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Smith TJ, Wilson MA, Karl JP, Austin K, Bukhari A, Pasiakos
SM, O’Connor KL, Lieberman HR. Interstitial glucose concentra-
tions and hypoglycemia during 2 d of caloric deficit and sustained
exercise: a double-blind, placebo-controlled trial. J Appl Physiol 121:
1208–1216, 2016. First published September 29, 2016; doi:10.1152/
japplphysiol.00432.2016.—Military personnel and some athlete pop-
ulations endure short-term energy deficits from reduced energy intake
and/or increased energy expenditure (EE) that may degrade physical and
cognitive performance due to severe hypoglycemia (�3.1 mmol/l). The
extent to which energy deficits alter normoglycemia (3.9–7.8 mmol/l)
in healthy individuals is not known, since prior studies measured
glucose infrequently, not continuously. The purpose of this study was
to characterize the glycemic response to acute, severe energy deficit
compared with fully fed control condition, using continuous glucose
monitoring (CGM). For 2 days during a double-blind, placebo-
controlled, crossover study, 23 volunteers (17 men/6 women; age:
21.3 � 3.0 yr; body mass index: 25 � 3 kg/m) increased habitual
daily EE [2,300 � 450 kcal/day [means � SD)] by 1,647 � 345 kcal/
day through prescribed exercise (~3 h/day; 40–65% peak O2 con-
sumption), and consumed diets designed to maintain energy balance
(FED) or induce 93% energy deficit (DEF). Interstitial glucose con-
centrations were measured continuously by CGM (Medtronic Min-
imed). Interstitial glucose concentrations were 1.0 � 0.9 mmol/l
lower during DEF vs. FED (P � 0.0001). The percentage of time
spent in mild (3.1–3.8 mmol/l) hypoglycemia was higher during DEF
compared with FED [mean difference � 20.5%; 95% confidence
interval (CI): 13.1%, 27.9%; P � 0.04], while time spent in severe
(�3.1 mmol/l) hypoglycemia was not different between interventions
(mean difference � 4.6%; 95% CI: �0.6%, 9.8%; P � 0.10). Three
of 23 participants spontaneously reported symptoms (e.g., nausea)
potentially related to hypoglycemia during DEF, and an additional
participant reported symptoms during both interventions. These find-
ings suggest that severe hypoglycemia rarely occurs in healthy indi-
viduals enduring severe, short-term energy deficit secondary to heavy
exercise and inadequate energy intake.
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NEW & NOTEWORTHY

This paper provides novel data characterizing glucose homeo-
stasis during acute, severe energy deficit, in conjunction with
extensive aerobic exercise in normal, healthy volunteers using
continuous interstitial glucose monitoring. This study demon-
strated that glucose regulation is, generally, tightly-controlled
in normal-weight, healthy young adults in response to severe,
short-term energy restriction, accompanied by an ~1,500 kcal/
day increase in exercise-induced energy expenditure. Findings

have practical implications for military personnel, ultra-endur-
ance athletes, and select groups of first responders.

MILITARY PERSONNEL ENCOUNTER short-term scenarios that re-
quire high-energy expenditure, coupled with inadequate energy
intake secondary to physiological factors and/or logistical con-
straints, thus inducing an energy deficit (21, 22, 24, 31, 34, 37,
56). The magnitude of short-term energy deficit in military
personnel during training and combat operations can be sub-
stantial (i.e., 2,500–4,500 kcal/day) (24, 32, 40, 42). Combat
sport athletes (e.g., wrestling and judo) also experience acute
energy deficits, via energy restriction and exercise, to induce
rapid body mass losses of 3–10% to prepare for precompetition
weigh-ins (3, 8, 45). Although the largest energy deficits may
not commonly occur among most athletes and military person-
nel, they do have the greatest potential for causing physiolog-
ical deterioration and can guide design of controlled experi-
ments that characterize human physiological adaptation at
physiological extremes.

Severe energy deficit depletes hepatic and muscle glycogen
stores, resulting in declines in blood glucose. Whereas coun-
terregulatory responses, such as suppressed insulin release and
increased glucagon and growth hormone secretion, act to
maintain normoglycemia by stimulating gluconeogenesis, hy-
poglycemia and subsequent unfavorable physiological conse-
quences can ensue (12, 18, 22, 24, 30, 34, 39, 54). For
example, Loy et al. (30) reported mean blood glucose concen-
trations declined to hypoglycemic (�3.9 mmol/l) levels after
an exhaustive cycling test more frequently after 24 h of fasting
compared with fed conditions (postexercise: ~1.9 vs. ~2.8
mmol/l), and time to fatigue during high- and moderate-
intensity trials was ~1 h shorter in the fasting vs. fed condi-
tions. Additionally, soldiers who underwent a 5-day training
course, characterized by high-energy expenditure (~5,000 kcal/
day) and inadequate energy intake (~1,800 kcal/day), experi-
enced significant declines from day 1 (D1) to day 5 in fasting
mean blood glucose concentrations (5.2 to 4.1 mmol/l, respec-
tively), along with reduced power output and maximum O2

uptake (24).
As glucose is the brain’s primary fuel source, hypoglycemia

can also disturb brain function, leading to cognitive and be-
havioral deficiencies (50, 58). Glucose concentrations below
~3.1 mmol/l result in neurogenic/autonomic symptoms (e.g.,
anxiety, palpitations, and irritability) mediated by autonomic
nervous system activation and subsequent release of cat-
echolamines and acetylcholine, as well as neuroglycopenic
symptoms (e.g., confusion, weakness, dizziness, blurred vi-
sion) directly attributable to central nervous system glucose
deprivation) (20, 36, 51, 57). As such, severe energy deficit
may disrupt glucose homeostasis, leading to detrimental phys-
ical and cognitive consequences.
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While studies indicate hypoglycemia is associated with
decrements in cognitive and physical performance, the actual
duration that suboptimal glucose is present in scenarios involv-
ing inadequate energy intake is unknown because blood sam-
pling has been infrequent, occurring at a few discrete time
points (e.g., mostly morning while fasted). Continuous glucose
monitoring systems (CGM) can assess the frequency, duration,
and magnitude of excursions from normoglycemia by contin-
uously monitoring interstitial glucose concentrations (6, 33,
35). Studies employing CGM (3–7 consecutive days) in
healthy, nondiabetic, free-living adults indicate that hypogly-
cemic excursions, 3.3–3.8 and �3.3 mmol/l, occur at a rate of
~3 and 0.2%, respectively (19, 27, 59). In these populations,
hypoglycemic excursions are mild, spontaneous, and asymp-
tomatic and are a normal consequence of metabolism, occur-
ring when peripheral glucose utilization exceeds splanchnic
glucose output due to meal timing, nighttime fasting, or during
times of stress (1, 13, 19, 26). Whether more frequent bouts of
hypoglycemia and with accompanying symptoms occur during
periods of energy deficit has not been examined by CGM.

This study characterized interstitial glucose responses using
CGM during 2 days of severe energy deficit, coupled with
increased energy expenditure induced by sustained, moderate-
intensity aerobic exercise. We sought to determine the fre-
quency of hypoglycemic excursions and characterize when
these excursions occurred. The severity of the imposed energy
deficit was chosen to represent what has been observed in
soldiers in the field, and to provide a maximal effect. We
hypothesized that, if the frequency and extent of hypoglycemic
excursions in young, healthy participants exposed to this se-
vere, acute energy deficit are not substantially different than
that of the fed state, then hypoglycemia is unlikely to occur in
response to the more commonly experienced, less extreme
energy deficits experienced by military personnel and other
populations, where energy balance is either difficult to attain
due to high-energy demands (e.g., endurance athletes) or where
acute weight loss is desirable (e.g., combat sport athletes).

MATERIALS AND METHODS

Participants. Participants (n � 31) were military personnel as-
signed to the Natick Soldier Research, Development and Engineering
Center (Natick, MA) between 2012 and 2013. Study participation was
voluntary, and each volunteer gave his or her written, informed
consent after an oral explanation of the study. Individuals were
included if they were at least 18 yr old and generally healthy without
any acute or chronic physical limitations that would prevent exercise.
All subjects completed an initial screening and were medically cleared
for participation. The study was approved by the Institutional Review
Board, United States Army Research Institute of Environmental
Medicine, Natick, MA. The investigators adhered to the policies for
protection of human subjects, as prescribed by Department of Defense
Instruction 3216.02 and the research was conducted in adherence with
the provisions of 32 CFR Part 219. The National Institutes of Health
clinical trials registration number is NCT01603550 (https://clinical-
trials.gov/ct2/show/NCT01603550?term�NCT01603550&rank�11).

Experimental design. This was a double-blind, placebo-controlled,
crossover trial, wherein volunteers participated in two, 66-h trials of
which 51 h were the diet/exercise intervention. Each trial was sepa-
rated by 19 � 7 days (28, 41). This substudy characterized the
interstitial glucose response using CGM during near total energy
deprivation coupled with sustained aerobic exercise. The effects of the
caloric intervention on cognitive function will be reported elsewhere.

Volunteers resided in a research dormitory during the experimental
trials, allowing for control and monitoring of energy intake, energy
expenditure, and sleep. In a randomized, counterbalanced order, all
volunteers participated in one of two experimental treatments over
48-h: 1) energy balance condition (FED), where volunteers were
provided with a predominantly carbohydrate-containing diet to meet
their total daily energy expenditure (TDEE); or 2) energy deficit
condition (DEF), where volunteers were provided with predominantly
nonnutritive foods matched in volume and sensory characteristics to
the energy-containing foods. Daily energy expenditure during the
study trials consisted of each volunteer’s habitual TDEE, coupled with
additional exercise equivalent to their measured resting metabolic rate
(RMR). This level of energy deficit was chosen based on data
indicating the mid-level of short-term energy deficit in highly active
military personnel is ~3500 kcal/day (24, 32, 40, 42). Each participant
completed a baseline questionnaire to determine demographic infor-
mation (age, sex, race, and ethnicity).

Energy Expenditure. During each test session, volunteers’ TDEE
comprised their individualized RMR, physical activity factor, and
exercise energy expenditure:

TDEE � RMR � 1.3 � Exercise Energy Expenditure

wherein exercise energy expenditure consisted of volunteers’ habitual
daily energy expenditure (i.e., estimated from 3-day activity records),
coupled with repeat, moderate-to-vigorous intensity [40–65% of peak
oxygen consumption (V̇O2peak)] exercise bouts to increase individual
daily energy expenditure by an amount equivalent to individually
measured RMR.

During the preliminary testing phase of the study, RMR was
measured at ~0500 following an overnight fast and also on the
morning of the first experimental test day, via an open-circuit respi-
ratory system (True Max 2400, Parvomedics, Sandy, UT). Before
each measurement, volunteers rested in the supine position in a quiet,
dim temperature-regulated room while they remained awake. The test
was discontinued when 30-min of steady-state oxygen consumption
and carbon dioxide production were recorded; and, the final 20 min of
data were averaged.

V̇o2peak was determined during preliminary testing with open-
circuit indirect calorimetry (True Max 2400, Parvomedics, Sandy,
UT), wherein participants began by running for 4 min at a predeter-
mined, comfortable pace at a 0% grade. At 4 min, the grade was
increased to 4%, while pace remained constant, followed by an
additional 2% every 2 min thereafter until volitional exhaustion.
Volunteers’ V̇o2peak was used as a reference point to determine the
appropriate exercise workloads necessary to ensure the desired level
of energy was expended over multiple, daily endurance exercise
bouts. To verify exercise intensity, exercise energy expenditure was
measured during the preliminary testing phase and periodically during
the test session using open-circuit indirect calorimetry. Timing of
exercise relative to other study activities, intensity of exercise, and
total exercise energy expenditure were consistent within and between
experimental test sessions.

Diet composition. Meals and snacks of the appropriate energy
content were prepared based on TDEE. The principal “foods” for the
study were custom-made gels differing in energy content but matched
for taste, texture, and appearance using hydrocolloids and artificial
colors and sweeteners. The gels for FED also contained water (total
wet weight: 49%), maltodextrin (18%), canola oil (15%), and isomal-
tulose (12%), whereas the gels for DEF were mainly composed of
water (96%). We have previously demonstrated such gel formulations
are acceptable to volunteers and allow conduct of double-blind studies
inducing severe caloric deficits (29, 44). The DEF diet was supple-
mented with artificially sweetened drinks and commercially available,
very-low-kilocalorie noodles made from an indigestible fiber (Tofu
Shirataki; House of Foods America, Garden Grove, CA), served with
very low kilocalorie sauce. The FED diet was supplemented with
artificially or naturally sweetened drinks and commercially available
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rice noodles (Maruchan Ramen; Maruchan, Irvine, CA) served with
the same sauce used during DEF. All diet components were chemi-
cally analyzed for fat, protein, ash, and moisture, and carbohydrate
and energy were calculated from the chemical analyses (Covance
Laboratories, Madison, WI). Registered dietitians prepared all diet
plans and oversaw meal preparation. Meals and snacks were served at
specific times each day during each trial, whereas water and nonca-
loric beverages were consumed ad libitum. No additional food or
beverages were allowed during the data collection period.

Anthropometry. Vertical height was measured in duplicate to the
nearest 0.1 cm. Body weight was measured during preliminary testing
and twice daily (before the morning meal and before bedtime) during
the experimental testing using a calibrated electronic battery-powered
scale accurate to 0.1 kg (Tanita WB-110A Class III, Tokyo, Japan).

Blood glucose. Blood was sampled by venipuncture three times/day
during the intervention period (i.e., morning before breakfast, midday
before lunch, and evening before dinner), and, aliquots were analyzed
for glucose at the time of sampling (HemoCue201, Brea, CA) to
provide a calibration standard for the interstitial glucose results
(consistent with manufacturer’s guidelines). Serum was prepared and
frozen at �80°C for subsequent determination of glucose using the
Beckman Coulter DXC 600 Pro analyzer (Fullerton, CA).

Interstitial glucose concentrations. Interstitial glucose concentra-
tions were measured by a Continuous Glucose Monitoring System
(CGM; Medtronic MiniMed iPro2 Professional Continuous Glucose
Monitoring System, Northridge, CA) for ~34 h during each trial. The
CGM was placed on each volunteer at 0630 on D1 and removed at
1630 on day 2 (D2), before undergoing a functional MRI (data not
presented), which required removal of the device. Study participants
and staff members were blinded to real-time CGM data. This device
has been widely employed in research studies to provide continuous
information on changes in glucose levels, thereby avoiding the use of
more invasive and painful technologies, such as frequent blood draws
or intravenous sampling (7, 9, 29, 46). Briefly, the device uses a
glucose oxidase-based sensor to measure extracellular fluid glucose in
subcutaneous tissue and was calibrated against corresponding blood
glucose levels measured three times each day during the test sessions
(i.e., morning before breakfast, midday before lunch, and evening
before dinner). The sensor, inserted into the subcutaneous tissue of the
lower back on the morning of D1, analyzed data every 10 s and
reported average values every 5 min. Glucose values provided by the
CGM used in this study are highly correlated with capillary and
venous blood glucose levels in healthy persons with and without
diabetes (relative reliability 0.70–0.9) (2, 4, 5, 16, 17, 55).

Side effects potentially related to dietary intervention. Volunteers
were routinely asked how they were feeling throughout the data
collection period to identify unfavorable medical occurrences tempo-
rally associated with the individual’s participation in the study. These
self-reported side effects were recorded in the participant’s study
record, and we report symptoms potentially related to the energy
deficit (e.g., dizziness, nausea, weakness, etc.) herein.

Statistical analyses. The dependent variable of interest was inter-
stitial glucose concentrations during FED and DEF. Sample size
calculations indicated that 13 volunteers were necessary to detect a
0.6 � 0.7 mmol/l difference in average interstitial glucose between
FED and DEF at � � 0.05 and power � 0.80.

Interstitial glucose concentrations during each test session were
analyzed and are presented as 5-min averages and also as mean values
recorded during specific activities, e.g., average glucose concentration
during evening sleep, during daytime rest, or after a meal. Addition-
ally, interstitial glucose concentrations were also examined to deter-
mine excursions from hypoglycemia (�3.9 mmol/l) and hyperglyce-
mia (�7.8 mmol/l). Hypoglycemia was further categorized as “mild”
(3.1–3.8 mmol/l) or “severe” (�3.1 mmol/l), based on the fact that
glucose counterregulatory hormones are secreted when glucose levels
drop below ~3.9 mmol/l (20, 36, 49), whereas neurogenic/autonomic
and neuroglycopenic symptoms and cognitive declines generally oc-

cur below ~3.1 mmol/l (20, 36). Glucose concentrations during, and
percentage of time in, hypoglycemia and hyperglycemia were com-
puted. The timing of hypoglycemic excursions was further catego-
rized as follows: 1) evening sleep; 2) daytime sleep/rest; 3) postpran-
dial meal (i.e., within 120 min of energy consumption) independent of
exercise; 4) postprandial snack (i.e., within 120 min of energy con-
sumption) independent of exercise; 5) postprandial meal or snack (i.e.,
within 120 min of energy consumption) coinciding with exercise; and
6) exercise that did not occur during the postprandial period. Further-
more, the rate of severe hypoglycemic excursions relative to the time
spent in each study activity was calculated for each volunteer (i.e.,
number of minutes spent in severe hypoglycemia divided by the total
time spent in each activity).

Body weight change was calculated using body weights recorded
pre- and postintervention (i.e., FED and DEF), and paired t-tests were
used to determine whether there was a significant difference in the
weight change between FED and DEF. Pearson’s correlation was used
to assess associations between interstitial and serum glucose con-
centrations. For these correlations, the serum glucose value was
compared with the interstitial glucose value (i.e., 5-min average)
that occurred ~10 min after the serum was sampled, since inter-
stitial glucose changes are somewhat delayed in relation to serum
glucose (11).

Coefficients of variation were calculated for the entire CGM
collection period, as well as for certain, specific activities (e.g.,
evening sleep, daytime rest, etc.) to determine variability in glucose
concentrations. Specific study activities, and the associated glucose
concentrations, were assessed independently, since glucose response
is differentially mediated by activity (e.g., energy consumption com-
pared with rest). Linear mixed models with unstructured covariance
type were used to determine differences in main effects of time and
condition and their interactive effects with regard to interstitial glu-
cose concentrations during study activities involving more than two
time points of interest. t-Tests were used when there were only two
time points of interest. When significant main or interaction effects
were observed with the mixed-models ANOVA, all possible t-tests
were conducted, and the Bonferroni correction was used to control the
familywise error rate. �2 was used to determine differences in the
number of participants who experienced hypoglycemic excursions.
Paired samples t-tests were used to determine differences in the
duration of hypoglycemic excursions between interventions. Linear
regression was used to determine if volunteer characteristics predicted
time spent in hypoglycemia during FED and DEF.

Statistical analysis was conducted using the SPSS statistical pack-
age version 21 (IBM SPSS, Chicago, IL). Data were examined for
outliers, both quantitatively and graphically, while normal distribution
of data was confirmed via the Shapiro-Wilk test. Complete CGM data
(i.e., defined as continuous recordings from 1300 on D1 until 1600 on
D2) were collected from 12 of the 23 participants who completed the
study, and incomplete CGM data were collected for the remaining 11
participants. Incomplete data resulted from sensors failing to initiate
until the evening of D1, sensors becoming dislodged for extended
time periods, or sensor disengaging on the afternoon of D2. Fewer
than 25% of the CGM data were missing (i.e., 24%) or considered
implausible (�0.8 mmol/l; �1%). All available data were included in
the analyses, and results of the statistical analyses were not different
when analyses were limited to volunteers with “complete” CGM data
(n � 12). Results are presented as means (� SD), unless otherwise
noted. P � 0.05 was considered statistically significant.

RESULTS

Participant characteristics and dietary intake. Thirty-one
participants consented to participate in the study, and, of the 28
participants who began the study, 82% (n � 23) finished both
experimental conditions: 17 men/6 women; age: 21.3 � 3.0 yr;
body weight: 75.1 � 13.3 kg; body mass index (BMI): 25 � 3
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kg/m2; V̇o2peak: 46.8 � 5.2 ml/kg (Fig. 1). Reasons for study
attrition are provided in Fig. 1.

During FED and DEF, average TDEE was 3,970 � 790 and
3,950 � 750 kcal/day, respectively, as previously reported (28,
41). Per the study design, total energy intake and carbohydrate,
protein, and fat intake significantly differed between FED and
DEF (Table 1). Although dietary macronutrient proportions
differed between conditions, it should be noted that absolute
macronutrient intake was extremely low during DEF. There
were no differences in recorded body weight at the start of DEF
and FED (74.6 � 13.3 and 74.4 � 13.4 kg, respectively; P �
0.40). Body weight significantly declined for both FED and
DEF from the morning of D1 to the end of the study
(�0.6 � 0.7 and �2.5 � 0.8 kg, respectively, P � 0.001), and
weight change was greater for DEF compared with FED (P �
0.001).

Interstitial glucose concentrations, comparisons with serum
glucose concentrations. Interstitial glucose concentrations were
significantly correlated with serum glucose concentrations (as-
sessed via Beckman Coulter DXC 600 Pro analyzer) during

FED (r � 0.8–1.0, P � 0.0001) and DEF (r � 0.7–0.9, P �
0.01).

Interstitial glucose concentrations, differences between FED
and DEF. Mean duration of CGM data collected during FED
and DEF were 25.3 � 6.1 h (range: 3.3–32.6 h) and 24.4 � 7.1
h (range: 3.4–30.5 h), respectively (P � 0.60). There was no
difference between interventions in terms of duration of avail-
able glucose data from CGM during specific study activities.
Interstitial glucose concentrations (Fig. 2) over the total col-
lection period were significantly lower during DEF (4.1 � 0.8
mmol/l; coefficient of variation � 19.9%) compared with FED
(5.0 � 1.2 mmol/l; coefficient of variation � 23.8%), inde-
pendent of time (P � 0.0001), and the intervention-by-time
interaction was significant (P � 0.0001). The slopes of the
lines for FED and DEF were 0.00 and �0.01, respectively.

During all activities, interstitial glucose was lower in re-
sponse to DEF compared with FED, with the mean difference
ranging from 0.6 � 0.3 (95% confidence interval: 1.7 and 20.9,
P � 0.05) during evening rest on D1 to 1.2 � 1.0 mmol/l (95%
confidence interval: 0.8 and 1.7, P � 0.001) following break-
fast on D2 (Fig. 3). Much of the exercise sessions overlapped
with the postprandial period; therefore, exercise was not in-
cluded in this aspect of the analyses.

Interstitial glucose concentrations, hypoglycemic and hyper-
glycemic excursions. Of the 23 participants, 19 and 9 experi-
enced mild (3.1–3.8 mmol/l) and severe (�3.1 mmol/l) hypo-
glycemic excursions, respectively, during FED [�2 (1) � 3.1;
P � 0.13], and 22 and 15 experienced mild and severe
hypoglycemic excursions, respectively, during DEF [�2 (1) �
2.0; P � 0.35]. The mean glucose concentrations during all
hypoglycemic excursions (�3.9 mmol/l) were 3.2 � 0.5
mmol/l [range: 2.2–3.8 mmol/l (FED)] and 3.3 � 0.4 mmol/l
[range: 2.2–3.8 mmol/l (DEF)]. The mean duration and per-
centage of time in all hypoglycemic excursions (�3.9 mmol/l)
during the data collection period were significantly greater for
DEF (587 � 425 min and 38.7 � 25.0%) compared with FED

Fig. 1. Participant disposition. 1 Withdrew owing to unexpected departure from
the geographical area (n � 2) or upper respiratory infection (n � 1). 2 With-
drawn by medical oversight due to an unrelated medical condition (i.e., viral
costochondritis). 3 FED, study iteration wherein total daily energy intake
matched total daily energy expenditure. 4 Withdrew owing to esophageal reflux
(n � 1). 5 DEF, study iteration wherein volunteers were in severe energy
deprivation. 6 Withdrew afternoon of day 1 due to weakness and hunger (n �
1), withdrew morning of day 2 due to nausea and vomiting (n � 1), or
withdrew afternoon of day 2 due to nausea and vomiting (n � 1). Table 1. Energy expenditure and intake of energy and

macronutrients

FED DEF

Habitual TDEE, kcal/day 2,300 � 500
Resting metabolic rate, kcal/day 1,700 � 300 1,700 � 300
Experimental TDEE, kcal/day 4,000 � 800 4,000 � 800
Total energy intake, kcal/day 3,940 � 770 270 � 60
Energy balance, kcal/day �40 � 90 �3,680 � 720
Protein

g/day 19 � 3 8 � 2
%kcal from protein 1.9 � 0.4 12.6 � 1.0

Carbohydrate
g/day 840 � 181 44 � 9
%kcal from carbohydrate 85 � 2 67 � 6

Fat
g/day 56 � 8 6 � 2
%kcal from fat 13 � 2 21 � 5

Day 1, AM beverage, kcal 490 � 140 10 � 0
Day 2, breakfast, kcal 800 � 150 30 � 0
Day 2, lunch, kcal 820 � 140 100 � 30
Day 2, PM beverage, kcal 430 � 120 10 � 0
Day 2, dinner, kcal 780 � 120 90 � 50
Day 2, snack, kcal 610 � 240 20 � 10

Values are means � SD; n � 23 subjects. FED energy intake was matched
to energy expenditure. DEF energy intake was �300 kcal/day. TDEE, total
daily energy expenditure.
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(205 � 210 min and 13.6 � 13.7%, respectively) (P � 0.04 for
both comparisons). However, the mean duration and percent-
age of time in severe hypoglycemic excursions (�3.1 mmol/l)
during the data collection period were not significantly differ-
ent between DEF (147 � 181 min and 8.9 � 10.9%) and FED
(59 � 134 min and 4.3 � 9.0%, respectively) (P � 0.10).
None of the volunteer characteristics (i.e., age, sex, BMI,
V̇o2peak, baseline blood glucose, and weight change during
FED and DEF) were significant predictors of time spent in mild
or severe hypoglycemia during FED and DEF (R2: 0.06–0.23;
standardized 	-coefficients: �0.3–0.3, P � 0.4).

Volunteers spent a significantly greater percentage of time in
severe hypoglycemia during daytime rest periods and the
postprandial beverage/snack periods, in response to DEF com-
pared with FED (Fig. 4). However, there were no significant
differences between interventions, with respect to the percent-
age of time spent in severe hypoglycemia during evening sleep,
exercise, postprandial meal periods, and postprandial periods
with exercise relative to the time spent within each activity
during the data collection period (Fig. 4).

None of the participants experienced hyperglycemic excur-
sions during DEF, while 11 of 23 participants experienced
hyperglycemic excursions during FED. The mean glucose
concentrations during, and percentage of time in, hyperglyce-
mic excursions was 8.4 � 0.7 mmol/l (range: 7.8–11.2) and
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0.9–2.1% (FED), respectively. Of the hyperglycemic excur-
sions, 83% occurred during the postprandial phase.

Side effects potentially related to the dietary intervention.
Seven of the twenty-eight volunteers who began the study
self-reported symptoms typically associated with low blood
glucose (e.g., weakness, nausea, vomiting) during DEF, and
one of the seven volunteers also reported similar symptoms
during FED. None of the volunteer characteristics (i.e., age,
sex, BMI, V̇o2peak, baseline blood glucose) was a significant
predictor of self-reported symptoms. Of those seven partici-
pants, three withdrew voluntarily from the study during DEF,
the other four participants completed the study, and their CGM
data are included in the analyses presented. Of the three
participants who withdrew during DEF, two reported nausea
and vomiting owing to extreme dislike of the study diet, and
the other participant withdrew due to weakness/hunger. Avail-
able blood glucose concentrations for the three volunteers who
withdrew during DEF are as follows: 1) morning D1: 5.7
mmol/l, evening D1: 2.9 mmol/l, morning of D2: 2.7 mmol/l;
2) morning D1: 4.6 mmol/l, midday D2: 4.4 mmol/l; and 3)
morning D1: 4.3 mmol/l; midday D1: 3.1 mmol/l, evening D1:
4.3 mmol/l, morning D2: 2.8 mmol/l, midday D2: 1.9 mmol/l.
There were no apparent differences between study noncom-
pleters and completers in terms of glucose values, sex, BMI,
age, and V̇o2peak.

DISCUSSION

This study is the first to characterize glucose homeostasis
during acute, severe energy deficit in conjunction with exten-
sive aerobic exercise in normal, healthy volunteers using a
continuous measure of glucose concentrations. Interstitial glu-
cose concentrations were lower across the overall measurement
period, and the rate of mild hypoglycemia (3.1–3.8 mmol/l)
was significantly higher during the energy deficit compared
with the fully fed condition. Most notable, this rigorously
controlled study demonstrated that the time spent in severe
hypoglycemia (�3.1 mmol/l) was not significantly different
between treatment conditions, indicating that glucose homeo-
stasis is fairly well maintained in normal, healthy participants
in response to severe energy deficit and substantial aerobic
exercise.

Interstitial glucose concentrations across the overall mea-
surement period of the FED condition are similar to those
reported by other studies using CGM to monitor glucose
homeostasis during energy balance in young, healthy, normal-
weight participants (9, 19, 25, 46, 59). The magnitude and
duration of the fluctuations in glucose during postprandial
periods reflect the macronutrient profile (i.e., carbohydrate
content) of the meals and snacks, which are rapidly digested
and associated with a sharp, initial rise in blood glucose (14,
15, 52, 53). Furthermore, rates of normoglycemia, hypoglyce-
mia, and hyperglycemia observed during the FED condition
were generally in agreement with other studies that assessed
continuous glucose concentrations in similar populations (19,
27, 59). For example, DeLarosa and colleagues (19), and the
Juvenile Diabetes Research Foundation’s Continuous Glucose
Monitoring Study Group (27), observed similar rates of nor-
moglycemia in free-living, healthy, normal-weight, young
adults compared with the present study. As such, the unique
high-carbohydrate diet and high volume of physical activity

used as a model in this study did not appear to generate
abnormal glycemic responses that might bias comparisons
between conditions.

As expected, mean interstitial glucose concentrations, over
the total measurement period (2 days), were significantly lower
in response to energy deficit vs. energy balance. The negative
slope of the graphical display of the mean interstitial glucose
concentrations indicates a decline over the course of the energy
deficit occurred (Fig. 2) and suggests it was more difficult to
preserve normoglycemia during the later stages of the trial (i.e.,
afternoon of D2). Altogether, these observations were unsur-
prising, given that energy intake averaged only ~250 kcal/day.
Buscemi and colleagues (10) studied glycemic homeostasis in
nondiabetic, overweight/obese, middle-aged adults and also
observed significant declines in response to long-term, moder-
ate energy deficit (20 kcal/kg body wt for 3 mo). Our obser-
vations are also consistent with earlier studies investigating the
effects of prolonged exercise accompanied by low-energy
intake (22, 24, 34). For example, Guezennec et al. (24) studied
military conscripts in energy deficit during a 5-day, high-
energy expenditure training course and reported a significant
decline in fasting blood glucose from pre- to posttraining, as
did Friedl et al. (22) who studied Army Rangers during a series
of training periods (7–10 days each) in which volunteers were
in energy deficit, although neither study reported mean glucose
concentrations below the lower limits of the normal fasting
range (i.e., 3.9 mmol/l). Unfortunately, these studies did not
continuously monitor glucose, limiting comparisons to the
current investigation. Our data, therefore, add to the evidence
base by using CGM to study glycemic excursions during
severe energy deficit.

The absence of between-condition differences in time spent
in severe hypoglycemia demonstrates that nadir glucose con-
centrations were tightly defended over the 2-day study period.
This finding provides further evidence that, when a nadir in
glucose occurs in healthy adults during routine activities,
regulatory mechanisms are actively trying to prevent any
further drop in glucose, even during periods of severe exoge-
nous glucose deprivation. That participants spent significantly
more time in mild hypoglycemia (3.1–3.8 mmol/l) during the
DEF condition vs. the fully fed condition was not surprising,
given the severity of the energy deficit, and likely reflects
normal physiological responses to fasting. Specifically, during
the first ~24 h of fasting, glucagon stimulates the breakdown of
liver glycogen via glycogenolysis, and, once glycogen stores
are depleted, gluconeogenesis generates glucose predomi-
nantly from stored fat (i.e., glycerol moiety of triacylglycerols)
and protein (23, 43, 47). Mild hypoglycemia causes the release
of homeostatic counterregulatory hormones, which stimulate
gluconeogenesis, thereby increasing glucose concentrations,
and is typically not accompanied by substantial symptomology
(20, 36, 49). Indeed, only 7 of the 23 participants (~30%)
experienced symptoms typically associated with hypoglyce-
mia, and, despite minimal caloric intake and mild hypoglyce-
mia during the energy deficit, volunteers were able to complete
substantial daily physical activity. Our observations suggest
that severe hypoglycemia is not a common metabolic response
to the exercise volumes and energy deficits imposed during this
study, but rather occurred only in a few individuals who
experienced an extreme response to the intervention. We were
not able to identify any characteristics that explained why some
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volunteers responded differently than others. However, it is
possible that a subset of volunteers were prone to symptomatic
hypoglycemia in everyday life or simply were less tolerant of
the intervention and subsequent lower blood glucose levels,
compared with the other participants. In conclusion, extremely
low glucose concentrations are generally prevented by the
normal homeostatic processes that occur in healthy participants
in response to acute, severe energy restriction.

The present study is not without limitations. There are
physiological and technical limitations inherent to CGM sys-
tems. Continuous measures of interstitial glucose concentra-
tions are not perfectly correlated with blood glucose measure-
ments (35). In general, however, glucose values derived from
the CGM sensors used in this study are well correlated with
capillary and venous blood glucose values in healthy persons
with and without diabetes (r � 0.70–0.9) (2, 4, 5, 16, 17, 55),
and we confirmed that serum glucose and interstitial glucose
concentrations were significantly correlated across both exper-
imental interventions with r values between 0.7 and 1.0.
Furthermore, interstitial glucose from subcutaneous fat corre-
lates well with glucose concentrations from brain tissue, as
demonstrated in pigs and humans (38, 48), suggesting that
CGM reflects peripheral and central blood glucose concentra-
tions. Although mood changes were noted, cognitive perfor-
mance decrements were not documented in response to the
energy deficit herein (28a), consistent with prior work from our
laboratory (29), indicating that larger decrements in glucose
are needed to elicit cognitive impairment. Technical issues
(e.g., dislodging of the sensor) affecting the stability of the
signal lead to delayed recordings or premature termination of
recordings (35). Despite these shortcomings, the use of CGM
vs. blood sampling at discrete time points is a major strength of
the study and provided a means to unobtrusively assess con-
tinuous glucose concentrations during ~2 days, notably during
sleep and heavy exercise, which is not otherwise feasible.
Lastly, findings cannot be generalized to persons with a BMI �
25 kg/m2 and/or persons with impaired glucose tolerance, since
the present study included only normal-weight participants,
and variability in glucose homeostasis may be different in
those populations.

Conclusion. This study demonstrated that glucose regulation
is, generally, tightly controlled in normal-weight, healthy,
young adults in response to severe, short-term energy restric-
tion, accompanied by an ~1,500 kcal/day increase in exercise-
induced energy expenditure. The fact that severe hypoglycemia
did not differ between energy deficit and energy balance
conditions, coupled with the low frequency of symptoms
typically associated with hypoglycemia, indicates that normal
homeostatic mechanisms effectively offer some protection to
individuals exposed to 2 days of near-total energy deficit in
combination with high-energy expenditure. These findings are
applicable to combat sport athletes and select groups of mili-
tary personnel who may encounter similar or less austere
scenarios.
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