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Berryman CE, Sepowitz JJ, McClung HL, Lieberman HR,
Farina EK, McClung JP, Ferrando AA, Pasiakos SM. Supple-
menting an energy adequate, higher protein diet with protein does not
enhance fat-free mass restoration after short-term severe negative
energy balance. J Appl Physiol 122: 1485–1493, 2017. First published
April 6, 2017; doi:10.1152/japplphysiol.01039.2016.—Negative en-
ergy balance during military operations can be severe and result in
significant reductions in fat-free mass (FFM). Consuming supplemen-
tal high-quality protein following such military operations may accel-
erate restoration of FFM. Body composition (dual-energy X-ray
absorptiometry) and whole body protein turnover (single-pool
[15N]alanine method) were determined before (PRE) and after 7 days
(POST) of severe negative energy balance during military training in
63 male US Marines (means � SD, 25 � 3 yr, 84 � 9 kg). After
POST measures were collected, volunteers were randomized to re-
ceive higher protein (HIGH: 1,103 kcal/day, 133 g protein/day),
moderate protein (MOD: 974 kcal/day, 84 g protein/day), or carbo-
hydrate-based low protein control (CON: 1,042 kcal/day, 7 g protein/
day) supplements, in addition to a self-selected, ad libitum diet, for the
27-day intervention (REFED). Measurements were repeated POST-
REFED. POST total body mass (TBM; �5.8 � 1.0 kg, �7.0%), FFM
(�3.1 � 1.6 kg, �4.7%), and net protein balance (�1.7 � 1.1 g
protein·kg�1·day�1) were lower and proteolysis (1.1 � 1.9 g
protein·kg�1·day�1) was higher compared with PRE (P � 0.05).
Self-selected, ad libitum dietary intake during REFED was
similar between groups (3,507 � 730 kcal/day, 2.0 � 0.5 g
protein·kg�1·day�1). However, diets differed by protein intake due to
supplementation (CON: 2.0 � 0.4, MOD: 3.2 � 0.7, and HIGH:
3.5 � 0.7 g·kg�1·day�1; P � 0.05) but not total energy (4,498 � 725
kcal/day). All volunteers, independent of group assignment, achieved
positive net protein balance (0.4 � 1.0 g protein·kg�1·day�1) and
gained TBM (5.9 � 1.7 kg, 7.8%) and FFM (3.6 � 1.8 kg, 5.7%)
POST-REFED compared with POST (P � 0.05). Supplementing ad
libitum, energy-adequate, higher protein diets with additional protein
may not be necessary to restore FFM after short-term severe negative
energy balance.

NEW & NOTEWORTHY This article demonstrates 1) the majority
of physiological decrements incurred during military training (e.g.,
total and fat-free mass loss), with the exception of net protein balance,
resolve and return to pretraining values after 27 days and 2) protein
supplementation, in addition to an ad libitum, higher protein (~2.0

g·kg�1·day�1), energy adequate diet, is not necessary to restore
fat-free mass following short-term severe negative energy balance.

negative energy balance; whey; casein; protein balance; recovery;
muscle

NEGATIVE ENERGY BALANCE OCCURS when total energy expendi-
ture exceeds the dietary energy intake necessary to maintain
normal physiological processes and match energy required for
physical activity, resulting in an energy deficit (21). Scientific
investigations of negative energy balance and its physiological
implications have demonstrated decrements in total body mass
(TBM), including both fat-free mass (FFM) and fat mass (FM)
(18). Some instances of negative energy balance are deliberate,
such as during strenuous military training, leading to FFM loss
that may be associated with decrements in physical perfor-
mance typically observed during strenuous military operations
(10, 13, 22, 28, 29, 40). During military training and combat
operations, energy deficits are often more severe than those
imposed to elicit weight loss, and the physiological conse-
quences, including the loss of FFM, are likely more pro-
nounced (15, 16, 25, 39). In these circumstances, energy
deficits can approach 100% of total daily energy requirements
needed to establish energy balance due to constant physical
activity, limited access to food, and inadequate time or desire
to eat (16, 21, 22).

Dietary interventions that increase protein intake above the
recommended dietary allowance (RDA; 0.8 g·kg�1·day�1) but
within the acceptable macronutrient distribution range for pro-
tein (10–35% of total calories) (17) have been shown to
prevent significant FFM loss during negative energy balance.
In a clinical weight loss study that combined 40% energy
restriction with controlled exercise, overweight and obese
adults consuming 2.4 g protein·kg�1·day�1 gained more FFM
and lost more FM compared with the group consuming 1.2 g
protein·kg�1·day�1 (20). In another clinical study investigating
a 40% energy deficit in healthy, normal weight adults, dietary
protein intakes above the RDA (1.6–2.4 g protein·kg�1·day�1)
also protected against FFM loss (31). The mechanism by which
higher protein diets spare FFM during moderate weight loss is
likely due to the anabolic stimulus of essential amino acids
(EAA) on muscle protein synthesis (4, 12, 27, 31, 33). How-
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ever, interventions to increase protein intake during military
operation-induced energy deficits have not been successful
(21). In such instances, effective interventions that restore FFM
may be more feasible than interventions aiming to prevent
FFM loss during the period of negative energy balance. Inter-
ventions leveraging the anabolic stimulus of EAA by increas-
ing quantity and quality of protein intake to restore FFM have
not been studied in the context of severe negative energy
balance induced by strenuous military training.

Therefore, the current study characterized the consequences
of short-term severe negative energy balance in combination
with strenuous military training and determined whether high-
quality protein supplementation, in addition to an ad libitum
diet, promotes FFM recovery. We hypothesized protein sup-
plementation would promote greater FFM restoration in a
dose-dependent manner.

METHODS AND MATERIALS

Participants. US Marines stationed at Stone Bay, Camp
Lejeune, NC, who were at least 18 yr and had no known
allergies to dairy, were eligible for the study. The military
training exercise, Survival, Evasion, Resistance, Escape
(SERE) school, lasted ~18 days. The study occurred from
January 2014 through March 2015 and did not interfere or alter
the execution of training. Details regarding participant recruit-
ment, randomization, and attrition are presented in Fig. 1. In
total, 68 participants were randomized and 63 volunteers com-
pleted the study and were included in the final analyses. All
volunteers provided written informed consent before participa-
tion. This study was approved by the Institutional Review
Board at the US Army Research Institute of Environmental

Medicine (Natick, MA) and registered at https://clinicaltrials.
gov/ as NCT02057094.

Experimental design. This study was designed to assess
whether supplemental protein at various levels restores FFM
after a short-term period of negative energy balance. The intent
of the study was not to evaluate the effects of SERE per se but
to use the training as a model of severe metabolic stress,
uniformly applied to each volunteer. Previous studies have
shown SERE is an excellent model of physiological stress (19,
26). With the use of a randomized, double-blind, placebo-
controlled design, participants were studied before SERE
(PRE), immediately after SERE (POST), and following a
27-day supplement refeeding intervention (POST-REFED;
Fig. 2). Anthropometrics, demographics, whole body protein
turnover, body composition, and circulating biomarkers of
physiological status were measured PRE (days 2 and 3). These
measures, with the exception of height and demographics, were
repeated immediately POST (days 18 and 19). After complet-
ing all POST measures, participants were randomized to one of
three [carbohydrate-based, low protein control (CON); protein-
based (MOD); or higher protein-based (HIGH)] supplement
groups and received three beverages daily to consume in
addition to their ad libitum diet. Participants were randomized
by FFM loss during SERE using Tave’s minimization method
of treatment assignment (38). Whole body protein turnover,
body composition, and circulating biomarkers of physiological
status were reassessed POST-REFED (days 45 and 46).

Military training exercise. The current study used SERE as
a model of short-term severe negative energy balance. Military
personnel at high risk of capture from the enemy (i.e., captiv-
ity, isolation, starvation, physical and mental abuse, and ex-

CON MOD

Fig. 1. Schematic of volunteer recruitment
and retention.
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ploitation) are required to complete SERE training. The train-
ing lasted ~18 days and consisted of four sequential phases: 1)
10-day academic classroom training; 2) 2.5-day survival skills
training, conducted in a natural environment; 3) 2.5-day eva-
sion training; and 4) 2.5-day captivity training. During phase 1,
physical activity consisted of 1.5–2 h of organized physical
training (PT) approximately every other day and dietary intake
remained ad libitum. At the start of phase 2, participants were
split into 4 separate, 12-person teams and provided minimal
food [i.e., only 1 combat ration (Meal Ready-to-Eat, ~1,300
kcal) per participant and a limited amount of vegetables and
meat to portion between team members] for the duration of
phases 2 and 3 (5 days). During phase 2, participants were
active �14 h/day while completing survival skills training,
which included food and water procurement, signaling, evasion
shelter, fire-craft, survival medicine, and navigation principles.
During phase 3, participants were physically active �16 h/day
in varied environmental conditions and carrying a pack weigh-
ing approximately 20–30 kg. The intentional limited availabil-
ity of food (approximately 300 kcal·day�1 or 5 kcal·kg
FFM�1·day�1 throughout phases 2 and 3) coupled with high
levels of physical activity resulted in severe negative energy
balance. During phase 4, participants were “captured” and
placed in a stressful simulated captivity environment. They
were provided water on a regular basis but only given two
meals during the entirety of phase 4; each meal consisted of a
piece of bread and approximately one cup of rice. Participants
were not physically active during the captivity phase.

Twenty-seven-day supplement refeeding intervention
(REFED). The objective of REFED was to determine whether
an ad libitum diet with supplemental protein would enhance
FFM restoration compared with energy intake via a carbohy-
drate-based supplement. As such, participants were allowed ad
libitum access to foods and beverages and were not instructed
to follow any particular diet pattern during REFED. Based on
previous studies (23), we anticipated that participants would
self-select a diet composed of approximately 50–65% carbo-
hydrate, �30% fat, and protein at 1.0 g·kg�1·day�1. Our
objective was to increase dietary protein to levels two to three
times the current RDA (0.8 g·kg�1·day�1) immediately fol-
lowing POST.

At the start of REFED, and throughout the remainder of the
study, participants were provided three CON, MOD, or HIGH
beverages per day, to be consumed immediately after morning

PT, between lunch and dinner meals, and before bed (Table 1).
MOD and HIGH supplements consumed after PT and between
lunch and dinner meals contained whey protein (7, 32, 41),
whereas the MOD and HIGH supplements consumed before
bed contained casein protein (11, 34). Volunteers assigned to
the CON group consumed a flavor-matched, carbohydrate-
based beverage at similar times throughout the day. All sup-
plement drinks were designed to be isocaloric and similar in
serving size, taste, and textural qualities. Study staff members
were blinded to treatment assignment and distributed coded
supplements to participants every 3 days during REFED.

Energy and macronutrient intake were determined every 3
days during REFED by registered dietitians using 24-h dietary
recall and analysis software (Food Processor, version 11.0;
ESHA, Salem, OR) to ensure supplement compliance and to
characterize ad libitum dietary intake. Since participants con-
sumed the majority (~80%) of their total daily dietary intake
from the local military dining facility, a comprehensive nutri-
tional database was developed before study implementation to
more accurately estimate dietary intake by obtaining informa-
tion on all foods/meals, menus, menu cycles, serving size, and
recipes provided by the dining facility from the dining facility
manager. Volunteers were able to report consumption of spe-

REFEDPhase 1: classroom training Phases 2-4: field training

1 2 3

PRE (Baseline)

18 19

POST-REFED

45 46

Recruitment

15
N-Alanine

Body Weight
Blood Draw

DEXA

Blood Draw

15
N-Alanine

Body Weight
Blood Draw

DEXA

15
N-Alanine

Body Weight
Blood Draw

DEXA

Blood Draw
Randomization

Blood Draw

Diet Review

Study Days

POST

11

Fig. 2. Experimental design.

Table 1. Supplement composition

CON MOD HIGH

Day Night Day Night Day Night

Energy, kcal 260 522 226 522 289 525
Carbohydrate, g 64 113 36 68 32 56
Fat, g 0 6 1 8 1 9
Protein, g 1 5 20 44 39 55
EAA 0.0 0.9 11.8 18.9 23.5 23.6
BCAA 0.0 0.4 5.6 8.7 11.3 10.9
Leucine 0.0 0.2 3.1 4.1 6.2 5.1

Volunteers were instructed to consume 3 supplements per day (2 “Day”
supplements and 1 “Night” supplement): 1 “Day” supplement immediately
following morning physical training, the other “Day” supplement between
lunch and dinner meals, and the “Night” supplement before bed. BCAA,
branch-chain amino acids; CON, control; EAA, essential amino acids; HIGH,
higher protein; MOD, moderate protein. Supplements were manufactured by
the Combat Feeding Directorate, Natick Soldier Research, Development, and
Engineering Center. CON supplements contained powdered beverage mix
(Gatorade). MOD and HIGH “Day” supplements contained whey protein
isolate (895, Fonterra); “Night” supplements contained instant micellar casein
(American Casein).
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cific meals (or individual foods) and serving number. No
vitamins, minerals, or other nutritional supplements were per-
mitted during the study. Physical activity during REFED was
at the discretion of course instructors and included daily PT
geared toward subsequent course objectives. Study volunteers
all participated in the same organized PT to ensure consistency
between intervention groups.

Anthropometrics and body composition. Vertical height was
measured to the nearest 0.1 cm using a stadiometer (Seca;
Creative Health Products, Plymouth, MI) at PRE. Body mass
was measured to the nearest 0.1 kg using a calibrated digital
scale (Befour Model PS6600; Befour, Saukville, WI) at PRE,
POST, and POST-REFED. TBM, FM, and FFM were deter-
mined using dual energy X-ray absorptiometry (DEXA; Lunar
IDXA; GE Lunar, Madison, WI). DEXA scans were performed
under fasted conditions by trained personnel. Changes in body
energy stores (�ES) were used to estimate energy balance (16):

�ES � ��FM � 9.51 kcal/g� � ��FFM
� �1 � FFM hydration� � 4.40 kcal/g�

with FFM hydration representing the aqueous fraction of FFM,
estimated as 0.73 (35).

Whole body protein turnover. Whole body protein turnover
was measured by a single-pool whole body method at PRE,
POST (during phase 4, i.e., captivity), and POST-REFED and
as described by Ferrando et al. (9). After providing a urine
sample to correct for background isotope enrichments, volun-
teers ingested a single dose of [15N]alanine (99% enriched;
Cambridge Isotope Laboratories, Andover, MA) at 4 mg
15N/kg body mass after consuming their evening meal. Vol-
unteers were instructed to fast and collect their urine for the
next 10 –12 h, ending with the first void the following
morning. Nitrogen flux (Q; g N/24 h) was determined using
urinary urea enrichment according to Fern et al. (8). Protein
synthesis (PS) and breakdown (PB) were calculated accord-
ing to Stein et al. (36).

Q � PS � NEX and Q � PB � NIN

PB � Q – NIN and PS � Q � NEX

NET � PS – PB

where NEX is urinary urea nitrogen excretion and NIN repre-
sents nitrogen intake calculated from a diet recall of the
evening meal before ingesting the isotope. Enrichment of
tracer to tracee for [15N]urea was determined using isotope
ratio mass spectrometry (Metabolic Solutions, Nashua, NH).

Circulating biomarkers. Blood samples were collected after
an overnight fast by antecubital venipuncture. Serum and
plasma were isolated, frozen, and shipped on dry ice to the
Pennington Biomedical Research Center (Baton Rouge, LA)
for analysis of amino acids [i.e., total (TAA), essential (EAA),
nonessential (NEAA), branched-chain (BCAA), and leucine
alone; Agilent 1100 Series HPLC, Agilent Technologies, Fos-
ter City, CA] and insulin (Immulite 2000: Siemens Healthcare
Diagnostic, Deerfield, IL).

Statistical analysis. Normality was assessed for each vari-
able using the univariate procedure to quantitatively evaluate
skewness and visually inspect box and probability plots. Log
transformation was used to correct for nonnormally distributed
data when necessary. One-way ANOVA was used to assess

differences between treatment groups at baseline. Repeated-
measures ANOVA was used to determine main effects of time
(PRE, POST, and POST-REFED) for body mass and compo-
sition, whole body protein synthesis, breakdown, and net and
circulating biomarkers. One-way ANOVA was used to assess
differences among groups (CON, MOD, and HIGH) for body
mass and composition, whole body protein synthesis, break-
down, and net and circulating biomarkers POST-REFED and
energy and macronutrient intake during REFED. An ANCOVA,
adjusted for POST measures, was used to further assess differ-
ences among intervention groups POST-REFED. Bonferroni
adjustment was used for post hoc analysis for significant main
effects. Data were analyzed using SAS (Version 9.3; SAS
Institute, Cary, NC). Significance was set at P � 0.05, and data
are presented as means � SD. Power analyses indicated that 19
volunteers/group would provide 90% power to detect between-
group differences in FFM restoration at POST-REFED with an
effect size of 0.54 and an � of 0.05 (31).

RESULTS

Baseline characteristics. Participants (n � 63) were young
(25 � 3 yr) enlisted male Marines with a body fat percentage
of 17 � 5%. On average, participants engaged in aerobic
exercise 5 days/wk and upper body, lower body, and core
exercises 3 day/wk (Table 2).

Longitudinal responses to military training. Significant re-
ductions in TBM, FFM, FM, leg mass, and trunk mass were
observed at POST compared with PRE (P � 0.05; Table 3). At
POST-REFED, TBM, FFM, FM, leg mass, and trunk mass
increased compared with POST (P � 0.05), resulting in no
differences between PRE and POST-REFED measures (P �
0.05). Body energy stores were decreased at POST (FFM:
�3,694 � 1,956 and FM: �25,729 � 13,303 kcal) and in-
creased POST-REFED (FFM: 4,239 � 2,088 and FM:
22,141 � 12,386 kcal). Based on changes in body energy
stores over the 7 days of severe negative energy balance
(POST), participants were in an energy deficit of
�4203 � 1,686 kcal/day; based on changes in body energy
stores over the 27-day REFED period, participants were in a
positive energy balance of 977 � 435 kcal/day.

Protein synthesis and net protein balance were lower and
protein breakdown was higher at POST vs. PRE (P � 0.05;
Table 3). Both protein synthesis and proteolysis were higher
POST-REFED compared with PRE and POST (P � 0.05). Net

Table 2. Participant characteristics and demographics at
study enrollment

ALL CON MOD HIGH

Age, yr 25.2 � 2.5 25.9 � 3.0 24.7 � 2.5 25.0 � 1.8
Height, cm 178 � 6 179 � 6 176 � 5 178 � 8
Body mass, kg 83.8 � 9.5 85.3 � 8.4 83.1 � 11.0 83.0 � 8.8
BMI, kg/m2 26.4 � 2.1 26.5 � 1.9 26.6 � 2.5 26.0 � 1.6
Exercise, days/wk

Aerobic 4.7 � 1.3 4.7 � 1.1 4.6 � 1.4 4.7 � 1.4
Upper body pushing 3.2 � 1.6 3.3 � 1.7 3.2 � 1.6 3.2 � 1.6
Upper body pulling 2.7 � 1.5 2.8 � 1.4 2.5 � 1.6 2.9 � 1.6
Lower body 2.5 � 1.5 2.7 � 1.7 2.3 � 1.3 2.7 � 1.6
Core 3.3 � 1.5 3.2 � 1.2 3.1 � 1.7 3.6 � 1.6

Data are means � SD. CON, control (n � 21); MOD, moderate protein
(n � 24); HIGH, higher protein (n � 18). There were no differences between
groups.
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protein balance was also higher POST-REFED compared with
POST; however, net protein balance POST-REFED remained
lower than PRE (P � 0.05).

Increased TAA, EAA, BCAA, and NEAA were observed
when POST was compared with PRE (P � 0.05), whereas
leucine was unchanged at POST (P � 0.05). Lower TAA were
observed POST-REFED compared with POST; however,
POST-REFED measures remained significantly higher com-
pared with PRE (P � 0.05). POST-REFED measures of
EAA and BCAA were no different than POST (P � 0.05)
but significantly elevated compared with PRE (P � 0.05).
Decreased NEAA were observed POST-REFED compared
with POST (P � 0.05), resulting in no differences between
PRE and POST-REFED (P � 0.05). Leucine concentrations
were higher POST-REFED compared with both PRE and
POST (P � 0.05). Insulin concentrations were greater at
POST compared with PRE (P � 0.05), but neither PRE
nor POST differed from POST-REFED (P � 0.05).

Twenty-seven day supplement intervention (REFED). Sup-
plements provided significantly different amounts of protein
(HIGH � MOD � CON; P � 0.01) and carbohydrate (CON �
MOD � HIGH; P � 0.01; Table 4). Protein and carbohydrate
intake from the diet did not differ across groups (P � 0.05).
Thus MOD and HIGH did not differ in total protein intake
(P � 0.06), while both groups did consume significantly more
protein than CON (P � 0.01). CON consumed more total
carbohydrate than HIGH (P � 0.01) but neither group differed
from MOD (P � 0.08 and P � 0.11, respectively). Total
energy and fat intake were similar between treatment groups.
Compliance with supplement consumption was above 95%
across all groups.

There were no significant effects of the CON, MOD, or
HIGH supplements on any outcome measure POST-REFED
(Table 5 and Fig. 3).

DISCUSSION

The current study investigated the effects of high-quality
protein supplementation, in addition to an ad libitum diet, on
FFM restoration after short-term (7 days) severe negative
energy balance caused by SERE training. The current findings
indicate 1) SERE training induced significant weight loss,
including loss of FFM, and a negative net protein balance; 2)
the majority of physiological decrements incurred during
SERE (POST), with the exception of net protein balance,
resolved and returned to PRE values after 27 days; and 3)
protein supplementation, in addition to consuming an ad libi-
tum, higher protein, energy adequate diet, is not necessary to
restore FFM following periods of severe negative energy
balance.

It is generally not feasible to achieve the same level of study
control and apply the same measurement techniques in military
field studies as those used in laboratory settings. Therefore,
there are a number of logistical constraints and inherent limi-
tations in the current military field study that need to be
acknowledged before interpreting the study outcomes. For
example, changes in FFM may have been overestimated due to
the inability of DEXA to capture changes in muscle glycogen
and total body water content, which decrease during periods of
severe negative energy balance and rapid weight loss (5).
Ideally, and in a highly controlled laboratory setting, a four-
compartment model for body composition, controlled feeding,
muscle kinetic studies, and resting metabolic rate and/or dou-
bly labeled water methods would replace the three-compart-
ment model for body composition, 24-h recalls, whole body
protein turnover, and estimated energy balance by changes in
body energy stores, respectively. In addition, due to concerns
of interference with course objectives, we were unable to
determine whether the decrement and restoration of FFM were

Table 3. Longitudinal responses to SERE

PRE POST POST-REFED Time, P-Value

Body mass, kg
Total 83.8 � 9.5a 78.0 � 9.1b 83.9 � 8.7a �0.0001
Fat free 66.3 � 6.7a 63.2 � 6.6b 66.8 � 6.6a �0.0001
Fat 14.0 � 4.7a 11.3 � 4.5b 13.6 � 3.8a �0.0001

Leg mass, kg
Total 28.8 � 3.8a 27.5 � 3.9b 29.0 � 3.6a �0.0001
Fat free 22.4 � 2.7a 21.8 � 2.8b 22.6 � 2.7a �0.0001
Fat 5.0 � 1.7a 4.3 � 1.7b 5.0 � 1.5a �0.0001

Trunk mass, kg
Total 38.9 � 4.4a 35.3 � 4.0b 38.8 � 4.0a �0.0001
Fat free 30.7 � 3.0a 28.9 � 2.9b 31.0 � 2.8a �0.0001
Fat 7.1 � 2.6a 5.3 � 2.3b 6.7 � 2.1c �0.0001

Protein turnover, g protein·kg�1·day�1

Synthesis 6.84 � 1.24a 6.28 � 1.69b 8.40 � 2.35c �0.0001
Breakdown 5.79 � 1.58a 6.91 � 1.96b 8.02 � 2.59c �0.0001
Net 1.05 � 1.18a �0.64 � 0.43b 0.38 � 0.98c �0.0001

Amino acids, 	mol/l
Total 2,671 � 540a 3,374 � 525b 2,989 � 259c �0.0001
Essential 947 � 191a 1,122 � 241b 1,122 � 104b �0.0001
Branched chain 507 � 112a 584 � 149b 615 � 71b �0.0001
Leucine 143 � 30a 157 � 47a 174 � 20b 0.0003
Nonessential 1,724 � 381a 2,252 � 329b 1,867 � 189a �0.0001

Insulin, 	U/ml 4.46 � 1.80a 8.47 � 8.31b 5.77 � 3.28a,b �0.0001

Data are mean � SD, n � 63. Repeated-measures ANOVA was used to determine the main effects of time. Protein turnover synthesis and insulin data were
log transformed. SERE, Survival, Evasion, Resistance, Escape. a,b,cP � 0.05, different lowercase letters within a row indicate significant differences; Bonferroni
adjustments were made for multiple comparisons.
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functionally relevant using validated physical performance
tests. The results of this study should be interpreted in the
context of these limitations.

Evidence consistently demonstrates military training and
operations cause severe physiological and psychological stress
(13, 19). In the current study, while acknowledging the limi-
tations of DEXA-measured body composition, participants lost
7.0 and 4.7% of initial TBM and FFM, respectively, while

consuming ~300 kcal/day (5 kcal·kg FFM�1·day�1) during
strenuous military training (POST), resulting in negative net
protein balance (�0.64 � 0.43 g protein·kg�1·day�1). Previ-
ous reports indicate 7-day US Army SERE school induces
similar decrements in TBM (�6.7 kg, �7.8%) (19), and 3- and
4-day Norwegian Army arctic military training operations,
which also result in severe energy deficits (�3,390 � 669 and
�3,313 � 776 kcal/day, respectively), produce comparable
decrements in net protein balance (�1.41 � 1.11 g
protein·kg�1·10 h�1 and �0.24 � 0.60 g protein·kg�1·day�1,
respectively) (21, 22). During various combat missions, sol-
diers can expend 3,500–4,600 kcal/day (39) and, at the ex-
treme, total energy expenditures may exceed 7,000 kcal/day, as
documented in US Marines engaged in mountain warfare
training (14, 15).

Body composition measures returned to PRE after the inter-
vention period (POST-REFED), suggesting ad libitum intake
of ~4,500 kcal/day (70 kcal·kg FFM�1·day�1) for 27 days is
sufficient to fully restore FFM after short-term severe negative
energy balance. Protein synthesis decreased POST and in-
creased POST-REFED, whereas protein breakdown was
greater at POST and greatest POST-REFED. Muscle protein
synthesis (4, 33) and mTORC1 signaling (24) are downregu-
lated during periods of energy deficit, while protein breakdown
is increased to mobilize substrate stores (i.e., amino acids) for
oxidation and acute-phase protein synthesis (6), resulting in an
overall decrease in net protein balance that contributes, in part,
to FFM loss. In the current study, this was reflected by an
increase in circulating amino acid concentrations POST. Insu-
lin is known to mitigate proteolysis and, in the presence of
adequate amino acid substrate, promote protein synthesis (1).
Despite elevated insulin concentrations POST, protein break-
down was higher than PRE and protein synthesis decreased,
which may indicate that a severe energy deficit is a stronger
regulator of protein metabolism than insulin when individuals
are in a depleted state. At POST-REFED, a positive net protein
balance was observed, likely due to restored energy intake
(
977 � 435 kcal/day). The difference between PRE and
POST-REFED net protein balance, taken in context with the
increase in protein turnover and concomitant increases in the
volume and intensity of physical activity during REFED, may
indicate a persistent stress response. This suggests that at the
whole body protein level, 27 days may not be adequate time for
Warfighters engaged in successive training or operations to
fully recover before subsequent assignments. Future studies
incorporating performance measures may help elucidate the
physiological significance of the whole body protein measures.

Overall, protein kinetics indicated a net catabolic state after
SERE. It is important to note that this measure is an integrated
representation of a fixed period of time (i.e., 10–12 h). How-
ever, it represents a “snapshot” of whole body protein kinetics
in response to a consolidation of physiological stressors. On
the contrary, FFM measures represent the cumulative changes/
responses to the 7-day field exercise of SERE. Furthermore,
this measure of FFM is most likely an overestimation due to
the concomitant glycogen depletion and total body water loss
(5). While one must exercise caution in correlating one mea-
sure to the other, each demonstrates an important physiological
response to a combination of severe metabolic stressors.

Our primary hypothesis stated high-quality protein supple-
mentation, in addition to an ad libitum diet, would maximize

Table 4. Dietary intakes during the 27-day supplement
intervention (REFED) following SERE

CON MOD HIGH

Relative, kcal/kg, g/kg
Energy

Supplement 12 � 1a,b 12 � 2a 13 � 2b

Diet 43 � 10 47 � 12 42 � 11
Total 56 � 11 59 � 13 55 � 12

Protein
Supplement 0.1 � 0.0a 1.0 � 0.1b 1.6 � 0.2c

Diet 1.9 � 0.4 2.2 � 0.6 1.9 � 0.6
Total 2.0 � 0.4a 3.2 � 0.7b 3.5 � 0.7b

Carbohydrate
Supplement 2.9 � 0.3a 1.7 � 0.2b 1.4 � 0.2c

Diet 4.9 � 1.4 5.4 � 1.4 4.8 � 1.6
Total 7.8 � 1.6a 7.1 � 1.5a,b 6.3 � 1.8b

Fat
Supplement 0.1 � 0.0a 0.1 � 0.0b 0.1 � 0.0b

Diet 1.8 � 0.4 1.8 � 0.6 1.6 � 0.4
Total 1.8 � 0.4 2.0 � 0.6 1.8 � 0.4

Relative, kcal/kg FFM, g/kg FFM
Energy

Supplement 15 � 1a,b 15 � 2a 16 � 2b

Diet 54 � 12 58 � 13 51 � 12
Total 69 � 13 72 � 14 67 � 14

Protein
Supplement 0.1 � 0.0a 1.3 � 0.1b 2.0 � 0.3c

Diet 2.4 � 0.4 2.7 � 0.7 2.4 � 0.7
Total 2.5 � 0.4a 3.9 � 0.8b 4.3 � 0.8b

Carbohydrate
Supplement 3.5 � 0.3a 2.1 � 0.2b 1.8 � 0.2c

Diet 6.1 � 1.7 6.6 � 1.6 5.9 � 1.9
Total 9.6 � 1.8a 8.8 � 1.7a,b 7.7 � 2.0b

Fat
Supplement 0.1 � 0.0a 0.1 � 0.0b 0.1 � 0.0b

Diet 2.2 � 0.5 2.3 � 0.7 2.0 � 0.5
Total 2.3 � 0.5 2.4 � 0.7 2.1 � 0.5

Absolute, kcal, g
Energy

Supplement 1,001 � 34a 937 � 29b 1,050 � 72c

Diet 3,505 � 689 3,674 � 747 3,287 � 736
Total 4,506 � 674 4,612 � 747 4,337 � 764

Protein
Supplement 6 � 0a 80 � 2b 127 � 9c

Diet 155 � 27 170 � 44 152 � 43
Total 161 � 27a 250 � 44b 280 � 47b

Carbohydrate
Supplement 232 � 8a 135 � 4b 114 � 8c

Diet 395 � 97 425 � 98 379 � 106
Total 627 � 94a 559 � 98a,b 493 � 109b

Fat
Supplement 5.7 � 0.2a 8.7 � 0.3b 9.4 � 0.6c

Diet 144 � 29 144 � 42 130 � 33
Total 149 � 29 153 � 42 139 � 33

Supplement compliance, % 96.7 � 3.3 96.9 � 3.0 95.8 � 6.6

Data are means � SD. CON, control (n � 21); MOD, moderate protein
(n � 24); HIGH, higher protein (n � 18). One-way ANOVA was used to
determine the main effects of treatment. a,b,cP � 0.05, different lowercase
letters within a row indicate significant differences; Bonferroni adjustments
were made for multiple comparisons.
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FFM restoration. Instead, all volunteers regained FFM and
TBM to similar PRE levels regardless of treatment assign-
ment. The inability to detect a treatment difference may be
attributable to a combination of factors: 1) FFM loss POST
may have been overestimated, as muscle glycogen and its
associated water content can influence the DEXA derived
FFM estimates (5); 2) total daily energy intake, to which
supplements contributed a relatively small amount, may
have been under or overestimated given limitations of self-
reported dietary data (37); and 3) ad libitum protein intake
during REFED was already at the upper end of recommen-
dations, without supplementation. Supplementation only
contributed ~22% of total energy intake during REFED. The
remainder of caloric intake came from the self-selected ad
libitum diet. The supplements were designed to complement
the diet, with the assumption that ad libitum protein intake
would be similar to our past studies (23) and consistent with

Army regulation 40 –25 recommendations of 0.8 to 1.6
g·kg�1·day�1 (2). In the current study, military special
forces consumed ~2 g protein·kg�1·day�1 from their ad
libitum diet alone. This amount meets current recommen-
dations (1.2–2.0 g protein·kg�1·day�1) during periods of
elevated physical activity (39a). Although the study is
limited by the absence of a true control group (i.e., group that
receives no supplement), and we are unable to determine if
providing supplemental calories, regardless of macronutrient
source, was better than providing no supplement at all, the data
suggest that in the context of military training, it is unlikely that
protein consumption in excess of 2.0 g protein·kg�1·day�1 pro-
vides additional FFM benefits (30).

While we acknowledge limitations in the current study,
there are also strengths that should be highlighted. One
strength was the use of SERE school as the model of
substantial metabolic stress and negative energy balance,
which produced uniform losses in TBM and FFM. In addi-
tion, during REFED, participants engaged in the same
organized PT, which ensured consistency between interven-
tion groups. Many studies intervene before and/or during
military training operations, but few intervene during a
follow-up period to determine physiological status for sub-
sequent training and operations. The current study was
strengthened by investigating both the physiological
stress of military training and the 27 days following that
training.

In conclusion, US Marines met or exceeded current recom-
mendations for protein (1, 2) when eating primarily at a
military dining facility following strenuous military training
that produced severe negative energy balance, which allowed
them to adequately restore FFM. Supplementing ad libitum,
energy-adequate, higher protein diets with additional protein
did not augment the restoration of FFM.

Table 5. Treatment responses to the 27-day supplement intervention (REFED)

CON MOD HIGH Treatment, P Value* Treatment, P Value†

Body mass, kg
Total 85.2 � 7.5 83.3 � 10.1 83.1 � 8.0 0.70 0.94
Fat free 67.4 � 5.4 66.2 � 7.7 66.9 � 6.4 0.85 0.79
Fat 14.2 � 3.5 13.7 � 4.5 12.8 � 3.2 0.50 0.29

Leg mass, kg
Total 29.4 � 3.2 28.7 � 4.1 28.8 � 3.6 0.79 0.88
Fat free 22.8 � 2.2 22.4 � 3.1 22.7 � 2.8 0.85 0.78
Fat 5.2 � 1.4 5.0 � 1.6 4.7 � 1.4 0.66 0.36

Trunk mass, kg
Total 39.9 � 4.0 38.2 � 4.2 38.2 � 3.4 0.28 0.55
Fat free 31.5 � 2.6 30.7 � 3.2 30.8 � 2.7 0.62 0.65
Fat 7.3 � 2.1 6.5 � 2.4 6.3 � 1.4 0.26 0.24

Protein turnover, g protein·kg�1·day�1

Synthesis 7.71 � 2.35 8.53 � 2.02 9.05 � 2.67 0.14 0.11
Breakdown 7.13 � 2.61 8.16 � 2.30 8.87 � 2.73 0.10 0.11
Net 0.58 � 0.70 0.37 � 1.19 0.18 � 0.95 0.46 0.42

Amino acids, 	mol/l
Total 3,000 � 281 3,017 � 249 2,939 � 253 0.62 0.59
Essential 1,102 � 128 1,154 � 91 1,103 � 84 0.17 0.31
Branch-chain 603 � 87 640 � 60 597 � 56 0.09 0.24
Leucine 173 � 25 180 � 17 167 � 17 0.16 0.23
Nonessential 1,898 � 193 1,863 � 186 1,835 � 195 0.60 0.56

Insulin, 	U/ml 5.20 � 3.05 6.85 � 4.16 5.07 � 1.62 0.28 0.27

Data are means � SD. CON, control (n � 21); MOD, moderate protein (n � 24); HIGH, higher protein (n � 18). Protein turnover synthesis and insulin data
were log transformed. *One-way ANOVA was used to determine the main effects of treatment. †Model adjusted for POST as a covariate.

Fig. 3. Body composition changes at POST-REFED by supplement group.
CON, control (n � 21); MOD, moderate protein (n � 24); HIGH, higher
protein (n � 18). Values are presented as means � SD. P � 0.05.
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