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Background: In homeothermic animals, approximately 50% of daily energy expenditure (EE) is spent to maintain
a consistent core body temperature (CBT). In humans, little is known about CBT responses to feeding and over-
feeding and their relationship to diet-related changes in EE.
Objective: To study the effects of feeding and overfeeding on CBT and its association with diet-induced thermo-
genesis (DIT).
Design: Fifty-three healthymen with normal glucose regulation and a wide range of body composition (mean±
SD, body fat: 25 ± 8%, range: 7–43%) had 24-h EE assessed during fasting in a whole-room indirect calorimeter
with concomitant CBT measurement by ingestible capsules and 24-h urinary collection for catecholamine mea-
surements. Changes in 24-h EE (DIT) and CBT compared to fasting were assessed during three normal-protein
(20%) diets using a cross-over design: one eucaloric diet (EBL, 50% carbohydrate, n = 37) and two overfeeding
diets with 200% energy requirements: a high-fat (FNP, 60% fat, n=25) and a high-carbohydrate (CNP; 75% car-
bohydrate, n = 24) diet.
Results: The average 24-h CBT (avgCBT) during fastingwas 36.81±0.14 °C (inter-individual CV=0.4%) and pos-
itively correlated with 24-h urinary epinephrine (r=0.61, p b 0.001), but not with body composition measures
(p N 0.05). AvgCBT increased during EBL (Δ= 0.06 ± 0.11 °C, p= 0.002), FNP (Δ= 0.13 ± 0.14 °C, p b 0.001),
and CNP (Δ=0.19±0.13 °C, p b 0.001) and associatedwith increasedDIT during EBL (r=0.43, p=0.01,β=31
kcal/day/0.1 °C) and FNP (r=0.60, p=0.002,β=43kcal/day/0.1 °C), but not CNP (p=0.47). A ceiling effect for
the increase in CBT, but not in DIT, was observed during feeding and, particularly, overfeeding.
Conclusions:CBT increaseswith feeding and ismoderately associatedwith DIT to a different degree depending on
themacronutrient composition of the overfeeding diet. There is a ceiling effect such that individualswith a higher
CBT during fasting have limited capacity to increase CBT with feeding. Because of body thermoregulatory mech-
anisms thatmaintain a constant CBT, these results indicate that CBT has a limited role in the inter-individual var-
iability in DIT.
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1. Introduction
The energy expenditure (EE) response to short-term alterations in
food intake such as overfeeding or fasting may identify individuals
prone to weight gain [1]. We have previously shown in two indepen-
dent studies that changes in 24-h EE from energy balance either during
fasting or overfeeding characterize individuals who have a “thrifty” vs.
“spendthrift” metabolic phenotype, where “thrifty” individuals are
more resistant to weight loss during 6-week caloric restriction [2] and
are more prone to weight gain in free-living conditions [3]. To under-
stand the propensity to weight gain quantified by the diet-related
changes in 24-h EE, it is important to study the inter-individual variabil-
ity in diet-induced thermogenesis (DIT), the component of daily EE that
is mostly influenced by substantial changes in food intake which on av-
erage contributes to approximately 10% of 24-h EE in humans [4,5], has
a large inter-subject variability [3,6], andmay further define the individ-
ual metabolic phenotype. The DIT, also termed thermic effect of food
(TEF), is the energy required to absorb, metabolize, and store ingested
food (obligatory cost), but also conceptually includes a subject-specific
facultative cost that varies bymeal size and dietarymacronutrient com-
position [3,6,7], whichmay contribute to the inter-individual variability
in EE responses to overfeeding and fasting that ultimately predict
weight change.

Approximately half of the basal metabolic rate in humans contrib-
utes tomaintaining a stable core body temperature (CBT) [8,9]. Previous
studies have reported a positive relationship between EE and CBTwhen
measured orally [10] or rectally [11] during energy balance. During un-
derfeeding, CBT decreases after semi-starvation for 24 weeks [10] and
increases during 24-h overfeedingwith a diet with balanced proportion
of macronutrients (50% carbohydrates and 20% protein) [12,13]. Impor-
tantly, metabolically “thrifty” individuals, defined by greater decrease in
EE during fasting, have a lower CBT [12]. Changes in CBT with feeding
and overfeeding should reflect the ability to increase DIT and dissipate
heat, but the relationships between CBT and DIT in response to over-
feeding diets with unbalanced proportion of macronutrients have not
been ascertained or quantified. In mice, the sympathetic nervous sys-
tem (SNS) regulates the body temperature in response to overfeeding
by increasing brown adipose tissue activation, thereby contributing to
DIT [14–16]. However, whether catecholamines (as markers of SNS
tone) influence CBT in human remains to be determined, especially in
a setting of acute overfeeding or fasting. Epinephrine secretion is associ-
ated with metabolic adaptation to fasting both in rodents [17] and in
humans [7,18]. Specifically, compared to energy balance conditions uri-
nary epinephrine increases during 24-h fasting and is elevated to a
greater extent inmetabolically “spendthrift” subjects who canmaintain
higher EE during fasting as compared to those who are more metaboli-
cally “thrifty” who instead show less increases in epinephrine during
fasting [7]. The associations between changes in epinephrine and CBT
with overfeeding and fasting have not been evaluated.

The aims of the present studywere: 1) to continuously measure CBT
over 24 h of fasting, eucaloric feeding, and two different overfeeding
diets (high-carbohydrate vs. high-fat) in healthy adult men; 2) to eval-
uate whether urinary catecholamines (particularly, epinephrine) are
determinants of CBT during these dietary interventions; and, 3) to eval-
uate whether CBT during feeding and overfeeding explains inter-
individual differences in DIT which may determine the propensity to
weight gain.

2. Subjects and methods

2.1. Participants

This is a cross-sectional analysis of data from an ongoing clinical trial
investigating the effects of short-term (24 h) fasting and overfeeding on
energy metabolism in healthy subjects with normal glucose regulation
(clinicaltrials.gov identifier: NCT00523627). A total of 170 adults living
around Phoenix, Arizona were screened between 2008 and 2016 (Sup-
plemental Fig. 1). One-hundred eleven subjects met initial inclusion
criteria and were admitted to the local clinical research unit of the Na-
tional Institute of Diabetes and Digestive and Kidney Diseases
(NIDDK). Upon admission to the unit, participants were placed on a
standard weight-maintaining diet (WMD) consisting of 50% carbohy-
drate, 30% fat, and 20% protein content, with total energy intake calcu-
lated using unit-specific equations [6]. The caloric content of the WMD
was adjusted daily by the research dietician by 200 kcal, if necessary,
tomaintain a stable fasting bodyweight (measured daily upon awaken-
ing on a calibrated scale) within 1% of theweight at the admission. Body
composition was assessed by dual-energy X-ray absorptiometry (DXA)
scan (DPX-1, Lunar Corp, Madison, Wisconsin, USA) on second day of
admission, with fat mass (FM) and fat-free mass (FFM) calculated
from percentage body fat (PFAT) and body weight.

All participants underwent an oral glucose tolerance test (OGTT)
after three days on the WMD and overnight fast. Only 84 volunteers
with normal glucose regulation [19], a major inclusion criterion, contin-
ued with the study. Female subjects were excluded from the current
analyses due to the known gender differences in CBT and body compo-
sition [20–22], and the inability to match dietary interventions to the
follicular phase of the menstrual cycle which may alter both CBT and
DIT independently. Therefore, onlymales with valid CBTmeasurements
during 24-h fasting (see below) were included in this study (n = 53).
Measurements described belowwere all conducted in the carefully con-
trolled setting of our inpatient clinical research unit to ensure uniform
conditions. All described diets were prepared under the same condi-
tions in our metabolic kitchen. All participants provided written, in-
formed consent. The institutional review board of NIDDK approved
this study.

2.2. Dietary interventions

The experimental protocol for the acute dietary manipulations has
been previously described in detail [3]. After three days on a WMD, all
participants underwent an initial eucaloric assessment of 24-h EE in a
whole-room calorimeter with a 20%-reduction in the WMD to account
for the decreased activity within the calorimeter. The calculated 24-h
EE from this initial assessment was then used as the energy intake for
a second 24-h evaluation inside the calorimeter to obtain a measure of
24-h EE in a condition closer to a perfect energy balance in this confined
setting. Themeasured 24-h EE of the second eucaloric assessment (EBL)
was doubled to obtain the 24-h caloric content of two normal-protein
(20% protein) overfeeding diets: one with a high-fat content (FNP,
60% fat) and onewith a high-carbohydrate content (CNP; 75% carbohy-
drate). Additionally, subjects spent 24 h inside the calorimeter during
fasting (FST), where only non-caloric non-caffeinated beverages
(e.g., water) were permitted. The three 24-h dietary interventions
given inside the calorimeter (FST, FNP, and CNP) were done in random
order andwith a three-daywash out period on theWMD between each
other. The metabolic kitchen weighed leftovers and calculated the ac-
tual (not eaten) food intake. If b95% of the food given was consumed
by the volunteer during a chamber session, the CBT and EE data were
excluded from the data analysis (Supplemental Fig. 1).

2.3. Core body temperature measurements

Core body temperature was measured using ingestible capsules
(CorTemp®, HQ Inc., Palmetto, FL) during each 24-h session in the calo-
rimeter. Prior to the administration to the volunteer, the capsule was
tested for accuracy in warm water temperature to ensure measure-
ments within 0.1 °C against an oral mercury thermometer. The capsule
was ingested at 05:00 am, approximately 3 h prior to the volunteer en-
tering the metabolic chamber. Temperature values were transmitted
every 30 s from the capsule to the receiver worn around the
participant's waist while residing in the calorimeter. The 24-h CBT
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Table 1
Subject characteristics.

Males (n = 53)

Ethnicity 12AA/7H/18NA/16 W
Age (y) 38.7 ± 10.5 (19.2, 55.8)
Weight (kg) 80.6 ± 13.3 (52.8, 127.1)
Height (cm) 174.2 ± 6.3 (156.5, 188.1)
Waist circumference (cm) 91.6 ± 11.7 (67.3, 137.2)
BMI (kg/m2) 26.5 ± 4.1 (18.3, 44.0)
Body fat (%) 25.3 ± 8.2 (6.9, 42.6)
Fat Mass (kg) 21.1 ± 9.7 (5.9, 54.2)
Fat Free Mass (kg) 59.5 ± 7.1 (43.4, 79.4)
Fasting glucose (mg/dL) 90.3 ± 5.6 (77.0, 99.5)
2-h glucose (mg/dL) 103.0 ± 22.3 (55.0, 138.0)
Fasting insulin (mU/L) 8.4 ± 5.6 (2.0, 32.0)
2-h insulin (mU/L) 47.3 ± 37.9 (6.0, 185.0)
TSH (μIU/mL) 1.31 ± 0.80 (0.32, 3.59)
Free T4 (ng/dL) 1.3 ± 0.2 (0.9, 1.7)
Free T3 (pg/mL) 3.0 ± 0.4 (1.9, 3.9)

Data presented as mean ± SD with minimum and maximum values in parenthesis.
Abbreviations: AA, African American; H, Hispanic; NA, Native American; W, White.
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data were downloaded and filtered using a median filter (size = 121
samples) in MATLAB (MathWorks, Natick, MA) to remove instrumental
noise. For each 24-h session, the average 24-h CBT (avgCBT) was calcu-
lated as the mean value of all valid time points after filtering, and the
change in CBT from fasting during each dietary intervention was calcu-
lated as: avgCBTDiet − avgCBTFST. Two investigators (KLV and BB) inde-
pendently reviewed each individual 24-h CBT time course
(“trajectory”), and only trajectories deemed physiological, i.e., with
CBT values between 36 and 38 °C, andwith at least 8 h of validmeasure-
mentswere included in the data analyses. Due to differences in the tran-
sit times, such as the expedited expulsion of the capsule, and instability
in the recordings of the capsule, the overfeeding diets had a smaller
sample size and each overfeeding diet consisted of different subjects
in each group, although therewere nodifferences in their anthropomet-
ric measurements (Supplemental Fig. 1). After removal of CBT datawith
b8 h of measurements, the duration of CBT recording was not different
across the diets (p= 0.36), where the mean transit time during fasting
was 20.8 ± 4.1 h, 21.1 ± 3.7 h during eucaloric feeding, 21.3 ± 3.5 h
during high-fat overfeeding, and the lowest transit time was observed
in the high-carbohydrate overfeeding (19.4 ± 5.5 h).

2.4. Energy expenditure measurements

The assessment of 24-h EE was previously described in detail [6,23].
Subjects entered the whole-room indirect calorimeter (metabolic
chamber) at 08:00 am after consuming breakfast at 07:00 following
an overnight fast. The subject remained in the chamber for 23.25 h, dur-
ing which additional meals were provided at 11:00 am, 4:00 pm, and
7:00 pm. The average rates of CO2 consumption and O2 production per
minute, the respiratory quotient (RQ), and EE during the 23.25 h in
the chamber were extrapolated to 24 h, and 24-h EE was calculated
using the Lusk's equations [23]. While in the calorimeter, participants
were asked to refrain from exercising and spontaneous physical activity
(SPA) was measured by radar sensors and expressed as a percentage of
time with detected SPA over the 24-h period. Sleeping EE (SLEEP) was
calculated as the average EE between 23:30 and 05:00 when the SPA
was b1.5%. Ambient temperature inside the calorimeter was set to 24
°C and remained constant over the 24 h by a PID temperature controller,
with a precision within 0.5 °C. Propane burns were performedmonthly
as quality control checks of the calorimeter, with average VO2 and VCO2

recovery values of 0.99 ± 0.03 and 0.98 ± 0.02 (mean ± SD),
respectively.

The diet-induced thermogenesis (DIT, kcal/day) was calculated by
subtracting the 24-h EE during fasting from the 24-h EE during the
three dietary interventions (EBL, FNP, and CNP). The thermic effect of
food (TEF) was calculated by dividing the DIT of the specific diet by
the actual energy intake consumed over 24 h in the metabolic chamber
(after accounting for uneaten food), and expressed as percentage
(i.e., DITdiet ÷ intake × 100).

2.5. Hormone measurements

Urine was collected during each dietary intervention for 24-h inside
the metabolic chamber for the measurement of catecholamines (epi-
nephrine, metanephrine, norepinephrine, and normetanephrine). Cate-
cholamines were measured by Mayo Clinic laboratories using high-
performance liquid chromatography for epinephrine and norepineph-
rine, and liquid chromatography-tandemmass spectrometry stable iso-
tope dilution for metanephrine and normetanephrine [7].

At admission, TSH was measured by a homogeneous sandwich
chemiluminescent immunoassay based on LOCI® technology from Di-
mension Vista® 500 System (Siemens). Fasting plasma were collected
both at entry and at exit from the calorimeter in EDTA-containing
tubes and frozen to −70 °C for later measurements, all completed at
the NIDDK central laboratory in Bethesda, MD. Plasma free T3 and
Free T4 concentrations were measured using the EIA kit from Phoenix
Pharmaceuticals (Burlingame, CA). Intra-assay and inter-assay coeffi-
cient of variations (CV) were 3.0% and 4.5% for free T3, and 2.8% and
4.0% for free T4, respectively. Plasma insulin wasmeasured using an au-
tomated immunoenzymometric assay (Tosoh Bioscience Inc.,
Tessenderlo, Belgium).
2.6. Statistical analysis

Statistical analyseswere performed using SAS software (version 9.4;
Cary, N.C.). Alpha was set at 0.05. Data are presented as mean ± SD.
Pearson's correlation coefficients were used to quantify associations
among CBT, EE, anthropometric and hormone measurements. Skewed
variables (e.g., catecholamines)were log10-transformed before analyses
to achieve a Gaussian distribution. ANOVA was used to evaluate differ-
ences in avgCBT among ethnicities. The individual change (Δ) in avgCBT
from fasting to feeding (EBL) and overfeeding diets (FNP and CNP) was
analyzed by mixed model analysis including all four diets and account-
ing for repeated measurements within a subject using a compound
symmetry covariance structure. Pairwise post-hoc p-values between
diets were adjusted for multiple comparisons using the Tukey-Kramer
method. Differences between subjects with low (10th percentile) vs.
high (90th percentile) CBT during fasting were evaluated by unpaired
t-test. Linear regression analysis was used to evaluate ceiling effects in
CBT changes during dietary interventions by testing the slope of the
best-fit line vs. 1 (identify line).

The differences in minute-by-minute CBT trajectories over 24 h be-
tween dietary interventionswere assessed bymixedmodel analysis ac-
counting for repeated measures using a first-order autoregressive
covariance structure. Differences in avgCBT and 24-h EE across dietary
interventions were assessed by mixed models using a compound sym-
metry covariance structure to account for the random order of these in-
terventions and to quantify the intraclass correlation coefficient (ICC).
Mixed models were also calculated including potential mediators
(e.g., epinephrine) as covariates. Pairwise post-hoc comparisons be-
tween diets were done using the Tukey-Kramer method.
3. Results

Subject characteristics are shown in Table 1. On average, subjects
were 38.7 ± 10.5 years old, slightly overweight but with a wide range
of adiposity (BMI = 18–44 kg/m2; PFAT = 7–43%). There were no dif-
ferences in avgCBT or in any anthropometric characteristic between
the subgroups of subjects with CBT measurements during overfeeding
and the entire study group including 53 subjects (data not shown).
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The avgCBT during eucaloric feeding was 36.86 ± 0.13 °C and was
not a determinant of 24-h EE (p = 0.83 adjusted for age, ethnicity,
FM, FFM, and SPA) (Supplemental Fig. 2) or sleeping EE (p = 0.79).
The minute-by-minute CBT trajectories during all dietary interventions
are shown in Fig. 1A. In each dietary condition, CBT was higher during
the awake and fed state during the day (range: 36.8–37.3 °C), while it
decreased at night during sleeping (range: 36.5–36.7 °C). The average
ambient temperature for all the 24-h sessions inside the chamber was
24.1 ± 1.2 °C, with no difference across dietary interventions (p =
0.77). Ambient temperaturewas not associatedwith CBT during any di-
etary intervention (all p N 0.80).
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3.1. Determinants of CBT
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PFAT (p = 0.23, Fig. 2B), BMI (p = 0.31), FFM (p = 0.35), or waist cir-
cumference (p = 0.21).
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avgCBT during fasting (FST) was positively correlated with urinary epinephrine, shown in log10-scale on the x-axis (Panel C), but not with urinary norepinephrine (Panel D).
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3.2. Changes in CBT during eucaloric feeding and overfeeding

The avgCBT was 36.93 ± 0.10 °C during high-fat overfeeding (FNP)
and 37.01 ± 0.12 °C during high-carbohydrate overfeeding (CNP)
(Table 2, Fig. 1C), again with very small inter-subject variability (all
CVs ≈ 0.3%) but with a moderate intra-subject consistency across
these diets (ICC = 0.43, p = 0.002, Supplemental Fig. 3).

Compared to fasting, avgCBT slightly increased during eucaloric
feeding (Δ=0.06± 0.11 °C, p=0.037), andmore so during both over-
feeding diets (FNP:Δ=0.13±0.14 °C, p b 0.001; CNP:Δ=0.19±0.13
°C, p b 0.001) (Fig. 1D), with no difference in ΔavgCBT between the two
overfeeding diets (p=0.06). Some subjects (n=16) had lower avgCBT
during eucaloric feeding compared to fasting, but these 16 subjects did
not differ by age, body composition, or ethnicity from others with in-
creased avgCBT during eucaloric feeding.
3.3. Ceiling effect on CBT changes during feeding and overfeeding

To determine whether the changes in CBT during feeding or over-
feeding were dependent on the baseline (i.e., fasting) CBT value, the
avgCBT during fasting and the avgCBT during each dietary intervention
were plotted against each other (Fig. 3; panels A, D, and G) where the
slope of the regression line was statistically compared to the slope of
the identity line. During eucaloric feeding, the slope of the regression
linewas 0.69 (95% CI: 0.42–0.96), where the upper 95% limit of slope re-
mains below the identity line (slope=1) thus indicating a ceiling effect.
Similarly, a stronger ceiling effect was observed during high-fat over-
feeding (slope = 0.26, CI: –0.03 to 0.55) and high-carbohydrate over-
feeding (slope = 0.40, CI: 0.01 to 0.80). The intersection point
between the regression and identity lines was mathematically calculated
and indicated the upper CBT valuewhere there is no increase in CBT from
fasting despite feeding or overfeeding. The upper CBT limitwas 37 °C both
during eucaloric feeding and high-fat overfeeding, while it was the
highest during high-carbohydrate overfeeding at 37.1 °C.
To further investigate this ceiling effect of CBT during feeding and
overfeeding, we performed a post-hoc analysis comparing the five sub-
jects with the highest avgCBT versus the five subjects with the lowest
avgCBT during fasting. While these two groups had similar anthropo-
metric characteristics (data not shown) and showed comparable in-
creases in EE during feeding and overfeeding (panels C, F, and I), the
five subjects with the lowest avgCBT during fasting had greater in-
creases in CBT during eucaloric feeding (ΔavgCBT = 0.08 ± 0.12 °C vs.
−0.05 ± 0.04 °C, p = 0.05, Fig. 3B) and both high-fat (0.28 ± 0.09 °C
vs. –0.02 ± 0.13 °C, p = 0.003, Fig. 3D) and high-carbohydrate (0.31
± 0.13 °C vs. 0.07 ± 0.11 °C, p = 0.01, Fig. 3F) overfeeding when com-
pared to the five subjects with the highest avgCBT during fasting who
instead showed no change in avgCBT during all dietary interventions.

3.4. Relationships between CBT and DIT during feeding and overfeeding

On average, 24-h EE increased from fasting during eucaloric feeding
(DIT= 160± 93 kcal/day, p b 0.001), high-fat (296± 119 kcal/day, p b

0.001) and high-carbohydrate (444 ± 146 kcal/day, p b 0.001) over-
feeding (Table 2, Fig. 2C), with the DIT during high-carbohydrate over-
feeding being higher than that during high-fat overfeeding (p b 0.001).
Unlike diet-related changes in CBT (Fig. 4A), the increase in 24-h EE
from fasting (i.e., DIT) did not show a ceiling effect during any diet
and approximately constant over the entire range of 24-h EE values
(Fig. 4B).

A greater increase in avgCBT from fasting correlated with higher DIT
both during eucaloric feeding (r = 0.41, p = 0.02, β = 32 kcal/day
per 0.1 °C increase in avgCBT, Fig. 5A) and high-fat overfeeding (r =
0.60, p = 0.002, β = 43 kcal/day per 0.1 °C increase in avgCBT, Fig.
5D), but not during high-carbohydrate overfeeding (p = 0.47, Fig.
5G). Similar results were obtained for TEF (Fig. 5, panels B, E, and H).
Upon removal of the 14 individuals who did not increase their avgCBT
during eucaloric feeding compared to fasting, a greater increase
in avgCBT remained associated with a greater DIT (r = 0.53, p = 0.02,
β = 54 kcal/day per 0.1 °C increase in avgCBT), and similar results
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Table 2
Core body temperature, energy expenditure, and urinary catecholamines measurements by dietary intervention.

Fasting
FST (n = 53)

Energy Balance
EBL (n = 36)

High-fat OF
FNP (n = 25)

High-carbohydrate OF CNP (n = 24)

avgCBT (°C) 36.81 ± 0.14
(36.51, 37.10)

36.86 ± 0.13
(36.56, 37.22)

36.93 ± 0.10
(36.78, 37.14)a,b

37.01 ± 0.12
(36.75, 37.23)a,b

ΔavgCBT (°C) N/A 0.06 ± 0.11
(−0.11, 0.37)

0.13 ± 0.14b

(−0.12, 0.39)
0.19 ± 0.13b

(−0.05, 0.42)
Daytime CBT (°C)e 36.81 ± 0.21

(36.44, 37.41)
36.88 ± 0.21
(36.49, 37.36)

36.92 ± 0.17
(36.63, 37.23)

37.02 ± 0.12a

(36.75, 37.23)
Night CBT (°C)f 36.64 ± 0.19

(36.23, 37.26)
36.55 ± 0.16
(36.16, 36.84)

36.65 ± 0.14
(36.26, 36.92)

36.71 ± 0.17a

(36.38, 37.07)
24-h EE (kcal/day) 1895 ± 219

(1469, 2390)
2059 ± 274
(1573, 2732)

2148 ± 227a

(1764, 2631)
2308 ± 329a,b

(1728, 2884)
SLEEP (kcal/24 h) 1607 ± 192

(1231, 2373)
1629 ± 210
(1211, 2303)

1739 ± 166a

(1425, 2064)
1772 ± 237a,b

(1411, 2273)
Energy Intake (kcal/24 h) N/A 2125 ± 287

(1622, 2800)
3982 ± 465
(3148, 4920)

3961 ± 538
(3022, 4905)

Energy Balance (kcal/day) −1895 ± 219
(−2390, −1469)

65 ± 145a

(−91, 651)
1835 ± 166a,b,c

(1425, 2064)
1653 ± 360a,b

(331, 2063)
DIT (kcal/day) N/A 160 ± 93a

(−1.00, 405.00)
296 ± 119a,b

(65.00, 575.00)
444 ± 146a,b

(195.00, 870.00)
TEF (% of Energy Intake) N/A 7.3 ± 3.8

(−0.06, 15.73)
7.40 ± 2.72c

(1.54, 11.93)
11.3 ± 3.6b

(6.2, 21.0)
RQ (ratio) 0.79 ± 0.03

(0.74, 0.90)
0.87 ± 0.03a

(0.83, 0.94)
0.85 ± 0.03a,c

(0.80, 0.91)
0.94 ± 0.03a,b

(0.88, 1.00)
24-h SPA (%) 6.1 ± 3.5

(0.5, 18.3)
5.6 ± 3.1
(0.6, 16.1)

6.1 ± 2.7
(0.6, 12.8)

6.5 ± 3.3
(0.9, 15.5)

Ambient temperature (°C) 24.06 ± 1.17
(20.90, 26.20)

24.18 ± 1.05
(22.00, 26.19)

23.94 ± 1.15
(21.40, 26.31)

24.27 ± 1.30
(22.00, 26.40)

Norepinephrine (μg/24 h)d 21.0 (15.4, 28.0) 25.4 (20.8, 33.8)a 26.0 (15.6, 34.6) 21.4 (17.6, 32.4)
Normetanephrine (μg/24 h)d 183.4 (142.9, 243.0) 227.2 (180.2, 340.6)a 267.0 (199.8, 337.6)a,c 188.2 (144.4, 270.7)
Epinephrine (μg/24 h)d 5.9 (4.0, 9.2) 4.0 (2.6, 6.0)a 3.9 (3.0, 5.2)a 3.3 (3.1, 5.5)a

Metanephrine (μg/24 h)d 121.2 (76.2, 177.8) 129.3 (86.9, 188.1) 130.8 (86.8, 177.6) 93.3 (81.6, 174.3)
Plasma insulin (mU/L) −3.3 (−4.2, −2.4)g 0.7 (−0.7, 2.0) 0.1 (−1.2, 1.3) 3.3 (1.3, 5.2)g

Data presented asmean± SDwithminimumandmaximumvalues in parenthesis, except for urinary catecholamines that are presented asmedianwith interquartile range in parenthesis
and insulin that is presented as mean with 95% CI in parenthesis.
Abbreviations: OF, overfeeding; avgCBT,mean 24-h core body temperature;ΔavgCBT, change inCBT from fasting; 24h EE, 24-hour energy expenditure; SLEEP, sleepingEE; RQ, respiratory
quotient; 24 h SPA, 24-hour spontaneous physical activity; TEF, thermic effect of food; DIT, diet-induced thermogenesis.

a p b 0.05 versus FST.
b p b 0.05 versus EBL.
c p b 0.05 versus CNP.
d n = 29 for FST, n = 18 for EBL, n = 14 for CNP, n = 15 for FNP.
e Daytime CBT calculated between 08:00 and 23:00.
f Night-time CBT calculated from 23:30 through 05:00, the same time period used to calculate SLEEP.
g p b 0.05 versus zero by Student's t-test for parametric data or Wilcoxon test for non-parametric data.
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were found when removing individuals that did not increase their
avgCBT during high-fat overfeeding (n = 3) (r = 0.50, p = 0.02, β =
40 kcal/day per 0.1 °C increase in avgCBT).

3.5. Relationships between CBT and hormone measurements

The median 24-h urinary catecholamine concentrations during each
dietary intervention are presented in Table 2. The avgCBT during fasting
was positively associated with fasting epinephrine concentration (r =
0.61, p = 0.001, Fig. 2C), such that a two-fold difference in fasting epi-
nephrine concentration was associated with a 0.07 °C higher avgCBT
during fasting. This association between CBT and epinephrine in fasting
conditionswas independent of age (partial r=0.58, p=0.001 adjusted
for age). Therewere no associations between avgCBT during fasting and
urinary norepinephrine (p = 0.66, Fig. 2D), normetanephrine (p =
0.89), metanephrine (p = 0.15), thyroid hormones or insulin concen-
trations (all p N 0.05).

Next, we evaluated whether the changes in catecholamines during
feeding and overfeeding were reflective of the concomitant changes in
avgCBT during these dietary interventions. Compared to fasting, urinary
epinephrine concentrations were on average lower by 27% during
eucaloric feeding (fold change = 0.73, CI; 0.59 to 0.89, p = 0.006), by
21% during high-fat overfeeding (fold change = 0.79, CI; 0.61 to 1.04,
p = 0.06), and by 42% during high-carbohydrate overfeeding (fold
change=0.58, CI; 0.42 to 0.82, p=0.003). A greater decrease in urinary
epinephrine from fasting conditions to high-fat overfeedingwas associ-
ated with a smaller increase in avgCBT (r = 0.56, p = 0.03, Fig. 5F),
whereas no associations were found during eucaloric feeding (p =
0.55, Fig. 5C) or high-carbohydrate overfeeding (p = 0.96, Fig. 5I). In a
mixed model including epinephrine as covariate (p = 0.03), the differ-
ences in avgCBT across diets were still significant (p b 0.001). There
were no relationships between the changes in avgCBT and the changes
in insulin, free plasma T3, free T4, or TSH concentrations after all dietary
interventions (all p N 0.05).

4. Discussion

In healthy men with a wide range of body size and adiposity, we
found that the CBT during 24-h fasting did not substantially vary
among individuals andwas not dependent on body size or composition,
while it was inversely correlated with age and, independently, posi-
tively associated with urinary epinephrine concentration. Overall, CBT
increased from fasting during eucaloric feeding and more so during
overfeeding diets, and these increases in CBT correlated with diet-
induced thermogenesis (DIT) during feeding and high-fat overfeeding
but not high-carbohydrate overfeeding. Importantly, a ceiling effect
for the diet-induced increases in CBT, but not in 24-h EE (i.e., DIT),
was observed with feeding and overfeeding, namely, the increase in
CBT was contingent upon the fasting CBT value such that there was no
meaningful increase in CBT with feeding/overfeeding when the fasting
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Fig. 3.Ceiling effect of CBT changes during feeding and overfeeding. The graphs in the first columndepict themean 24-h core body temperature (avgCBT) during fasting (FST) on the x-axis
versus the avgCBT during eucaloric feeding (EBL, panel A), high-fat overfeeding (FNP, panel D), and high-carbohydrate overfeeding (CNP, panel G) on the y-axis. In each graph, the solid
regression line between avgCBT during fasting and the avgCBT during each diet was statistically compared to the dashed identity line to test the ceiling effect on CBT during eucaloric
feeding and overfeeding. The vertical dashed lines represent the upper CBT value during each diet above which CBT did not increase with feeding or overfeeding, which was
mathematically calculated as the point where the regression line intersected the identity line. During EBL, the upper CBT limit was 36.99 °C, 36.98 °C during FNP, and was the highest
during the CNP diet at 37.13 °C, where there was no increase in CBT despite feeding and overfeeding. To further demonstrate the ceiling effects, the five subjects with the highest
avgCBT during 24-h fasting (in red) had smaller changes in CBT from fasting compared to the subjects with the lowest CBT during 24-h FST (in blue) during EBL (panel B), FNP (panel
E), and CNP (panel H), despite no differences in the concomitant change in EE during these diets (panels C, F, and I). Analyses between groups (lowest vs. highest mean CBT during
24-h fasting) were carried out using Student's unpaired t-test.

A. B.

Fig. 4. Relationships between CBT and 24-h EE with feeding and overfeeding with respect to their fasting values. Positive relationships between the mean 24-h core body temperature
(avgCBT, Panel A) and 24-h energy expenditure (EE, Panel B) during fasting (FST, x-axis) vs. eucaloric feeding (EBL), 200% high-fat (FNP) and high-carbohydrate (CNP) overfeeding.
Solid lines represent best-fit lines in each condition. Strong ceiling effects for the diet-related increases from fasting were observed for avgCBT but not for 24-h EE.
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Fig. 5.Relationships between changes in CBT, DIT, andurinary epinephrine concentration feeding and overfeeding. Relationships between the change inmean 24-h core body temperature
from fasting (ΔavgCBT) and the diet induced thermogenesis (DIT, graphs in the first column) and the thermic effect of food (TEF, graphs in the middle column) during eucaloric feeding
(EBL, Panels A and B), duringhigh-fat overfeeding (FNP, PanelsD and E), but not duringhigh-carbohydrate overfeeding (CNP, PanelsG andH). Relationships between the change inurinary
epinephrine from fasting expressed as fold change on a log10 scale (y-axis) and change in avgCBT during FNP (Panel F) but during eucaloric feeding (Panel C) or high-carbohydrate
overfeeding (Panel I). After removal of four volunteers with the highest change in CBT (N0.2 °C), the relationship was no longer significant (p = 0.28). Diet composition: Eucaloric diet
(EBL) with 50% carbohydrate, 30% fat, and 20% protein; high-carbohydrate overfeeding diet (CNP) with 75% carbohydrate, 5% fat, and 20% protein; and high-fat overfeeding diet (FNP)
with 20% carbohydrate, 60% fat, and 20% protein. The total energy intake of overfeeding diets was twice the 24-h EE measured during the eucaloric diet (EBL). The DIT was calculated
as: 24hEEDiet -24hEEFST; the TEF was calculated by: DITDiet/Energy IntakeDiet × 100.
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CBT exceeded approximately 37 °C. Lastly, the change in CBT in re-
sponse to overfeedingwas associatedwith urinary epinephrine concen-
tration only during high-fat overfeeding, but not during high-
carbohydrate overfeeding.

Consistent with previous reports in humans [13,20], measures of
body size and composition were not associated with CBT during fasting
or eucaloric feeding,while CBTwas inversely associatedwith age as pre-
viously shown [24–26]. The insulatingproperties of adipose tissue in the
abdominal wall has been previously linked to decreased DIT, as shown
both in individuals with obesity and in lean subjects with artificial ther-
mal insulation of their body [27]. Evidence for a possible role for CBT in
human obesity came from a small study showing that subjects with
obesity had lower CBT during diurnal hours compared to lean individ-
uals [28]. However, concordant to our negative findings for the relation-
ship between body composition and CBT, two other studies failed to
show a difference in CBT between individuals with or without obesity
[13,20], thus the relationship between CBT and body composition ap-
pears unlikely. The lack of association with body composition indicates
that heat dissipationmay occur via physiological means such as vasodi-
latation rather than structural characteristics of body such as thermal
insulation of fat tissue [29]. We also observed a strong positive associa-
tion between 24-h urinary epinephrine concentration and CBT in fasting
conditions, such that individuals who had a higher urinary epinephrine
concentration during fasting also had a higher CBT, and this association
was independent of age. As fasting is associated with increased epi-
nephrine release by the adrenalmedulla presumably stimulated by a re-
duction in plasma glucose concentration [18], increased CBT may
constitute one of the physiological effects together with (or secondary
to) increased heart rate and lipolysis [30] exerted by elevated epineph-
rine concentrations observed during fasting [7]. Further, the capacity to
increase CBT during high-fat overfeeding was associated with an in-
crease (or lack of decrease) in epinephrine concentrations compared
to fasting levels. Nevertheless, due to the cross-sectional nature of our
data, it is difficult to establish the causality of this association between
epinephrine and CBT, namely, if the epinephrine response to high-fat
diet influences CBT or vice versa, or if they are secondary to the in-
creased DIT observed during high-fat overfeeding.

Our current findings provide further evidence of the role of CBT in
human energymetabolism. Althoughwe did not observe an association
between CBT and 24-h EE or sleeping EE during energy balance, we
found positive associations between diet-related changes in CBT and
concomitant changes in EE, i.e., DIT, which we precisely estimated
over 24 h during eucaloric feeding and overfeeding. Interestingly,
while we observed nearly constant diet-related increases in 24-h EE
(i.e., DIT) over the entire range of 24-h EE (Fig. 4B), we found strong ev-
idence for a ceiling effect in the increases in CBT with feeding and
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overfeeding (Fig. 4A), indicating any effect of DIT on CBT (or vice versa)
is limited to those subjectswith lower CBT. Specifically, individualswith
the lowest CBT during fasting had the greatest capability to increase
their CBT during feeding whereas those with relatively higher CBT dur-
ing fasting did not increase their CBT with feeding (Fig. 3) despite both
groups had equivalent DIT. The ceiling effect observed for diet-induced
changes in CBT may signify the body's requirement to maintain CBT
within a narrow range [31,32] despite the thermogenic effect of over-
feeding diets such as those rich in carbohydrates [33,34], which might
be prone to drive CBT above the physiologic range. Although our
cross-sectional analysis does not prove causality, the increase in CBT is
likely the result of the increase in EE during feeding (e.g., the obligatory
energy cost of processing ingested nutrients, which largely determines
DIT and leads toheat production in thebody) andmay signify the intrin-
sic ability of one individual to dissipate heat when fed,where the ceiling
effect represents the maximal ability to achieve this. We observed a
nearly stepwise increase in CBT from fasting to 100% feeding (mean in-
crease =+0.06 °C) and to 200% overfeeding a high-fat diet (+0.13 °C)
andmore so during the highly thermogenic overfeeding dietwith¾ cal-
ories from carbohydrates (+0.19 °C), suggesting that heat release from
absorption and digestion (e.g. breaking covalent bonds) of nutrients
may contribute to the increased heat production and, consequently, to
higher increase in CBT. Further, we also demonstrated that the magni-
tude of DIT both during eucaloric feeding and high-fat overfeeding
was proportional to the increase in CBT during these dietary interven-
tions, whereas this relationship was not present during high-
carbohydrate overfeeding (Fig. 5G–H). The reason for the lack of associ-
ation betweenDIT and CBTduring this thermogenic dietmay rely on the
observed ceiling effect that limited the increase in CBT up to 37.1 °C,
which might represent the maximal temperature at which enzymatic
reactions work optimally. High-carbohydrate overfeeding generated
the highest DIT but this substantial increase in EE did not result in a pro-
portional increase in CBT possibly due to the mechanisms to preserve
maximal body temperature under physiologic conditions, or changes
in other mediators such as activins and follistatins, recently found to
have a role in EE regulation [35].

Our study had significant strengths including the study design that
provided a very precise measurement of 24-h EE during eucaloric feed-
ing by two consecutive eucaloric assessments to better achieve energy
balance, which was then used to formulate the overfeeding interven-
tions by doubling 24-h EE that represents a very accurate measure of
body energy requirements. Together with the 24-h assessment during
fasting, wewere able to precisely calculate DIT during each feeding con-
ditions and to investigate the associations between DIT and CBT in two
different overfeeding regimens, whose total energy intake was doubled
compared to eucaloric energy needs. Further, we also continuously
measured CBT during four different dietary interventions given for
24 h in the controlled setting of metabolic chamber, allowing for assess-
ments obtained in comparable conditions. Yet, we do have limitations
for our current findings. Our current analysis only included men,
which limits its generalizability to the whole population; however, we
sought to eliminate the strong sex-specific differences both on CBT
[13,20] and body compositionwhichmay have influenced these results.
In addition, we had a smaller sample size for the two distinct overfeed-
ing interventions due to technical issues such as device malfunction, in-
testinal transit time, and instability of the capsule recording during
these extremedietary interventions characterized by twice the kcal pro-
vided during eucaloric feeding. However, our sensitivity analysis en-
sured that the subgroup of individuals with overfeeding data were not
different in their anthropometric characteristics compared the entire
cohort. Further, we did not record skin temperature measurements to
investigate differences in vasoconstriction threshold which may pro-
vide more insight into the heat dissipation that governs the changes in
CBT during feeding. Lastly, our study lacksmeasurements of plasma glu-
cose, non-esterified fatty acids, growth hormone, IGF-1, and IGFBP-3
concentrations, which could be informative of inter-individual
differences in CBT especially during fasting given our findings for epi-
nephrine and the major role of lipolysis in the fasting state.
5. Conclusions

In conclusion, we evaluated CBT during 24-h fasting, eucaloric feed-
ing, and two overfeeding diets and found that CBT increases in feeding
and overfeeding conditions and partly mediates the adaptive EE re-
sponse (DIT) to these acute dietary interventions. A ceiling effect for
dietary-induced changes in CBT was observed and quantified, such
that individuals can only reach and not exceed a maximal threshold
for CBT of approximately 37 °C during feeding and overfeeding condi-
tions. This indicates that the relationship betweenDIT and CBT is limited
to only subjectswith relatively lowCBT. Individualswith baselineCBT of
approximately 37 °C do not increase their CBT further while DIT still in-
creases, thus suggesting that heat is subsumed in these individuals in al-
ternate ways and that other physiologic factors (e.g., hormones, SNS
activity, etc.) are involved in EE responses to overfeeding diets. Al-
though low CBT might identify individuals with greater capacity to in-
crease CBT, change in CBT is secondary to DIT. Given this and the
demonstrated ceiling effect for CBT (but not DIT), targeting CBT is not
likely to be effective in increasing EE andproducingweight loss. Because
of human body thermoregulatory mechanisms that tightly regulate and
maintain temperature in a narrow physiologic range, CBT has a limited
role in explaining the substantial inter-individual variability in DIT
which determines the propensity to weight gain.
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