7372·2 58·2 10 897·6 104·2 7429·9 69·0 10 185·1 178·7 7570·9 143·9 10 219·4 128·9 7068·9 140·6
Carbohydrate (kJ) 5059·3 42·3 3668·1 30·5 5094·4 55·2 3652·2 36·8 4871·0 92·0 3729·2 72·8 5084·8 76·1 3690·7 82·0
Carbohydrate (%) 47·8 0·2 50·1 0·2 47·1 0·2 49·4 0·3 48·4 0·4 49·7 0·3 50·4 0·4 52·4 0·5
Fat (kJ) 3523·3 33·5 2431·3 23·4 3668·5 39·7 2480·3 25·9 3386·5 78·7 2550·6 58·2 3093·2 50·6 2213·8 49·0
Fat (%) 32·5 0·2 32·6 0·2 33·2 0·2 33·1 0·2 32·5 0·3 33·1 0·3 29·7 0·3 30·7 0·4
Protein (kJ) 1631·8 12·1 1102·5 10·0 1651·4 15·9 1106·2 13·4 1532·2 30·1 1108·8 21·3 1603·7 21·8 1082·0 20·1
Protein (%) 15·6 0·1 15·4 0·1 15·5 0·1 15·3 0·1 15·4 0·2 15·1 0·2 15·9 0·1 15·9 0·2
Alcohol (kJ) 463·2 16·7 169·9 12·6 483·3 19·7 191·2 16·3 395·8 38·5 182·4 24·7 437·6 36·8 82·4 13·4
Alcohol (%) 4·1 0·1 2·0 0·1 4·2 0·2 2·3 0·2 3·7 0·3 2·1 0·3 3·9 0·3 1·1 0·2

Obese
Total energy (kJ) 10 628·6 89·1 7598·6 54·4 10 779·2 108·4 7701·9 69·5 9919·8 159·0 7482·2 88·7 10 415·2 160·2 7317·8 96·7
Carbohydrate (kJ) 4932·1 46·0 3745·1 26·8 4930·8 54·8 3735·5 35·1 4681·1 92·5 3738·0 45·6 5058·5 78·2 3795·3 52·7
Carbohydrate (%) 46·7 0·2 49·6 0·2 45·9 0·2 48·7 0·3 47·4 0·4 50·2 0·3 49·1 0·4 52·1 0·4
Fat (kJ) 3673·1 35·6 2598·3 29·3 3800·7 44·8 2689·9 37·2 3330·9 58·2 2522·1 41·8 3321·3 79·5 2315·4 46·4
Fat (%) 34·2 0·2 33·6 0·2 34·9 0·2 34·4 0·2 33·3 0·3 33·2 0·3 31·4 0·4 31·2 0·4
Protein (kJ) 1651·4 13·8 1156·9 10·5 1678·6 17·6 1177·0 14·6 1508·3 26·4 1105·0 13·8 1636·4 24·3 1144·7 18·8
Protein (%) 15·9 0·1 15·6 0·1 15·9 0·1 15·7 0·1 15·7 0·2 15·2 0·1 16·1 0·2 16·0 0·2
Alcohol (kJ) 372·4 21·3 98·3 7·5 369·0 27·6 100·0 10·0 399·6 34·7 117·6 12·6 398·7 31·8 62·8 10·0
Alcohol (%) 3·2 0·2 1·2 0·1 3·2 0·2 1·2 0·1 3·6 0·3 1·4 0·2 3·4 0·3 0·7 0·1

NHANES, National Health and Nutrition Examination Survey.
*NHANES 1999–2010 multiyear complex survey design was incorporated in estimations.
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respectively, compared with 47·1 % and 49·4 % among
overweight Caucasian men and women. In contrast,
energy from fat accounted for 29·7 % and 30·7 % of daily
total energy intake among overweight Hispanic men and
women, respectively, compared with 33·2 % and 33·1 %
among their Caucasian counterparts. Among the female
population, Hispanics had the lowest proportion of energy
intake from alcohol (1·9 %, 1·1 %, and 0·7 % among
normal-weight, overweight and obese Hispanic women).

Table 3 reports the estimated change in daily total
energy intake associated with a 1 % pairwise substitution
in composition between carbohydrate, fat and protein
intake. Across all population subgroups stratified by sex,
race/ethnicity and body weight status, substituting protein
or carbohydrate for fat and substituting protein for carbo-
hydrate were associated with decreased daily energy
intake, with the largest effect resulting from substituting
protein for fat. A 1 % increase in the percentage of energy
from protein substituted for a 1% decrease in the percen-
tage of energy from fat was associated with a decrease in
daily total energy intake of 268·2 (95% CI 169·0, 367·4) kJ,
289·5 (95% CI 215·9, 363·2) kJ and 293·7 (95% CI 210·0,
377·4) kJ among normal-weight, overweight and obese men,
and 177·4 (95% CI 130·5, 224·3) kJ, 188·7 (95% CI 139·3,
238·1) kJ and 204·2 (95% CI 158·2, 250·2) kJ among normal-
weight, overweight and obese women, respectively. A 1%
increase in the percentage of energy from protein substituted
for a 1% decrease in the percentage of energy from carbo-
hydrate was associated with a decrease in daily total energy
intake of 159·0 (95% CI 59·8, 258·2) kJ, 183·3 (95% CI 110·5,
256·1) kJ and 199·6 (95% CI 115·9, 283·3) kJ among
normal-weight, overweight and obese men, and 117·2 (95%
CI 70·3, 164·0) kJ, 128·9 (95% CI 79·5, 178·2) kJ and 134·3
(95% CI 88·3, 180·3) kJ among normal-weight, overweight
and obese women, respectively. A 1 % increase in the
percentage of energy from carbohydrate substituted for a
1 % decrease in the percentage of energy from fat was
associated with a decrease in daily total energy intake of
115·1 (95 % CI 15·9, 214·2) kJ, 110·5 (95 % CI 36·8, 184·1)
kJ and 94·6 (95 % CI 10·9, 178·2) kJ among normal-weight,
overweight and obese men, and 59·0 (95 % CI 12·1,
105·9) kJ, 63·2 (95 % CI 13·0, 113·4) kJ and 71·5 (95%
CI 25·5, 117·6) kJ among normal-weight, overweight and
obese women, respectively. In contrast, substituting fat
or carbohydrate for protein and substituting fat for
carbohydrate were associated with elevated daily total
energy intake.

The relationship between macronutrient composition and
daily total energy intake varied substantially across sex,
race/ethnicity and body weight status. Among the male
population, daily total energy intake among obese Hispanics
appeared to decrease the most following a 1% increase in
the percentage of energy from protein substituted for a 1%
decrease in the percentage of energy from fat (351·9; 95 %
CI 174·1, 111·3 kJ) or from carbohydrate (217·1; 95 % CI
40·2, 394·1 kJ), whereas daily total energy intake among

normal-weight African Americans tended to decrease the
most following a 1% increase in the percentage of energy
from carbohydrate substituted for a 1% decrease in the
percentage of energy from fat (148·1; 95 % CI −109·2,
405·4 kJ). Among the female population, daily total energy
intake of normal-weight Hispanics tended to decrease the
most following a 1% increase in the percentage of energy
from protein substituted for a 1% decrease in the percentage
of energy from fat (229·3; 95 % CI 113·8, 344·8 kJ) or from
carbohydrate (149·0; 95 % CI33·5, 264·4 kJ), whereas daily
total energy intake among normal-weight African Americans
seemed to decrease the most following a 1% increase in the
percentage of energy from carbohydrate substituted for a
1% decrease in the percentage of energy from fat (107·5;
95 % CI 89·1, 304·2 kJ).

To understand the clinical importance of a substantial
compositional modification in diet, we calculated the change
in daily total energy intake resulting from a 10% increase in
the percentage of energy from protein at the expense of
a 10% decrease in the percentage of energy from fat (or
carbohydrate), and from a 10% increase in the percentage of
energy from carbohydrate at the expense of a 10% decrease
in the percentage of energy from fat (data not shown). A
10% increase in the percentage of energy from protein
substituted for a 10% decrease in the percentage of energy
from fat was associated with a decrease in daily total energy
intake of 2892·8 (95% CI 2791·1, 2994·1) kJ, 2992·8 (95%
CI 2919·6, 3066·0) kJ and 3404·9 (95% CI 3316·2, 3493·6)
kJ among normal-weight, overweight and obese men, and
2086·6 (95% CI 2035·5, 2137·6) kJ, 1962·3 (95% CI 1912·9,
2012·5) kJ and 2237·6 (95% CI 2188·7, 2286·6) kJ among
normal-weight, overweight and obese women, respectively.
A 10% increase in the percentage of energy from protein
substituted for a 10% decrease in the percentage of energy
from carbohydrate was associated with a decrease in daily
total energy intake of 1935·1 (95% CI 1835·5, 2034·7) kJ,
2028·4 (95% CI 1955·6, 2101·2) kJ and 2170·7 (95% CI 2087,
2254·3) kJ among normal-weight, overweight and obese
men, and 1242·2 (95% CI 1195·0, 1289·1) kJ, 1406·7 (95%
CI 1358·5, 1454·4) kJ and 1482·0 (95% CI 1433·4, 1530·5)
kJ among normal-weight, overweight and obese women,
respectively. A 10% increase in the percentage of energy
from carbohydrate substituted for a 10% decrease in the
percentage of energy from fat was associated with a decrease
in daily total energy intake of 1559·8 (95% CI 1456·0, 1664·0)
kJ, 1381·1 (95% CI 1304·2, 1457·7) kJ and 1320·1 (95% CI
1231·8, 1408·3) kJ among normal-weight, overweight and
obese men, and 755·6 (95% CI 706·3, 805·4) kJ, 910·4 (95%
CI 856·9, 964·4) kJ and 913·4 (95% CI 864·8, 961·5) kJ among
normal-weight, overweight and obese women, respectively.

Discussion

The widespread presence of overweight/obesity, combined
with the growing proportion of adults attempting weight
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Table 3 Estimated changes in daily total energy intake associated with a 1% pairwise substitution in composition between carbohydrate, fat and protein intake by sex, race/ethnicity and body
weight status: US adults aged 20 years and older (n 27 589), NHANES 1999–2010

All Caucasian African American Hispanic

Male Female Male Female Male Female Male Female

Variable* Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE

Normal weight
P ↑ F ↓† − 268·2 50·6 − 177·4 23·8 −270·3 73·2 −175·7 29·7 −286·2 131·0 − 199·6 100·8 −265·3 114·2 −229·3 59·0
P ↓ F ↑‡ 264·0 50·6 170·3 23·4 260·2 72·8 168·2 29·3 262·3 131·0 189·5 99·2 292·9 113·4 231·8 59·4
P ↑ C ↓§ − 159·0 50·6 − 117·2 23·8 −169·5 73·2 −122·6 29·7 −143·1 130·5 −92·9 100·4 −148·5 113·8 −149·0 59·0
P ↓ C ↑|| 151·5 50·6 115·9 23·4 160·2 72·8 119·7 29·3 118·4 131·4 83·3 100·0 158·2 113·8 152·7 59·4
C ↑ F ↓¶ − 115·1 50·6 −59·0 23·8 −105·9 73·2 − 52·7 29·7 −148·1 131·4 − 107·5 100·4 −127·6 114·2 − 80·8 59·4
C ↓ F ↑** 106·7 50·6 55·6 23·4 95·0 72·8 49·0 29·3 138·9 130·1 105·4 99·6 122·2 113·4 78·7 59·4

Overweight
P ↑ F ↓ − 289·5 37·7 − 188·7 25·1 −315·5 55·2 −176·1 34·3 −285·8 110·9 − 200·0 82·8 −236·0 65·7 −214·2 48·1
P ↓ F ↑ 287·4 37·7 187·0 25·5 311·7 54·8 174·1 34·3 277·0 110·0 191·2 82·4 196·6 63·2 215·1 48·5
P ↑ C ↓ − 183·3 37·2 − 128·9 25·1 −215·5 55·2 −126·8 34·3 −163·6 110·5 − 121·3 82·8 −95·4 64·9 −144·3 48·1
P ↓ C ↑ 179·1 37·7 125·9 25·5 213·4 55·2 124·3 34·3 146·0 110·5 106·7 82·4 79·9 64·0 143·5 48·5
C ↑ F ↓ − 110·5 37·7 −63·2 25·5 −101·7 55·2 − 52·7 34·7 −131·4 110·9 −86·6 82·8 −133·9 65·3 − 72·8 48·5
C ↓ F ↑ 104·2 37·2 57·3 25·1 96·7 54·8 46·9 34·3 121·8 110·0 76·6 82·4 123·0 63·6 68·6 48·1

Obese
P ↑ F ↓ − 293·7 42·7 − 204·2 23·4 −285·3 61·5 − 47·3 36·4 −300·8 97·9 − 218·4 53·1 −351·9 90·8 −207·1 47·7
P ↓ F ↑ 282·8 42·7 200·0 23·0 280·3 61·5 46·0 36·0 265·7 95·0 210·0 51·9 351·9 90·8 196·2 47·7
P ↑ C ↓ − 199·6 42·7 − 134·3 23·4 −201·7 61·1 − 31·7 36·4 −198·3 97·1 − 143·9 52·7 −217·1 90·4 −139·3 47·7
P ↓ C ↑ 195·4 42·7 131·0 23·0 197·9 61·5 30·7 36·0 193·7 95·8 146·0 52·3 214·2 91·6 131·0 48·1
C ↑ F ↓ −94·6 42·7 −71·5 23·4 −86·2 61·5 − 15·8 36·4 − 94·1 97·1 −72·8 52·7 −143·1 91·6 − 69·5 48·1
C ↓ F ↑ 86·2 42·3 66·9 23·0 79·9 61·5 15·2 36·0 80·3 95·4 65·7 52·3 129·7 90·4 63·6 47·3

NHANES, National Health and Nutrition Examination Survey.
*Changes in daily total energy intake were estimated using Scheffé linear mixture models, accounting for NHANES 1999–2010 multiyear complex survey design.
†P ↑ F ↓ denotes a 1% increase in the percentage of energy from protein substituted for a 1% decrease in the percentage of energy from fat.
‡P ↓ F ↑ denotes a 1% decrease in the percentage of energy from protein substituted for a 1% increase in the percentage of energy from fat.
§P ↑ C ↓ denotes a 1% increase in the percentage of energy from protein substituted for a 1% decrease in the percentage of energy from carbohsydrate.
||P ↓ C ↑ denotes a 1% decrease in the percentage of energy from protein substituted for a 1% increase in the percentage of energy from carbohydrate.
¶C ↑ F ↓ denotes a 1% increase in the percentage of energy from carbohydrate substituted for a 1% decrease in the percentage of energy from fat.
**C ↓ F ↑ denotes a 1% decrease in the percentage of energy from carbohydrate substituted for a 1% increase in the percentage of energy from fat.
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loss, underlines the need to identify effective intervention
strategies to support metabolic health and long-term weight
control in the US adult population. Findings from the
current population-level study confirmed the relationship
between dietary macronutrient composition and daily total
energy intake that has been reported in randomized
experiments(12,29). In particular, substituting protein for fat
tends to be most effective in reducing total energy intake
across all sub-populations by sex, race/ethnicity and body
weight status, although the exact effect size differs. The
consumption of protein is an established dietary practice for
improved appetite control and satiety when compared with
the ingestion of an isoenergetic amount of carbohydrate or
fat(30–33). As such, a diet that includes a modestly elevated
protein intake at the expense of the other macronutrients
may lead to weight loss through reduced daily energy
consumption(34). Moreover, dietary protein intake provides
the amino acid substrates needed for maintenance, repair
and synthesis of muscle proteins(35). The maintenance of
skeletal muscle mass, and the associated preservation of
BMR, are necessary for long-term weight stability as well as
to minimize the likelihood of weight gain(7,36,37).

Simulation results indicate that a 10 % pairwise substitu-
tion in macronutrient composition has a substantial impact
on daily total energy intake, and in general the effect size
increases with weight category. Especially, a 10% increase
in the percentage of energy from protein substituted for
a 10% decrease in the percentage of energy from fat was
estimated to be associated with a decrease in daily total
energy intake of 25·9 %, 28·0 % and 32·0 % among normal-
weight, overweight and obese men, and 27·1%, 26·6 % and
29·4% among normal-weight, overweight and obese
women, respectively. The average percentage of energy
from protein was 15·4 % in the US adult population during
1999–2010, and thus a 10% increase would be arguably
quite large (a relative increase by 64·9 % from baseline rate).
However, this percentage is within the acceptable macro-
nutrient distribution range for dietary protein, which is
10% to 35% of energy from protein for adults(38). In fact,
evidence suggests that the current protein reference daily
intake (RDA), which is essentially represented by the lower
distribution range of the acceptable macronutrient dis-
tribution range, is insufficient to cover the daily needs for
protein with ageing(39,40), programmes of exercise train-
ing(41) and/or during periods of reduced dietary energy
intake(42,43). A systematic review cautioned against exces-
sive protein intake greater than two times of the protein
RDA (~130 g for adult men and women) for potential
urinary Ca loss and bone loss, especially among those
with diabetes mellitus or predisposed to nephrolithiasis or
kidney disease(44). However, evidence regarding the
potential detrimental impact of dietary protein on bone or
renal health is sparse(45–47). In contrast, the consumption of
high(er) protein diets is more commonly associated with
positive health outcomes (e.g. improved bone health
and/or reduced risk for CVD)(48,49), unless already at risk for

the development of kidney failure(50). Given the much lower
actual daily protein intake among US adults (82·6 g) relative
to the recommended level, a 10% increase in the percentage
of energy from protein is unlikely to result in severe adverse
health outcomes in the healthy, US adult population.

The present work confirmed findings from previous stu-
dies on the heterogeneous energy intake patterns across sex
and race/ethnicity(16–22). Moreover, the relationship linking
macronutrient composition to daily total energy intake
appeared to differ between population subgroups stratified
by sex, race/ethnicity and body weight status. Admittedly
the concurrent evidence is rather preliminary and the
differences are often statistically non-significant, which
warrants future research and result replication. Never-
theless, it is the very first attempt to estimate sex-, racial/
ethnic- and weight-specific impact of macronutrient
composition on daily energy consumption, indicating the
importance of considering population heterogeneity in
designing dietary guidelines and providing nutrient intake
recommendations.

The beneficial health effect of protein products has been
highlighted in the 2010 Dietary Guidelines for Americans(51).
Moreover, caveats are given on choosing among animal-
based foods: ‘…some protein products, particularly some
animal-based sources, are high in saturated fat, so non-fat,
low-fat, or lean choices should be selected’. A possibly less
emphasized point is the importance of substitution between
macronutrients (protein or carbohydrate for fat, protein for
carbohydrate) because fundamentally it is the total energy
intake, rather than energy intake from any macronutrient
alone, that impacts body weight. If increased consumption
of protein products is not accompanied by a proportional
reduction in fat intake, daily total energy consumption
would only increase, so that the modification in dietary
profile is unlikely to translate to healthier weight status.

Several limitations of the present study should be noted.
Dietary intake data in NHANES are subject to under-
reporting and the discrepancy between estimated and self-
reported energy intake appears largest among the obese
respondents(25). Sensitivity analyses indicate that this under-
reporting is likely to result in underestimation of the change
in daily total energy intake associated with compositional
variations in carbohydrate, fat and protein intake. Body
weight status is based on BMI, a function of weight and
height, rather than on body fatness. Although BMI has been
found to be closely associated with percentage body fat
measured by dual-energy X-ray absorptiometry in the
NHANES, these two measures are fundamentally different
and their levels of agreement could be a function of sex, age
and race/ethnicity(52,53). Despite the large overall sample
size, multilevel stratifications by sex, race/ethnicity and
body weight status compromised the statistical precision
of estimation for some subgroups. The current study is
observational in design, so that the estimated relationship
between daily total energy intake and macronutrient
composition should be interpreted as association rather
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than causation. Within-individual variability was not con-
sidered in the estimation due to the cross-sectional study
design of NHANES. NHANES is a probability sample of the
US non-institutionalized population and the dietary
intakes within patients in penal/mental facilities, institu-
tionalized older adults and/or military personnel on active
duty were not captured.

Conclusion

In conclusion, the present study estimated the change in
daily total energy intake associated with compositional
variations in carbohydrate, fat and protein intake among US
adults using multiple years of data from a large nationally
representative survey. For all sub-populations by sex, race/
ethnicity and body weight status, substituting protein or
carbohydrate for fat and substituting protein for carbohy-
drate contributed to decreased daily energy intake, with the
largest effect resulting from substituting protein for fat. The
relationship between macronutrient composition and daily
energy intake appeared heterogeneous across population
subgroups. Policies promoting higher daily protein intake
at the expense of lower fat intake could be effective in
reducing total energy intake in the US adult population.
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