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Context: Individual variation in the ability to convert excess calories to heat and the effects of
dietary macronutrient composition are unclear.

Objective: Stability and determinants of the energy expenditure (EE) response to overconsumption
were assessed.

Design, Setting, and Participants: Twenty subjects (75% male) with normal glucose regulation
were evaluated during 24 hours each of energy balance, fasting, and 5 different diets with 200%
energy requirements in a clinical research unit.

Interventions: Five 1-day overfeeding diets were given in random order: high carbohydrate (75%)
and low protein (3%); high carbohydrate and normal protein (20%); high fat (46%) and low
protein; high fat (60%) and normal protein; and balanced (50% carbohydrates, 20% protein).

Main Outcome Measures: The 24-hour EE, sleeping EE, and thermic effect of food (TEF) during each
diet were measured with a metabolic chamber. Appetitive hormones were measured before and
after the diets.

Results: The EE response to overfeeding exhibited good intraindividual reproducibility. Similar in-
creases above eucaloric feeding in 24-hour EE (mean 10.7 � 5.7%, P � .001; range 2.9–18.8%) and
sleeping EE (14.4 � 11.3%, P � .001; range 1.0–45.1%) occurred when overfeeding diets containing
20% protein, despite differences in fat and carbohydrate content, but the EE response during over-
feeding diets containing 3% protein was attenuated. The percent body fat negatively correlated with
TEF during normal protein overfeeding (r � �0.53, P � .01). Fasting peptide YY negatively correlated
with TEF (r � �0.56, P � .01) and the increase in sleeping EE (r � �0.54, P � .01) during overfeeding.

Conclusions: There is an intrinsic EE response to overfeeding that negatively associates with adi-
posity, although it represents a small percentage of consumed calories. (J Clin Endocrinol Metab
98: 2791–2799, 2013)

In humans, the homeostatic regulation of energy balance
is easily overwhelmed by external stimuli such that

acute episodes of overeating often occur. For example, in
a study in which people were given free access to food, the

average daily intake was more than 150% of energy re-
quirements (1). Some individuals seem better able to resist
weight change with overfeeding (2–4), possibly due to
interindividual variation in the energy costs of weight gain
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Abbreviations: CI, confidence interval; CV, coefficient of variation; DIT, diet-induced ther-
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(5, 6). Although humans use only an average of 10% of
calories consumed for metabolizing and storing food (7,
8), even small differences between individuals’ energy ex-
penditure (EE) response to acute episodes of excess intake
may contribute to weight differences.

Food ingestion leads to increases in EE from the diges-
tion, absorption, metabolism, and storage of nutrients as
well as a theoretical facultative response that may serve as
an energy dissipative mechanism. It is not clear whether
the EE response to overconsumption is due primarily to
intrinsic factors or the macronutrient composition of the
food. Although protein has a higher requisite cost for me-
tabolism than carbohydrates or fat (9, 10), older studies
have reported that very low (3%) protein diets may mag-
nify the metabolic response to overfeeding (5, 11). A more
recent study of long-term overfeeding, however, has
shown that fat gain is similar with low and normal protein
diets (6). Although the impact of varying carbohydrate
and fat content in calorie restricted diets has been inves-
tigated (12), differing consequences of low-carbohydrate

or low-fat diets when overeating is not as well studied, and
most studies addressing these questions in humans have
looked at single meals or alterations of only 1 macro-
nutrient (2, 5, 13–17). The goal of this study was to
determine the extent and individual reproducibility of
the EE response during 24 hours of overfeeding. We
hypothesized that at least some individuals would dem-
onstrate evidence of a facultative 24-hour EE response
to overfeeding, that variations in macronutrients might
magnify this effect, and that the 24-hour EE response
would be associated with appetitive hormones and body
composition measures.

Subjects and Methods

Study population
Twenty healthy individuals between the ages of 18 and 51 years

were recruited from the Phoenix (Arizona) area between 2008 and
2010, admitted to the clinical research unit, and asked to avoid

Table 1. Details of the Dietary Interventions Based on Representative Diets for an Individual Requiring 2000 kcal for
Energy Balance and 4000 kcal for Overfeeding

Diet
Total
Weight, g

Energy Density,
kcal/g

Total Food
Served Warm, %

Protein Provided as
Animal Protein, %

Breakfast,
kcal

Lunch,
kcal

Dinner,
kcal

Snack,
kcal

EU 1330 1.51 51.5 70.7 390 604 604 402
BOF 2811 1.42 49.6 73.5 990 1098 1090 822
CNP 4658 0.86 31.2 70.5 1093 882 1205 820
FNP 2174 1.84 21.9 90.9 826 870 1394 910
CLP 3515 1.14 20.0 25.0 992 1204 1081 723
LPF 2485 1.61 13.5 33.4 661 813 1454 1072

Abbreviations: BOF, balanced overfeeding with 50% carbohydrates, 30% fat, and 20% protein; CLP, high-carbohydrate, low-protein overfeeding
with 75% carbohydrates, 22% fat, and 3% protein; CNP, high-carbohydrate, normal-protein overfeeding with 75% carbohydrates, 5% fat, and
20% protein; EU, eucaloric feeding; FNP, high-fat, normal-protein overfeeding with 20% carbohydrates, 60% fat, and 20% protein; LPF, low-
protein overfeeding with 51% carbohydrates, 46% fat, and 3% protein.

Table 2. Characteristics of the 20 Subjects Including Eucaloric EE Measurements

Variable All (n � 20) Males (n � 15) Females (n � 5)

Race 3 AA, 7C, 2 H, 8 NA 2 AA, 5 C, 2 H, 6 NA 1 AA, 2 C, 2 NA
Age, y 36.7 � 8.9 (18.3, 50.7) 38.6 � 7.8 (25.5, 50.7) 30.7 � 10.3 (18.3, 44.8)
Height, cm 173.7 � 9.8 (154.5, 196.4) 177.8 � 7.3 (169.4, 196.4) 161.5 � 4.9 (154.5, 166)a

Weight, kg 83.8 � 11.7 (56.4, 107.8) 84.1 � 8.8 (73.9, 104.8) 82.9 � 19.6 (56.4, 107.8)
BMI, kg/m2 27.9 � 4.4 (20.7, 39.1) 26.6 � 1.9 (23.7, 30.3) 31.8 � 7.4 (20.7, 39.1)
Percent Body Fat, % 30.5 � 11.2 (6.9, 52.8) 26.3 � 7.3 (6.9, 36.4) 43.2 � 12.1 (24.2, 52.8)a

Fasting glucose, mg/dL 95 � 6 (80, 99) 95 � 6 (80, 99) 97 � 5 (90, 99)
2 h glucose, mg/dL 101 � 21 (65, 138) 100 � 25 (65, 138) 112 � 21 (80, 133)
Fasting insulin, �IU/mL 7.3 � 6.0 (2.0, 29.7) 5.6 � 2.2 (2.0, 10.0) 13.8 � 11.0 (4.5, 29.7)a

2-Hour insulin, �IU/mL 49.4 � 64.7 (4.0, 292.8) 32.7 � 27.8 (4.0, 88.0) 111.7 � 122.2 (25.0, 292.8)a

TSH, mIU/L 0.42 � 0.22 (0.30, 1.15) 0.42 � 0.23 (0.30, 1.15) 0.54 � 0.17 (0.43, 0.79)
Total T4, �g/dL 7.5 � 1.2 (6.3, 10.7) 7.5 � 1.2 (6.3, 10.7) 7.7 � 1.6 (6.5, 10.0)
Energy balance, kcal/d 7 � 95 (-180, 169) 12 � 76 (-117, 159) �6 � 149 (-180, 169)
24-Hour EE, kcal/d 2266 � 239 (1848, 2810) 2342 � 201 (2094, 2810) 2038 � 212 (1848, 2316)a

TEF% 9.7 � 6.0 (1.3, 20.9) 9.7 � 4.8 (2.5, 20.6) 11.1 � 7.2 (1.3, 20.9)

Abbreviations: AA, African American, C, Caucasian, H, Hispanic, NA, Native American. Data are presented as mean � SD, with minimum and
maximum values in parentheses.
a P � .01 for the difference between males and females as assessed by Student’s t test (insulin levels were logged prior to statistical analyses).
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rigorous activity for the duration of the study. None of the subjects
were taking medication or had evidence for comorbidities, includ-
ing hypertension or metabolic syndrome, on history, physical ex-
amination,or laboratoryanalysis.Allwomenwerepremenopausal.
After 3 days of a weight-maintaining diet, normal glucose tolerance
was confirmed by an oral glucose tolerance test (OGTT) (18).
Plasma glucose concentrations during the OGTT were determined
using an enzymatic oxygen-rate method (Beckman Glucose Ana-
lyzer 2; Beckman Instruments, Brea, CA), and concurrent plasma
insulin concentrations were measured using an automated im-
munoenzymometric assay (Tosoh Bioscience Inc, Tessend-
erlo, Belgium). The weight-maintaining diet consisted of 50%
carbohydrates, 30% fat, and 20% protein. This diet was also

given on the days between overfeeding diets. Body composi-
tion was determined using dual-energy x-ray absorptiometry
(DPX-L; Lunar Radiation, Madison, Wisconsin).

All subjects provided written informed consent prior to be-
ginning the study. The study was approved by the Institutional
Review Board of the National Institute of Diabetes and Digestive
and Kidney Diseases.

EE measurements
Twenty-four-hour energy expenditure (24h-EE) was measured

using whole-room indirect calorimetry. Subjects were asked to re-
main sedentary while in the respiratory chamber. Chamber tem-
perature averaged 21.9 � 0.6°C. Air samples from the chamber

were analyzed during the last 8 seconds of
everyminuteandcomparedwith reference
air that was simultaneously flowing into
the chamber. To minimize analyzer noise,
each calculated concentration of CO2 and
O2 was based on a curve fitted to the pre-
ceding 30 minutes of measurements (19).
The average CO2 production and O2 con-
sumption per minute during the 23.25
hours in the respiratory chamber were ex-
trapolated to 24 hours. These values were
used to calculate the respiratory quotient
and the 24h-EE as previously published
(20). Quality control assessments done
monthly demonstrated an average recov-
ery of predicted O2 consumption and CO2

production of 100.7% [coefficient of vari-
ation (CV) 3.9%] and 99.4% (CV 3.6%),
respectively. Radar sensors were used to
continuouslydetect subjectmovement, ex-
pressed as a percentage of time in motion.
Sleeping EE was calculated as the mean EE
between 11:30 and 5:00 AM when subject
movement was less than 1.5% (�0.9 sec/
min). Sleeping EE was extrapolated to a
24-hour period as previously described
(20).

Meals were provided at 7:00 AM, 11:00
AM, 4:00 PM, and 7:00 PM. Subjects entered
the chamber (time 0) approximately 1
hour after eating breakfast and exited
23.25 hours later. The diet-induced ther-
mogenesis (DIT) was calculated by sub-
tracting the 24h-EE during fasting from
the 24h-EE during the relevant dietary in-
tervention. The thermic effect of food
(TEF%), defined as the percentage of ca-
loric intake used to metabolize the con-
sumed nutrients, was calculated by divid-
ing DIT by the corresponding caloric
intake.

The 24h-EE of subjects during euca-
loric conditions was measured twice. En-
ergy intake during the first eucaloric
measurement was based on unit specific
calculations as previously described (20).
Intake during the second eucaloric mea-
surement was equal to the 24h-EE cal-
culated from the first assessment. The

Figure 1. EE per minute over 23.25 hours during all dietary interventions and compared with
eucaloric feeding (shown in purple on every graph). The EE per minute during overfeeding is
shown with the balanced overfeeding diet (BOF) (n � 20) with 50% carbohydrates (C), 30% fat
(F), and 20% protein (P) in dark blue in (panel A); with the high carbohydrate, normal-protein
diet (CNP) (n � 20) with 75% C, 5% F, 20% P in light blue (panel B); with the high-fat, normal-
protein diet (FNP) (n � 19) with 20% C, 60% F, 20% P in blue (panel C); with the high-
carbohydrate, low-protein diet (CLP) (n � 20) with 75% C, 22% F, 3% P in green (panel D); and
with the low-protein diet (LPF) (n � 20) with 51% C, 46% F, 3% P in light green (panel E). The
EE per minute during fasting (FST) (n � 20) is shown in red (panel F). The 0:00 time period
indicates entry into the respiratory chamber (1 hour after consuming breakfast); lunch was given
at the 3-hour mark, dinner at the 8-hour mark, and snack at the 11-hour mark. Participants were
asked to be in bed from the 15-hour mark to at least the 21-hour mark in the chamber and to
limit unnecessary activity throughout the 24-hour period. The trajectories were significantly
different from eucaloric feeding (P � .001) during fasting and overfeeding with the BOF, CNP,
and FNP diets.
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24h-EE results from the second eucaloric assessment were con-
sidered the baseline measurements. These baseline 24h-EE re-
sults were doubled to determine the kilocalories for the over-
feeding diets. Assessment of 24h-EE during 24 hours of fasting
and during 5 overfeeding diets (each given for 1 day) were done
in random order with a 3-day washout period between dietary
interventions. The average CV of the subjects’ body weight prior
to the 24h-EE assessments was 1.2%. The 5 overfeeding diets
varied in macronutrient composition were as follows: 1) balanced
overfeedingwith50%carbohydrate, 30%fat, and20%protein; 2)
low-proteinoverfeedingwith51%carbohydrate,46%fat, and3%
protein; 3) high-fat, normal-protein overfeeding with 20% carbo-
hydrate, 60% fat, and 20% protein; 4) high-carbohydrate, normal-
protein overfeeding with 75% carbohydrate, 5% fat, and 20%
protein; and 5) high-carbohydrate, low-protein overfeeding with
75% carbohydrate, 22% fat, and 3% protein. The macronutrient
composition was determined using The Food Processor software
(ESHAResearch,Salem,Oregon).Furtherdetailsof thediets canbe
found in Table 1. Volunteers were asked to consume all food pro-
vided, but any uneaten food was returned to the metabolic kitchen
for weighing such that actual intake by macronutrient could be
calculated. One measurement associated with a high-fat, normal-
protein diet was excluded as less than 95% of food was consumed.
Energy balance was calculated by subtracting 24h-EE from caloric
intake.

Reproducibility substudy
Fourteen subjects had repeat assessment of 24h-EE during

both a second overfeeding session with the balanced overfeeding
diet and during a second session of fasting for assessment of the
consistency of the EE measures. This sample size was chosen to
detect a minimum intraclass correlation coefficient (ICC) of 0.6,
the lower limit considered to reflect reliability (21). These repeat
measurements were also done in random order and with a 3-day

period in between assessments. The consistency of 24h-EE,
TEF%, and other EE variables with overfeeding and fasting were
assessed by computing the coefficients of variation and ICC.

Hormonal measurements
Both before and after each dietary intervention, fasting blood

was collected for measurement of total T4 and T3, cat-
echolamines, leptin, active glucagon-like peptide 1, total peptide
YY (PYY), and pancreatic peptide.

Thyroid function tests were performed by the Clinical Core
Laboratory of the National Institute of Diabetes and Digestive
and Kidney Diseases by an ELISA (Calbiotech, Spring Valley,
California). Leptin, glucagon-like peptide 1, PYY, and pancre-
atic peptide were measured by the Clinical Core Laboratory us-
ing luminex technology (Millipore, Billerica, Massachusetts).
The serum catecholamines were measured by HPLC with elec-
trochemical detection. The concentrations of catecholamines
were determined after extraction from plasma using alumina
adsorption as described previously (22).

Statistics
Further details of the statistical methods are provided in the

Supplemental Material, published on The Endocrine Society’s
Journals Online web site at http://jcem.endojournals.org. In gen-
eral, differences between EE measures were evaluated with
mixed models to account for repeated measures and included the
variables age, race, sex, percentage body fat, and diet. Differ-
ences were compared with the baseline eucaloric measures ex-
cept for percentage changes from baseline values in which all
possible comparisons were done. Confirmatory analyses were
done after subtracting EE related to spontaneous physical activ-
ity from 24h-EE (23), and results were unchanged so only find-
ings using unaltered 24h-EE are reported. To understand the

Table 3. Extent of EE Responses During Eucaloric Feeding, 200% Overfeeding With Diets Varying in Macronutrient
Content, and Fasting

24h-EE, kcal/d Change in 24h-EE, %a Sleeping EE, kcal/db

EU (n � 20) 2200 � 234 (2151, 2250) N/A 1757 � 222 (1694, 1821)
BOF (n � 20) 2399 � 276 (2349, 2448)c 9.8 � 7.0 (7.5, 12.1)c 1989 � 278 (1926, 2053)c

CNP (n � 20) 2506 � 284 (2456, 2556)c 14.4 � 5.8 (12.1, 16.7)c 1988 � 293 (1925, 2052)c

FNP (n � 19) 2361 � 337 (2310, 2412)c 7.6 � 7.9 (5.2, 10.0)c 2034 � 318 (1968, 2099)c

CLP (n � 20) 2314 � 199 (2256, 2373) 5.6 � 5.0 (2.9, 8.3) 1809 � 171 (1734, 1884)
LPF (n � 20) 2262 � 234 (2212, 2311) 3.3 � 5.4 (1.0, 5.6) 1872 � 198 (1808, 1935)
FST (n � 20) 1981 � 220 (1932, 2031)c �9.7 � 6.0 (�7.4, �12.0)c,d 1726 � 202 (1662, 1789)

Abbreviations: BOF, balanced overfeeding with 50% carbohydrates, 30% fat, and 20% protein; CLP, high-carbohydrate, low-protein overfeeding
with 75% carbohydrates, 22% fat, and 3% protein; CNP, high-carbohydrate, normal-protein overfeeding with 75% carbohydrates, 5% fat, and
20% protein; EU, eucaloric feeding; FNP, high-fat, normal-protein overfeeding with 20% carbohydrates, 60% fat, and 20% protein; LPF, low-
protein overfeeding with 51% carbohydrates, 46% fat, and 3% protein; N/A, not available. Data are shown as mean � SD, with 95% CI in
parentheses.
a The percent change in EE during the diets containing 3% protein (LPF, CLP) were significantly different from the overfeeding diets with 20%
protein (FNP, CNP, BOF) but not from each other (P � .01).
b Sleeping EE was extrapolated to 24 hours for comparison.
c P � .01 compared with energy balance (EU). Comparisons were done using mixed models to account for repeated measures. The P values were
corrected for multiple comparisons with Dunnett’s test for all models except the percent changes from baseline. In the models for the percent
changes in 24h-EE and sleeping EE from baseline, all dietary interventions were compared and correction for multiple comparisons was done with
the Tukey-Kramer method.
d The percentage change in EE during the fasting (FST) intervention was significantly different from all dietary interventions (P � .01).
e The percent change in sleeping EE during the fasting (FST) intervention was significantly different from that observed when overfeeding the diets
containing 20% protein (FNP, CNP, BOF) but not the diets containing 3% protein (CLP, LPF) (P � .01).
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contribution of the dietary interventions vs the individual to
TEF%, a linear regression model including all feeding assess-
ments was created with TEF% as the dependent variable and
individual and diet as the 2 explanatory factors. Analyses to
determine contributors to TEF%, and the percent increase in
24h-EE during overfeeding with the 3 20% protein diets were
also done with mixed models. To better understand the associ-
ation of adiposity with TEF%, in some analyses a categorical
value of obesity based on the World Health Organization defi-
nition of obesity was substituted for percentage body fat (24).
For all hormonal measures, both the baseline fasting concentra-
tions drawn prior to each dietary intervention and the change in
concentrations from baseline to the morning after the diet were
evaluated as possible contributors to the TEF%, the percentage
change in 24h-EE and sleeping EE from baseline using mixed
models. All statistical analyses were done using SAS 9.2 and SAS
Enterprise Guide 4.2 (SAS Institute, Cary, North Carolina). A
P � .01 was considered statistically significant.

Results

Subject characteristics
Thirty-three subjects were evaluated for eligibility for the

study; 20 completed the study (see Supplemental Figure 1).
Characteristics of these 20 subjects (15 males, 5 females), all
with normal glucose regulation, are shown in Table 2. Three
self-identified themselves as African American, 2 as His-
panic, 7 as Caucasian, and 8 as Native American. Twelve
subjects (60%) were classified as obese. Average caloric con-
tent of the overfeeding diets was 4488 � 110 kcal/d. All diets
were well tolerated.

Reproducibility of the energy response to fasting
and overfeeding

Fourteen subjects had repeat assessments during fast-
ing and balanced overfeeding to assess reproducibility of
the EE measurements. The ICC for 24h-EE during over-
feeding was 0.88 with a CV of 3.2%, and during fasting
was 0.82 with a CV of 3.9%. The ICCs and CVs for all
variables during the repeat assessments are presented in
Supplemental Table 1. The ICC for the TEF% during the
2 identical overfeeding diets was 0.65 (n � 14). The ICC
for the TEF% during all 3 overfeeding diets with 20%
protein, including the balanced, high-carbohydrate, and

high-fat overfeeding diets, for all 20 individuals was sim-
ilar at 0.65.

EE response to fasting or overfeeding with various
macronutrients

Compared with EE during energy balance, the 24h-EE
decreased with fasting and increased with overfeeding of
diets containing 20% protein (Figure 1 and Table 3). Dur-
ing the balanced overfeeding diet, which contained double
the calories given for the eucaloric measurements but
equivalent macronutrient proportions, 24h-EE increased
by a percentage similar to the decrease observed during
fasting (Table 3). Overfeeding with diets containing 3%
protein did not lead to a significant increase in 24h-EE
above baseline (Figure 2, C and E, and Table 3). The spike
in EE after high-carbohydrate meals rapidly returned to
baseline when combined with low protein, in contrast
with normal protein in which the EE never completely
returned to baseline (Figure 1, B and D). The percentage
increases in 24h-EE and sleeping EE above baseline ob-
served with all 3 diets containing 20% protein were not
different from one another, regardless of differences in fat
and carbohydrate intake. Comparisons of macronutrient
oxidation are shown in Supplemental Table 2.

DIT and dietary intake were correlated (Figure 2) with
an intercept close to 0 [DIT (kilocalories per day) �
�0.7�0.1 (intake)], although DIT generated during low-
protein overfeeding was consistently lower than predicted
from prior literature (7) (Figure 2). Conversely, some in-
dividuals’ DIT was higher than predicted with consump-
tion of the 20% protein diets (Figure 2). However, on
average, the TEF% for the overfeeding diets was similar to
the TEF% during energy balance (Table 3). The exception
was low protein, high-fat overfeeding.

The thermic effect of food during overfeeding is
related to percentage body fat

Although, on average, TEF% was not different during
diets containing 20% protein, TEF% was highly variable
with a range of 2%–21% (during overfeeding) between
subjects. Individual TEF% in energy balance correlated
with both TEF% during normal protein overfeeding (r �

Table 3. Extent of EE Responses During Eucaloric Feeding, 200% Overfeeding With Diets Varying in Macronutrient
Content, and Fasting

Change in Sleeping EE, % DIT, kcal/d TEF%, % 24-Hour SPA, %

N/A 223 � 141 (171, 274) 9.7 � 6.0 (8.4, 11.1) 4.3 � 1.1 (3.9, 4.7)
13.8 � 14.7 (9.9, 17.7)c 441 � 185 (389, 493)c 9.8 � 4.2 (8.4, 11.2) 4.8 � 1.8 (4.4, 5.2)
13.4 � 11.7 (9.5, 17.2)c 548 � 187 (497, 600)c 12.3 � 4.1 (10.9, 13.6) 4.8 � 1.2 (4.4, 5.2)
16.0 � 13.8 (12.0, 20.0)c 398 � 230 (344, 451)c 8.7 � 4.8 (7.3, 10.1) 4.2 � 1.1 (3.8, 4.7)
4.0 � 10.4 (�0.6, 8.6) 340 � 143 (279, 401) 7.7 � 3.1 (6.0, 9.3) 4.1 � 0.8 (3.7, 4.6)
7.2 � 7.7 (3.3, 11.1) 293 � 115 (241, 345) 6.6 � 2.5 (5.2, 7.9)c 4.2 � 1.2 (3.8, 4.6)
�1.4 � 7.9 (�5.3, 2.5)e N/A N/A 3.8 � 1.4 (3.4, 4.2)
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0.7, P � .001) and during low-protein overfeeding (r �
0.5, P � .01). In a model of TEF% from all dietary inter-
ventions, the contribution of the individual response
explained 49% of the variance in TEF% (partial r2 � 0.49;
P � .001), whereas the diet given explained an additional
16% of the variance (partial r2 � 0.16; P � .001). In a
mixed model, the TEF% during overfeeding with diets
containing 20% protein was negatively associated with
percentage body fat, even after adjustment for age, sex,
race, and diet [� � �.23; 95% confidence interval (CI)
�0.06, �0.39%; P � .009]. The low-protein diets were
not included in this analysis because these diets are not
representative of usual free-living protein consumption.
When volunteers were categorized as either obese or lean,
lean subjects had an overfeeding TEF% that was 4.3%
higher (95% CI for the difference 0.9, 7.7%; P � .004).
Similarly, lean subjects were more likely to have a positive
residual variance from the regression line between DIT
and caloric intake (84 � 46 vs �55 � 37 kcal/d; P � .02;
95% CI for the difference: 21, 258 kcal/d). The TEF%
during energy balance did not correlate with percent body
fat (r � �0.01; P � .9) or vary between lean and obese
subjects (11.4 � 5.2 vs 8.6 � 6.5%; P � .3; 95% CI for the
difference: �3.0, 8.6%).

Hormonal measures
See the Supplemental Material and Supplemental Table

3 for more results of hormonal measures. Baseline fasting
PYY concentrations were negatively correlated with
TEF%, DIT, and the proportional changes in EE and
sleeping EE that occurred with 20% protein overfeeding

(Figure 3). Even after adjusting for covariates, fasting PYY
was associated with TEF% (� � �.03 � .01% per pico-
grams per milliliter; 95% CI �0.01, �0.05; P � .008),
DIT (� � �1.2 � 0.4 kcal/d�pg per milliliter; 95% CI
�0.4, �2.1; P � .006) and percentage increase in sleeping
EE (� � �.06 � 0.02% per picograms per milliliter; 95%
CI �0.01, �0.1; P � .009) but not with percentage in-
crease in total 24h-EE (� � �.02 � .01% per picograms
per milliliter; 95% CI 0.01, �0.04; P � .09). Two-hour
insulin concentrations during the OGTT were negatively
correlated with the TEF% during overfeeding (� � �0.55;
P � .002), but this relationship was not independent of
percentage body fat.

Of the catecholamines measured, 3, 4-dihydroxyphe-
nylglycol, norepinephrine, and 3,4-dihydroxyphenylala-
nine were increased on the mornings after the energy bal-
anced diet, fasting, and low-protein overfeeding diets (see
Supplemental Figure 2) but not after the overfeeding diets
with 20% protein. Epinephrine, dopamine, and 3,4,-di-
hydroxyphenyl acetic acid did not change with the diets.
Neither the baseline concentrations nor the changes in
catecholamines were related to any changes in EE.

Discussion

We found that 24h-EE decreases by an average of 10%
during fasting and increases by a similar amount with
100% caloric excess. The response to overfeeding was
reproducible within an individual, even with alterations in
macronutrient content of the diets, with larger interindi-
vidual than intraindividual variation, in part due to dif-
ferences in adiposity and serum PYY concentrations. The
dietary contribution to the EE response to 24 hours of
overfeeding was dominated by the protein content of the
diet, with no measurable difference in response to differ-
ences in fat or carbohydrate content, and an attenuated
DIT with low-protein diets.

Prior studies have assessed the ability of humans to
increase EE after food intake (2, 5, 13, 25–28) as well as
the link between TEF% and adiposity (8, 9, 17, 27, 29,
30), but few studies have determined the reproducibility of
these measurements with overfeeding and fasting or the
effects of variations in protein, fat, and carbohydrates dur-
ing overfeeding. Although our study has limitations in-
cluding a relatively small, predominantly male sample and
a lack of specific data about physical fitness and socio-
economic status, we used the gold standard of 24h-EE
measurement and overfed participants with 5 different
diets. The increase in food intake to twice energy require-
ments was chosen to maximize potential thermogenic re-
sponses. We were primarily interested in the thermogenic

Figure 2. Relationship between DIT and dietary intake. DIT was
calculated as the difference between the 24h-EE during each feeding
intervention and the fasting assessment [n � 20 individuals
represented 6 times each (1 individual is represented only 5 times)].
Solid squares indicate feeding during energy balance and open squares
indicate normal protein overfeeding. Solid diamonds indicate low-
protein overfeeding. The gray line indicates the expected dose-
response curve, assuming a strictly linear relationship, between DIT and
intake based on feeding studies from D’Alessio et al. (7).
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response to short-term episodes of overeating as might
occur on a holiday or other celebratory event.

In most endotherms, TEF% averages about 10% of
caloric intake (31). However, our data demonstrate that
TEF% varies widely between individuals and is well cor-
related within an individual during energy balance and
overfeeding. We found a similar degree of reproducibility
in TEF% during overfeeding as other studies found with
energy balance (23). Our study also demonstrates that
TEF% is consistent both with the same overfeeding diet
and diets with large differences in carbohydrate or fat con-
tent. It is possible, however, that with more power, the
larger point estimate of the TEF% with high-carbohy-
drate, normal-protein overfeeding may have reached sig-
nificance. The relative stability of an individual’s TEF%
over wide variations in caloric intake and diet composition
support the concept that much of the EE response to feed-
ing is intrinsic, likely from individual differences in factors
such as gut motility, efficiency of absorption and cellular
processes, and body composition. This variation may po-
tentially contribute to the differences in excess energy
stored when people overeat.

There is no need to activate thermogenic mechanisms to
dissipate excess calories when a person is in energy bal-
ance. However, it may be that each person has both a
certain efficiency of metabolizing food and an additional
interrelated capacity for facultative thermogenesis when

energy needs are exceeded. The observed DIT with over-
consumption of 20% protein diets was greater in some
individuals than might be expected from a strictly linear
relationship with food intake. Although most studies re-
port a linear association between DIT and intake (31),
most studies do not overfeed to the degree ours did. Others
have reported that the EE response to overeating requires
multiple days to fully develop (32). We observed a rela-
tively high response in a single day, most likely due to the
large degree of overfeeding. The source of deviation from
a linear relationship is unclear but could be from an in-
creased cost of protein storage or activation of brown ad-
ipose tissue. The increased EE during sleep after overeat-
ing a normal protein diet indicates a prolonged
thermogenic response. The TEF% during overfeeding, but
not energy balance, was negatively related to percentage
body fat, which may reflect adaptive responses only ob-
servable with excess caloric intake. Other studies have
reported that obese individuals have a reduced TEF% (8,
23, 29, 30), but this finding has not been consistent (7, 16,
33). The relationship between adiposity and TEF% has
been attributed to increased insulin resistance (8, 34). We
tried to minimize this effect by including only individuals
with normal glucose tolerance. The lack of a sustained
increase in EE during low-protein overfeeding, even with
a large increase in carbohydrate consumption, argues
against the role of insulin or brown adipose tissue in the EE
response to short-term overfeeding. A decrease in TEF%
in obese individuals has also been attributed to a reduced
ability to dissipate heat because of insulation provided by
excess adipose tissue (35). Conversely, other studies found
that TEF% was unchanged with weight loss (36). A com-
plex interrelationship may exist in which TEF% is limited
by body habitus, increasing the risk of further weight gain.
Our cross-sectional data can not differentiate whether
obesity is the cause or consequence of the relatively re-
duced TEF% seen with overeating.

Early studies reported that lean subjects demonstrate
the greatest caloric cost of weight gain with long-term
overfeeding of a low-protein diet (5, 11). However, a study
comparing the effects of 8 weeks of overfeeding with low
protein vs normal-protein diets found that although
weight gain with the low-protein diet was less, body fat
accumulation was similar between diets, and EE did not
increase with low-protein overfeeding (6). Our study con-
firmed that EE during low-protein overfeeding was not
different from EE in energy balance, no matter the con-
tribution from other macronutrients.

Baseline total PYY concentrations were negatively cor-
related with both TEF% and percentage increase in sleep-
ing EE. PYY is implicated as a satiety hormone and post-
prandial PYY response correlates positively with DIT

Figure 3. Correlation between mean thermic effect of food (TEF%)
(Pearson r � �0.56, P � .01) (A) and percent change in sleeping EE
(r � �0.54, P � .01) (B) during normal protein overfeeding (mean
from 3 normal protein overfeeding diets) and mean fasting PYY in the
20 participants. PYY was drawn prior to beginning the overfeeding
diets.
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(37), although we were not able to assess postprandial
changes in gut hormones while participants were within
the chamber. However, because EE does not increase with
infusion of PYY into humans (38), it seems unlikely that
PYY has a direct effect on DIT. PYY has been shown to
inhibit gastrointestinal motility and secretion (39). It may
be that, prior to the postprandial rise in PYY, a lower
fasting PYY concentration permits a greater amount of gut
motility and activity, leading to more EE during meal con-
sumption. The sympathetic nervous system has been hy-
pothesized to contribute to DIT in humans by activating
brown adipose tissue (40). We observed an increase in
catecholamines only after fasting, energy balance, and the
low-protein diets. Thus, our results do not support this
hypothesis and, if anything, indicate a catecholamine re-
sponse to low protein intake that is separate from any
observed EE changes.

In conclusion, our results demonstrate the limited abil-
ity for humans to dissipate excess energy intake as heat
during near-maximal, short-term overfeeding. Both high-
carbohydrate and high-fat diets have been implicated as
contributors to obesity; however, our data indicate there
is little difference in EE between these diets. The exception
is diets with very low protein content, which have a lower
EE response. The correlation between TEF% during en-
ergy balance and overfeeding, the association with PYY
concentrations, and the reproducibility of the measures
indicate that much of the efficiency of nutrient metabolism
may be intrinsic. The increase in nocturnal EE plus the
association of overfeeding TEF% with adiposity may in-
dicate a small, but important, capacity for additional ther-
mogenesis in some people.
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