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Calorie restriction causes multiple beneficial
metabolic adaptations linearly related with
the degree of weight loss in non-obese
individuals: Results of CALERIE, a
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Abstract.
BACKGROUND & AIMS: Understanding the temporal association and relative power of anthropometric, body composi-
tion and energy metabolism measurements of calorie restriction (CR) in predicting metabolic and hormonal adaptations is
important, given the clinical and public health implications of excess weight and adiposity.
METHODS: Anthropometric (body weight, BMI, waist circumference), body composition (body fat and lean mass by
DXA), energy metabolism (leptin and total daily energy intake by doubly labelled water [DLW]) markers and an extensive
assessment of cardiometabolic, inflammatory and hormonal risk factors were obtained in 191, 21–50 year old non-obese (BMI
22·0–27·9 kg/m²) women and men, who participated in the 2-yr CALERIE randomized clinical trial. Pairwise correlations
for each adiposity and energy metabolism measure were calculated against each other and against each metabolic parameter.
In addition, spline and linear regression models were developed to determine a threshold effect of adiposity and energy
metabolism measures to trigger changes in metabolic parameters.
RESULTS: Among the progressively more sophisticated measures of adiposity, body weight is the variable that is most
strongly correlated with cardiometabolic and inflammatory outcomes during CR-induced weight loss in young and middle-
aged non-obese men and women. Waist circumference and DXA body fat are not superior to body weight or BMI in detecting
these biological modifications. We did not find a specific threshold in weight loss to be exceeded for changes in metabolic
and inflammatory adaptations to occur. Even small reductions in body weight cause a significant decline in serum T3 levels,
a predictor of post-CR weight regain.
CONCLUSIONS: Calorie restriction with adequate nutrition causes multiple beneficial cardiometabolic and hormonal
adaptations that are linearly related with the degree of weight loss in non-obese individuals. Once a baseline has been
established, tracking changes in body weight is sufficient to monitor improvements in metabolic health.
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Trial registration: The study protocol (NCT00427193) was approved by institutional review boards at three clinical centres
(Washington University Medical School, St Louis, MO, USA; Pennington Biomedical Research Center, Baton Rouge, LA,
USA; Tufts University, Boston, MA, USA) and the coordinating centre at Duke University (Durham, NC, USA).

Doctors and other health professionals often do not
pay attention to weight gain until a patient is at a
much higher body mass index (BMI) than what is
classically defined as obese, i.e. 30 kg/m2 [1]. How-
ever, a healthy college student with a BMI of 22
can easily gain 15-kg (mostly fat) over 20 years
and still have a slightly elevated BMI of 26.5 kg/m2

in their late 40 s. This is unfortunately very com-
mon in our industrialized societies as many people
gain 0.5 to 1.0 kg per year during early and mid-
dle adulthood. Epidemiologic studies suggest that
small amounts of weight gain (≥2.5 kg to < 10 kg),
even in lean people, are associated with a signifi-
cantly increased risk of major chronic diseases, [2,
3] leading to the current epidemic of normal-weight
and overweight metabolic-obesity [4]. Consistently,
experimental preclinical and clinical studies have
shown that weight loss is associated with major
improvements in markers of chronic inflammation,
insulin resistance, lipid metabolism and other hor-
monal and molecular alterations that are deeply
implicated in the pathogenesis of type 2 diabetes,
hypertension, fatty liver disease, cardiovascular dis-
ease, stroke, cancer, and in the accumulation of
molecular damage with aging [5–7].

Changes in different anthropometric and DXA-
derived direct measures of adiposity have been shown
to be related to improvements in metabolic outcomes
during calorie restriction (CR) induced weight loss
[6, 8]. Of these measurements, body weight, body
mass index (BMI), waist circumference and total
body fat by DXA are amongst the most commonly
used. In addition, serum leptin and urinary dou-
bly labelled water (DLW) levels have been used to
assess changes in the amount of energy stored in
adipose tissue and total daily energy intake (TDEI),
respectively [9, 10]. However, there is a lack of
agreement regarding which measure has the best
correlation with metabolic, inflammatory and hor-
monal biomarkers during the CR-induced weight
loss and maintenance phase in non-obese individu-
als. Moreover, it is not known if a specific cutoff
exists for metabolic improvements across different
anthropometric, body composition and biochemical
measurements of CR.

The NIA-funded multicenter, randomized con-
trolled Comprehensive Assessment of Long-term

Effects of Reducing Intake of Energy (CALERIE)
trial offers an unique opportunity to address these
questions. The overall aim of CALERIE was to test
the hypothesis that two years of sustained CR, involv-
ing a reduction in energy intake to 75% of baseline,
in healthy men and women aged 25 to 45, will
result in the same adaptive changes that observed
in long-lived CR rodents; findings of the trial have
been previously reported [11]. Herein, our primary
objective was to compare—in all individuals com-
pleting the 2-year CALERIE protocol, independently
of randomization—the relative power of progres-
sively more sophisticated and expensive adiposity
measures from anthropometric (body weight, BMI,
waist circumference), body composition (body fat
and lean mass by DXA) to energy metabolism (lep-
tin and TDEI) markers in detecting changes in a
wide range of metabolic, hormonal, and inflamma-
tory biomarkers during the active weight loss (0
to 12 months) and weight maintenance phase (12
to 24 months). Another objective was to evaluate
whether or not a threshold (i.e., a minimum magni-
tude of change) in measures of adiposity and energy
metabolism must be exceeded for changes in specific
metabolic adaptations to occur.

1. Methods

1.1. Study population and design

CALERIE phase 2 was a multicentre, randomised
controlled trial conducted at three American uni-
versities, aimed at evaluating the effects of 25%
reduction in calorie intake in healthy, non-obese
(BMI 22·0–27·9 kg/m²) men and premenopausal
women (aged 21–50 years). All the participants
signed the informed consent that was approved by
the institutional review boards of Washington Uni-
versity in St. Louis, Tufts University and Pennington
Biomedical Research Center. Extensive information
of the study are provided in previous publications [11,
12]. In brief, 220 volunteers were randomized with a
1:2 ratio to control (no intervention) or a 25% restric-
tion in calorie intake based on energy requirements
determined as total daily energy expenditure (TDEE)
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that was estimated from DLW measurements over
a four-week period at baseline. Blood and urinary
samples, and body composition measurements were
taken at baseline, 12-month and 24-month follow up.
In the present analysis, data from participants in the
intervention and control groups were combined and
analyzed as one cohort.

1.2. Anthropometric measurements

Participants were weighed in the morning after
an overnight fast (Scale Tronix 5200, White Plains,
NY) and height and waist circumference were mea-
sured twice using a wall-mounted stadiometer and
tape measure. Fat mass (FM) and fat-free mass (FFM)
were measured by dual-energy x-ray absorptiometry
(DXA; Hologic 4500A, Delphi W or Discovery A
scanners) with all scans analyzed by a single individ-
ual at University of California San Francisco. Scanner
performance was monitored with baseline and longi-
tudinal phantom cross calibrations.

1.3. Measurements of energy balance

Serum leptin was measured on blood collected
after a 12-hour fast using the multiplex immunoas-
say (Human Adipokine Panel B, Millipore, Billerica,
MA; Bio-Plex 200, Bio-Rad Laboratories, Hercules,
CA) with an inter-assay variation coefficient of
4.3 ± 1.5%. Total daily energy intake (TDEI) was
measured using DLW, as previously described [13].
Baseline ad libitum energy intake was calculated as
the mean of two 14-day measurements of TDEE.
Mean TDEI was then calculated across 3 intervals
(baseline to month 12, baseline to month 24 and
month 12 to month 24) as mean TDEE for the
interval adjusted for changes in energy content of
changes in fat mass (9,300 kcal/kg) and fat-free mass
(1,100 kcal/kg).

1.4. Cardiometabolic parameters

Venous blood was sampled for biomarker assay
after an overnight fast; all the samples were ana-
lyzed at the University of Vermont. Serum lipid and
lipoprotein-cholesterol concentrations were deter-
mined in the Laboratory for Clinical Biochemistry at
the University of Vermont. Cholesterol and glycerol-
blanked triglycerides were measured with automated
enzymatic commercial kits (Miles-Technicon, Tarry-
town, NY). HDL-cholesterol was measured in plasma
after precipitation of apolipoprotein B-containing

lipoproteins by dextran sulfate (50000 MW) and
magnesium. LDL cholesterol was calculated using
the Friedewald Equation [14]. Fasting serum T3 lev-
els was measured using immunoassays (DPC 2000,
Diagnostic Product Corporation, Los Angeles, Calif).
Chemiluminescent immunoassay was used to mea-
sure cortisol (ADVIA Centaur, Malvem, PA) and
insulin (Elecsys, Roche Diagnostics, Indianapolis,
IN). Plasma glucose was measured by the glucose
oxidase method (YSI Instruments, Fullerton, CA).
Blood pressure was measured with an oscillomet-
ric blood pressure monitor (Dinamap Procare 200,
GE Healthcare, Waukesha, WI, USA) in the morning
after a 12-h fast in a seated position. Blood pressure
was measured at rest in the morning according to a
common procedure. Two readings were taken on each
of two separate days during the clinic visit using an
automated device (HEM-907XL, Omron Healthcare
Inc, Palatine, IL) and a cuff determined on the basis
of upper arm circumference.

Glucose Tolerance and insulin sensitivity. Two-
hour, 75-gram oral glucose tolerance tests were
performed at baseline and at 12 and 24 months
with a baseline blood sample and blood collected
at 30, 60, 90 and 120 minutes after the glucose
consumption. Adequate carbohydrate intake over the
prior three days (≥150 g/d) was ensured by an inter-
view with a study dietician. Area under the curve
insulin (AUC-insulin) and area under the curve glu-
cose (AUC-glucose) values from the OGTT were
determined using the trapezoidal method. HOMA-IR
was calculated as (insulin [�U/mL) × fasting glucose
[mg/dL)/405).

1.5. Inflammatory biomarkers

Serum high-sensitive C-reactive protein (CRP)
was measured using particle-enhanced immunoneph-
elometric assay (BN II, Siemens, Deerfield, IL;
CV = 3.2 ± 2.5%); TNF-�, monocyte chemoattrac-
tant protein-1 (MCP-1), IL-1�, and IL-8 using the
multiplex immunoassay (Human Adipokine Panel
B, Millipore, Billerica, MA; Bio-Plex 200, Bio-
Rad Laboratories, Hercules, CA; CV = 6.1 ± 1.7%,
6.4 ± 2.1%, 8.0 ± 4.4% and 8.7 ± 3.9%, respec-
tively); and IL-6 and intracellular adhesion molecule-
1 (ICAM-1) using ELISA (R&D Systems, Min-
neapolis, MN; CV = 7.9 ± 3.1% and 8.2 ± 1.2%,
respectively). Complete blood count and WBC dif-
ferential (CBC-Diff) were assayed using automated
methods (Esoterix Inc., a LabCorp Company, Cran-
ford, NJ).
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1.6. Hormones

Commercially available ELISA kits were used
to measure IGF-1 and IGF-binding protein 1,
(IGFBP-1) (DSL/Beckman Coulter, Brea, CA, USA),
and PDGF-AB and TGF�-1 (R&D Systems, Min-
neapolis, MN, USA). Serum triiodothyronine (T3)
and cortisol was measured by chemiluminescent
immunoassay (ADVIA Centaur, Bayer Health Care,
Deerfield, IL).

1.7. Statistical analyses

Participants in the intervention and control groups
were combined and analyzed as one cohort because
our main exposure is change in body weight and
adiposity. Indeed, the control arm in any random-
ized controlled trial always contains a subset of
participants who engage in an effective interven-
tion since the process of recruitment to a weight
management trial, and regular measurements of
body weight, may motivate them to lose weight.
Because our participants were all healthy, non-
obese (BMI 22·0–27·9 kg/m²) men and women (aged
21–50 years), it is highly unlikely that weight loss
in the control group was due to reverse causal-
ity (i.e., illness-related weight loss). Descriptive
statistics were calculated for participant’s demo-
graphic information, measurements of adiposity,
energy metabolism and metabolic biomarkers at
baseline, and changes at 12- and 24-month follow-
ups. Outliners were detected and removed using a
z-score method (±3 Z-scores) from the metabolic
biomarkers analyzed. Due to the non-normal distri-
bution, log-transformed metabolic biomarkers were
used in descriptive analyses.

Pairwise correlation coefficients were calculated
between change scores of adiposity measures at 12-
and 24-month follow-up, respectively. Then, pairwise
correction coefficients were calculated and compared
across adiposity and energy metabolism measures for
the associations of their change scores with change
in measures of metabolic biomarkers, at 12- and
24-month follow-up, respectively. Next, we deter-
mined whether a minimum magnitude of change
in body composition and other energy metabolism
biomarkers exist that triggers changes in metabolic
biomarkers, i.e., whether or not this associations
were linear. To achieve this, participants who gained
weight were removed from the analyzed sample,
spline (five knots) and linear regressions were both

fitted for these associations and the model fitness were
compared using model diagnostics and visual presen-
tation of regression overlays. Basing upon identifying
the linear nature of their association, categorical vari-
ables were created to classify participants to < 5%,
5–10% and 10+% weight loss. A cut off at 5% loss
from initial weight was selected because previous
studies found this degree of weight loss, although
modest, to be associated with clinically meaningful
improvement in metabolic and other risk factors for
chronic diseases [13–15]. One-way ANOVA were
used to examine the differences of each metabolic
biomarkers between the three weight loss groups
(<5%, 5–10% and 10+%). All statistical analyses
were performed using Stata (v16.0). All statistical
tests were 2-sided and statistical significance was set
at P < 0.05.

2. Results

Of the more than 10,000 men and women assessed
for eligibility, the screening procedures excluded
45% due to age or BMI; 14% for health or medi-
cation reasons; and 30% refused to participate due to
concerns about their ability to adhere to the proto-
col, personal, or other study-related issues [11, 12].
Of the 238 participants who began baseline assess-
ments, 220 were randomized; 218 started the assigned
intervention; 82% of CR and 95% of control, respec-
tively, completed the study. Supplementary Table 1
presents the demographic characteristics of the 191
participants included in this analysis. Twenty-nine
participants were excluded because they did not pro-
vide sufficient data on metabolic, hormonal, and
inflammatory biomarkers, or excluded due to their
biomarker data were identified as outliers using a z-
score method (±3 Z-scores) (supplementary Table 2).

2.1. Sample characteristics

Descriptive statistics for anthropometric (body
weight, BMI, waist circumference), body composi-
tion (fat mass, fat-free mass and body fat percentage)
and biochemical (leptin and TDEI) measurements
of energy metabolism, and cardiometabolic, inflam-
matory and hormonal biomarkers are presented in
Table 1, reporting values at baseline, and changes
from baseline at 12 and 24 months, and changes
from 12 to 24 months, respectively. During the nega-
tive energy balance phase (baseline to 12 months),
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Table 1

Descriptive statistics (mean [standard deviation]) of adiposity and metabolic biomarkers (log transformed) at baseline and changes at 12
months and 24 months (n = 191)

Baseline 12 months 24 months
Change % P-Value Change % P-Value Change % P-Value

from from from 12
baseline baseline months

Adiposity
Body weight (kg) 72.13 (9.23) –5.52 (4.91) –7.65 <0.001 –4.62 (5.38) –6.41 <0.001 0.86 (2.54) 1.29 <0.001
Body mass index

(kg/m2)
25.19 (1.70) –1.77 (1.86) –7.03 <0.001 –1.61 (1.88) –6.39 <0.001 0.16 (0.75) 0.68 0.003

Waist circumference
(cm)

81.13 (7.63) –4.12 (4.94) –5.08 <0.001 –3.52 (5.46) –4.34 <0.001 0.54 (3.27) 0.70 0.025

Fat mass (kg) 23.77 (4.61) –3.53 (3.30) –14.8 <0.001 –3.19 (3.83) –13.4 <0.001 0.32 (1.86) 1.58 0.020
Fat-free mass (kg) 48.32 (9.05) –1.29 (1.47) –2.67 <0.001 –1.07 (1.63) –2.21 <0.001 0.22 (0.85) 0.47 0.001
Leptin (pg/mL) 17,429 (14,361) –7,615 (9,431) –43.7 <0.001 –6,172 (11,836) –35.4 <0.001 1,522 (6,013) 15.5 0.001
Total daily energy

intake (kcal/day)
2,438 (395) –255 (268) –10.47 <0.001 –199.6 (238) –8.19 <0.001 57.3 (95) 2.62 <0.001

Body fat Percentage 33.22 (6.28) –2.77 (2.9) –8.34 <0.001 –2.68 (3.46) –8.07 <0.001 0.07 (1.8) 0.23 0.620

Log-transformed metabolic biomarkers
LDL Cholesterol

(mg/dL)
4.58 (0.28) –0.06 (0.19) –1.31 <0.001 –0.05 (0.21) –1.09 0.001 0.02 (0.19) 0.44 0.251

HDL Cholesterol
(mg/dL)

3.86 (0.24) 0.04 (0.13) 1.04 <0.001 0.06 (0.15) 1.55 <0.001 0.01 (0.14) 0.26 0.178

Triglyceride (mg/dL) 4.54 (0.48) –0.15 (0.35) –3.30 <0.001 –0.16 (0.35) –3.52 <0.001 –0.01 (0.27) –0.23 0.796
Glucose, fasting

(mg/dL)
4.41 (0.07) –0.01 (0.06) –0.23 0.024 –0.01 (0.07) –0.23 0.033 0.00 (0.06) 0.00 0.830

Insulin, fasting
(ulU/mL)

1.61 (0.49) –0.21 (0.50) –13.04 <0.001 –0.20 (0.50) –12.42 <0.001 0.02 (0.44) 1.43 0.581

AUC Glucose
(mg-hr/dL)

5.55 (0.16) –0.01 (0.15) –0.18 0.589 0.00 (0.14) 0.00 0.902 0.01 (0.15) 0.18 0.466

AUC Insulin
(ulU-hr/mL)

4.46 (0.49) –0.15 (0.41) –3.36 <0.001 –0.08 (0.39) –1.79 0.026 0.07 (0.41) 1.62 0.027

C-Reactive Protein
(ug/mL)

–0.49 (1.26) –0.27 (1.18) –55.1 0.002 –0.26 (1.04) –53.1 0.001 0.01 (1.11) 1.32 0.857

TNF-α (pg/mL) 1.13 (0.38) –0.12 (0.33) –10.6 <0.001 –0.23 (0.39) –20.35 <0.001 –0.12 (0.38) –11.88 <0.001
T3 (Triiodothyronine)

(ng/dL)
4.72 (0.21) –0.14 (0.21) –2.97 <0.001 –0.20 (0.22) –4.24 <0.001 –0.06 (0.17) –1.31 <0.001

Cortisol (ug/dL) 2.30 (0.44) 0.03 (0.39) 1.30 0.305 –0.10 (0.48) –4.35 0.006 –0.13 (0.45) –5.58 <0.001
IGF-1 (ng/mL) 5.14 (0.27) –0.06 (0.23) –1.17 0.001 –0.08 (0.23) –1.56 <0.001 –0.02 (0.23) –0.39 0.352
IGFBP-1 (pg/mL) 8.08 (0.94) 0.40 (0.70) 4.95 <0.001 0.31 (0.83) 3.84 <0.001 –0.11 (0.78) –1.30 0.058

significant declines in all measures of adiposity
and favorable changes in most metabolic biomark-
ers were observed, with AUC glucose (p = 0.589),
active and cortisol (p = 0.305) remained stable. Dur-
ing the weight maintenance phase (12 to 24 months),
measures of metabolic, inflammatory, and hormonal
biomarkers mostly remained stable with the excep-
tions of a further decline in TNF-�, T3, cortisol and
IGFBP-1.

2.2. Correlations among measures of adiposity
and markers of energy balance

Across multiple measurements of adiposity
employed in this study, changes in fat mass by DXA

were highly correlated with changes in body weight
and BMI, moderately correlated with changes in
waist circumference and serum leptin, but less so
with fat-free mass. In contrast, changes in TDEI by
DLW had poor to moderate pairwise correlation coef-
ficients with all other measures of adiposity, including
leptin (Supplementary Tables 3.1 to 3.3).

Body weight, BMI, waist circumference and body
fat and fat free mass by DXA were very similar
in terms of relationships with metabolic biomark-
ers during the first 12 months (Table 2). However,
while fat-free mass did correlate fairly strongly with
fat mass, it was not anywhere near as strong in
terms of its relationships with CR-induced metabolic
adaptations at 24 months (supplementary Table 4.1).
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As shown in Table 2, TDEI by DLW provided
very little information for any of the biomark-
ers assessed, with the exception of IGFBP-1, and
AUC insulin and cortisol (0 to 12 months). Leptin
seemed to be slightly better correlate with metabolic
biomarkers only during the second year of this
study, especially for fasting insulin, AUC insulin,
and T3, but overall did not perform well with most
of the other metabolic biomarkers (supplementary
Table 4.2).

2.3. Correlations between changes in adiposity
and metabolic, inflammatory and hormonal
parameters

The specific adiposity measurement that is “better”
associated with metabolic biomarkers depends on the
biomarker and the energy balance state. Adiposity
measured by waist circumference was not superior to
body weight with the exception of cortisol during the
first 12 months (Table 2). Similarly, body fat mass

Table 2

Pairwise correlation matrix of Adiposity with Metabolic Biomarkers (log transformed), changes at 12 months from baseline (n = 191)

Body Weight BMI WC Fat Fat-free Leptin TDEI Body
weight loss (kg/m2) (cm) mass mass (pg/ml) (kcal/day) fat

(kg) (%) (kg) (kg) (%)

LDL Cholesterol r 0.371 0.348 0.364 0.356 0.338 0.34 0.088 0.197 0.286
p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.231 0.008 <0.001

n 187 187 187 186 187 187 187 181 187
HDL Cholesterol r –0.241 –0.227 –0.216 –0.232 –0.213 –0.22 0.058 –0.077 –0.188

p–value 0.001 0.002 0.003 0.001 0.003 0.002 0.433 0.302 0.01
n 188 188 188 187 188 188 188 182 188

Triglyceride r 0.43 0.403 0.381 0.447 0.353 0.372 0.081 0.179 0.258
p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.268 0.016 <0.001

n 188 188 188 187 188 188 188 182 188
Glucose, fasting r 0.077 0.072 0.046 0.081 0.045 0.06 –0.047 –0.032 0.04

p-value 0.293 0.324 0.532 0.268 0.539 0.413 0.525 0.671 0.587
n 188 188 188 187 188 188 188 182 188

Insulin, fasting r 0.324 0.315 0.279 0.318 0.28 0.309 0.139 0.163 0.217
p–value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.058 0.028 0.003

n 188 188 188 187 188 188 188 182 188
AUC Glucose r 0.261 0.233 0.257 0.252 0.232 0.249 0.056 0.159 0.162

p-value 0.002 0.005 0.002 0.002 0.005 0.003 0.501 0.058 0.051
n 145 145 145 144 145 145 145 143 145

AUC Insulin r 0.523 0.48 0.473 0.513 0.469 0.503 0.19 0.287 0.389
p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.051 0.003 <0.001

n 106 106 106 106 106 106 106 105 106
C-Reactive Protein r 0.186 0.171 0.172 0.114 0.21 0.162 –0.044 0.077 0.23

p-value 0.011 0.019 0.018 0.119 0.004 0.027 0.546 0.304 0.002
n 188 188 188 187 188 188 188 182 188

TNF-α(pg/mL) r 0.016 0.031 0.039 0.037 0.072 –0.006 0.019 0.031 0.135
p-value 0.828 0.669 0.593 0.62 0.329 0.932 0.796 0.678 0.066

n 188 188 188 187 188 188 188 182 188
T3 (Triiodothyronine) r 0.300 0.297 0.247 0.272 0.301 0.198 0.095 0.155 0.283

p-value <0.001 <0.001 0.001 <0.001 <0.001 0.007 0.195 0.036 <0.001
n 188 188 188 187 188 188 188 182 188

Cortisol r –0.196 –0.18 –0.195 –0.216 –0.195 –0.105 –0.194 –0.142 –0.166
p-value 0.007 0.014 0.007 0.003 0.008 0.151 0.008 0.056 0.023

n 188 188 188 187 188 188 188 182 188
IGF-1 r –0.113 –0.122 –0.152 –0.081 –0.14 –0.003 –0.039 –0.121 –0.146

p-value 0.124 0.098 0.038 0.271 0.055 0.966 0.596 0.104 0.046
n 187 187 187 186 187 187 187 181 187

IGFBP-1 r –0.276 –0.245 –0.254 –0.33 –0.254 –0.252 –0.091 –0.209 –0.207
p-value <0.001 0.001 <0.001 <0.001 <0.001 0.001 0.213 0.005 0.004

n 188 188 188 187 188 188 188 182 188

1Values in cells are, in order: Pearson correlation coefficient (ρ), p-value of significance (where null hypothesis is H0: ρ = 0), number of
observations with non-missing pairs of values. 2Cells are shaded based on the magnitude of the absolute value of the Pearson correlation
coefficient (ρ), from weakest correlation (no highlight) and moderate correlation (yellow) to strongest correlation (orange).
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measured by DXA was generally a poorer predictor
of metabolic changes comparing to body weight, BMI
or waist circumference, with the exception of change
in C-reactive protein from baseline to 12 month and
change in AUC Glucose from baseline to 24 months.
Body weight and weight circumference were associ-
ated with a better model fit for changes of triglyceride
during the first 12 months (Table 2), whereas fat mass
and body fat percentage were associated with a better
model fit for C-reactive protein at 12 months and for
HDLc at 24 months (Supplementary Table 4.1).

2.4. Body composition, adiposity and metabolic
threshold effect

The model fits of spline regressions for the associa-
tions of change in measures of adiposity and changes
in metabolic biomarkers did not statistically differ
from that of linear regressions for any of the biomark-
ers measured in this study, including for three of the
most highly correlated metabolic parameters (Fig. 1).
The majority of threshold effects visible in the spline
plots appear to be encapsulated by the linear regres-
sion confidence intervals, and these effects could
also be both explained by variation in the data, and
manipulated by changing the knot locations during

spline analyses (supplementary Figures 1 and 2).
Nevertheless, significant differences were observed
in changes of most metabolic biomarkers when cate-
gorizing participants by levels of weight loss (<5%,
5– < 10%, 10+% weight loss) at 12 months and 24
months (Table 3.1 and 3.2), with the most favorable
changes occurred especially in those who success-
fully lost ≥ 10% body weight (Tables 3.1 and 3.2).
However, the CR-induced lowering of serum T3
occurred already with a weight loss smaller than 5%
(Tables 3.1 and 3.2), which was associated with sig-
nificant weight regain in the following 12 months of
the study (data not shown). Notably, serum cortisol
increased only among participants who lost 10+%
body weight at 12 months from baseline (1.16 [95%
CI: 0.31, 2.01]).

3. Discussion

One of the main findings of our study is that among
the commonly used anthropometric, body compo-
sition and energy metabolism measurements, body
weight is the variable that is most strongly and con-
sistently correlated with metabolic, inflammatory and
hormonal outcomes during CR-induced weight loss
in non-obese men and women. Waist circumference

Fig. 1. Regression overlays of spline (five knots) and linear regressions on the associations between adiposity measures and metabolic
biomarkers.
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Table 3.1

One-way ANOVA Results comparing Least-Squares Mean Metabolic Biomarker Changes by Percentage weight loss groups, 12 months
from baseline (n = 191)

<5% of weight lost 5– < 10% of weight lost 10+% of weight lost P–Value
N Mean 95% CL N Mean 95% CL N Mean 95% CL

Metabolic biomarkers
LDL Cholesterol (mg/dL) 64 –1.72 –5.91, 2.47 42 0.50 –4.67, 5.67 81 –14.09 –17.81, –10.36 <0.001
HDL Cholesterol (mg/dL) 65 0.35 –1.17, 1.88 42 3.14 1.25, 5.04 80 2.84 1.46, 4.21 0.027
Triglyceride (mg/dL) 64 1.83 –5.92, 9.58 41 –11.90 –21.58, 2.22 81 –32.62 –39.50, –25.73 <0.001
Glucose, fasting (mg/dL) 64 –0.20 –1.32, 0.91 42 –0.24 –1.62, 1.15 81 –1.37 –2.37, –0.37 0.231
Insulin, fasting (ulU/mL) 64 –0.12 –0.65, 0.42 42 –0.72 –1.38, –0.06 80 –1.79 –2.27, –1.31 <0.001
AUC Glucose (mg-hr/dL) 51 7.62 –2.47, 17.70 31 –2.35 –15.28, 10.59 62 –6.45 –15.59, 2.70 0.122
AUC Insulin (ulU-hr/mL) 36 10.74 –0.39, 21.87 20 –10.92 –25.85, 4.02 49 –31.38 –40.92, –21.83 <0.001
C-Reactive Protein (ug/mL) 64 0.16 –0.26, 0.57 40 –0.22 –0.75, 0.30 80 –0.04 –0.41, 0.33 0.527
TNF-α (pg/mL) 64 –0.37 –0.61, –0.13 42 –0.30 –0.60, 0.00 81 –0.38 –0.60, –0.17 0.897
T3 (Triiodothyronine) (ng/dL) 63 –7.19 –11.81, –2.57 41 –17.12 –22.84, –11.40 81 –21.75 –25.82, –17.68 <0.001
Cortisol (ug/dL) 63 –1.02 –1.98, –0.06 42 0.67 –0.51, 1.84 81 1.16 0.31, 2.01 0.003
IGF-1 (ng/mL) 65 –20.95 –30.72, –11.18 41 –1.90 –14.20, 10.41 80 –5.46 –14.27, 3.35 0.024
IGFBP-1 (pg/mL) 64 916.35 –51.37, 1,884.07 41 987.82 –221.24, 2,196.87 78 2,616.99 1,740.41, 3,493.57 0.019

Table 3.2

One-way ANOVA Results comparing Least-Squares Mean Metabolic Biomarker Changes by Percentage weight loss groups, 24 months
from baseline (n = 191)

<5% of weight lost 5–10% of weight lost 10+% of weight lost P–Value
N Mean 95% CL N Mean 95% CL N Mean 95% CL

Metabolic biomarkers
LDL Cholesterol (mg/dL) 66 –0.35 –4.51, 3.82 53 –4.17 –8.82, 0.48 68 –14.50 –18.60, –10.40 <0.001
HDL Cholesterol (mg/dL) 67 0.61 –0.89, 2.12 53 3.34 1.65, 5.03 67 2.45 0.94, 3.95 0.050
Triglyceride (mg/dL) 66 –1.58 –9.32, 6.16 52 –10.96 –19.68, –2.24 68 –34.40 –42.02, –26.77 <0.001
Glucose, fasting (mg/dL) 66 –0.30 –1.41, 0.81 53 –0.72 –1.95, 0.52 68 –1.12 –2.21, –0.02 0.588
Insulin, fasting (ulU/mL) 66 –0.44 –0.98, 0.11 53 –0.89 –1.50, –0.28 67 –1.56 –2.10, –1.02 0.016
AUC Glucose (mg-hr/dL) 54 3.99 –5.72, 13.70 40 6.73 –4.55, 18.01 50 –11.38 –21.46, –1.29 0.033
AUC Insulin (ulU-hr/mL) 38 3.98 –7.29, 15.25 29 –8.53 –21.42, 4.37 38 –33.50 –44.77, –22.23 <0.001
C-Reactive Protein (ug/mL) 65 0.17 –0.24, 0.59 52 0.05 –0.41, 0.51 67 –0.24 –0.64, 0.17 0.355
TNF-α (pg/mL) 66 –0.27 –0.50, –0.03 53 –0.30 –0.56, –0.04 68 –0.50 –0.73, –0.27 0.330
T3 (Triiodothyronine) (ng/dL) 65 –10.03 –14.69, –5.37 52 –15.58 –20.79, –10.36 68 –21.40 –25.96, –16.84 0.003
Cortisol (ug/dL) 66 –0.79 –1.73, 0.16 52 1.29 0.22, 2.35 68 0.63 –0.30, 1.56 0.012
IGF-1 (ng/mL) 66 –17.43 –27.23, –7.62 53 –4.17 –15.10, 6.77 67 –7.54 –17.27, 2.19 0.169
IGFBP-1 (pg/mL) 65 961.30 –10.39, 1,933.00 52 1,711.36 624.97, 2,797.74 66 2,299.95 1,335.65, 3,264.26 0.157

and body fat measured by DXA were not superior
to body weight or BMI in detecting these biologi-
cal responses to weight loss or gain, while leptin (a
hormonal biomarker of adiposity) and energy intake
by DLW (an extremely expensive measure of calorie
intake) correlated poorly. An additional relevant find-
ing is the lack of a specific threshold in weight loss
to be exceeded for changes in metabolic adaptations
to occur.

Changes in body weight and BMI are thought to
provide reasonable estimates of body fat in healthy
adults, [15] with the exception for a limited number
of people involved in muscle building [16]. However,

BMI has limitations, including the inability to dis-
tinguish between fat and lean mass. In this sense,
DXA imaging is one of the most commonly used
and accurate methods to measure the amount of total
body fat and lean mass [17]. Unfortunately, DXA
tests are expensive, require sophisticated equipment
and expose study participants to radiation. Contrary
to our expectations, the findings of this large care-
fully conducted CR trial show that body fat and
lean mass by DXA are not superior to body weight
in estimating metabolic changes during weight loss.
Moreover, while several studies have shown that
many adiposity-related metabolic adaptations depend
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on the distribution of body fat rather than excess
weight or the amount of lean mass, per se, [18] the
result of our analysis show that even in middle-aged
non-obese men and women, waist circumference, a
surrogate for abdominal fat, [19, 20] is not supe-
rior to body weight in predicting weight-associated
metabolic changes.

Our study confirms findings of many other tri-
als in obese individuals demonstrating a weight
loss induced coordinated improvement in multi-
ple cardiometabolic and hormonal risk factors, [6,
21–24]. even in people with a BMI between 22
and 27.9 kg/m2. For many of these parameters, our
analysis show that a linear relationship exists with
changes in body weight, BMI and body fat, and
no apparent threshold seems to be required for
these metabolic adaptations to occur based on model
fits of spline vs. linear regression analysis. Consis-
tently with other studies in overweight and obese
individuals with or without type 2 diabetes, when
we categorized participants by previously consid-
ered clinically meaningful weight loss cutoffs (<5%,
5–10% and 10+%), [22–25] we found that in general
the most favorable and extensive changes occurred in
those who successfully lost more than 10% of their
baseline body weight. In contrast, the great majority
of these biomarkers did not change with weight loss
smaller than 5%.

An important finding is the reduction in serum T3
that already occurred even with a weight loss smaller
than 5%, which was associated with significant
weight regain in the following 12 months of the study,
consistently with what has been reported by others
in obese individuals [26, 27]. We have previously
shown that CR, but not exercise-induced weight loss,
causes marked reductions in serum T3 levels [28, 29].
Therefore, these data strongly indicate that exercise
training must be prescribed together with CR as a key
early intervention to prevent excessive reduction in
T3, resting metabolic rate and the typical “yo-yoing”
weight cycling associated even with small amounts of
food restriction. Another notable finding is the signifi-
cant reduction in serum cortisol levels associated with
moderate reduction in weight loss but not with higher
degree of CR-induced weight loss. People who lost
more than 10% of their baseline weight experienced
an activation of the stress-responsive hypothalamic-
pituitary-adrenocortical pathway as assessed by
serum cortisol, which may play a role in mediating
the CR-induced anti-inflammatory and anti-cancer
effects observed in experimental animals and humans
[30–33].

Major strengths of this study include the large
sample size for an intensive CR trial conducted
in relatively healthy young and middle-aged non-
obese men and women; the long duration of the
trial that was divided in a 12-mo weight loss and
in 12-mo weight maintenance phase; the measure-
ment of an extensive panel of metabolic, hormonal
and inflammatory markers, body composition and
energy metabolism parameters, including direct mea-
sure through DLW. Our study had a high retention
rate of enrolled participants, and good adherence as
shown by the successful weight reduction obtained
in the first year that has been maintained for the fol-
lowing 12 months in the intervention arm. A major
limitation of this study is the lack of a measurement
of visceral and liver fat by MRI. It is important to
underline that the current analysis differs from that
used in previously published CALERIE manuscripts.
Its main focus was to study: 1) the strength of
the current evidence relating different anthropomet-
ric and energy metabolism measures to CR-induced
weight loss metabolic outcomes; 2) the comparison
of these measure’s effectiveness and validity, espe-
cially in relation to the investigators (accessibility,
cost) and research volunteers (invasiveness and time)
burden.

In conclusion, the results of this study analyzing
data from a large trial provide evidence that CR-
induced weight loss causes multiple cardiometabolic
and hormonal adaptations that are, in general, lin-
early related with the degree of weight loss in
non-obese men and women. Among the progressively
more sophisticated and expensive anthropometric
and energy metabolism markers assessed in this
study, body weight and BMI are the strongest pre-
dictors of beneficial metabolic adaptations, while
leptin and TDEI are the weakest. Waist circumfer-
ence and body fat measured by DXA are not superior
to body weight or BMI in detecting these biologi-
cal modifications. We also found that there is not
a minimum magnitude of change in body compo-
sition required for changes in most cardiometabolic
markers to occur. These findings indicate that once a
baseline clinical and metabolic assessment has been
established, tracking changes in body weight is suf-
ficient to monitor progresses in metabolic health.
Physicians and health professionals should discuss
the metabolic consequences of small amounts of
weight gain (≥2.5 kg to < 10 kg) with their patients
as a matter of routine well before their BMI spiral
out of control, and they should advise them to main-
tain a healthy weight and waist circumference from
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early adulthood to maximize the probability of living
a healthy life in older ages.
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