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INTRODUCTION
Whether humans are able to adapt to periods of limited
energy intake with a decrease in energy expenditure (EE)
beyond that predicted for the change in body size and composition has been controversial in nutritional sciences during much
of the 20th century (1–5). Some 50 y ago, Keys et al (6–8) showed
in a pioneering semistarvation study (the Minnesota experiment) that 6 mo of severe energy restriction in 32 lean men led
to a marked reduction in EE. This was due to a reduction in both
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physical activity and in the resting metabolic rate (RMR), which
decreased not only in absolute terms (39%) but also when
expressed per kilogram of metabolically active tissue (16%).
This form of energy conservation, a biologically meaningful survival mechanism in the face of dangerously low energy supplies
and stores, has been referred to as metabolic adaptation (6, 9). To
date, the Minnesota experiment continues to be the most comprehensive underfeeding study in humans, and its findings—
revisited recently in detail by Dulloo et al (10–12)—have provided important insights into our understanding of human energy
metabolism and body weight regulation. However, it is important
to remember that the diet in Keys et al’s (6) study was designed
to represent the severely energy-deficient diet in European
famine areas during and after World War II. Consequently, the
participating lean men rapidly lost large amounts of weight
(25% of body weight) and by the end of the study were
severely undernourished with weakness, lethargy, and edema (6,
7). Clearly, despite the adaptive reduction in EE, such severe
energy restriction would have soon led to death by starvation had
the study not been terminated after 6 mo.
To examine whether a similar adaptive decrease in EE occurs
when lean subjects are subjected to less severe energy restriction
that is sustained over several years, we assessed energy metabolism in 8 volunteers who had been energy restricted for 2 y while
confined inside Biosphere 2 (13–18). Biosphere 2 is a 12 750-m2
(3.15-acre), enclosed glass and steel structure near Tuscon, AZ,
that was constructed as a self-contained ecologic “miniworld”
and prototype planetary habitat (13, 16). The enclosure contains
7 biomes (rain forest, savannah, ocean, marsh, desert, an agroforest, and a human habitat), which are intended to provide sufficient food supply for humans confined therein (13, 16). From
26 September 1991 until 26 September 1993, 8 healthy subjects
(4 men and 4 women) lived inside Biosphere 2, during which

ABSTRACT
Background: An adaptive decrease in energy expenditure (EE) in
response to 6 mo of severely restricted energy intake was shown
in a classic semistarvation study—the Minnesota experiment.
Objective: Our objective was to examine whether such adaptation also occurs in response to less severe but sustained
energy restriction.
Design: Body composition, 1-wk total EE (TEE), 24-h
sedentary EE, and spontaneous physical activity were measured in 8 healthy subjects (4 men and 4 women) at the end of
a 2-y confinement inside Biosphere 2. Unexpectedly, the
food supply was markedly restricted during most of the confinement and all subjects experienced a marked, sustained
weight loss (9.1 ± 6.6 kg; P < 0.001) from the low-energy
(7000–11 000 kJ/d), low-fat (9% of energy), but nutrientdense, diet they consumed.
Results: The TEE inside Biosphere 2, assessed 3 wk before
exit, averaged 10 700 ± 560 kJ/d (n = 8). Within 1 wk after
exit, the adjusted 24-h EE and spontaneous physical activity
were lower in the biospherians (n = 5) than in 152 control subjects (6% and 45%, respectively; both P < 0.01). Six months
after exit and return to an ad libitum diet, body weight had
increased to preentry levels; however, adjusted 24-h EE and
spontaneous physical activity were still significantly lower
than in control subjects.
Conclusions: In lean humans, an adaptive decrease in EE
appears to occur not only in states of life-threatening undernutrition, but also in response to less severe energy restriction
sustained over several years.
Am J Clin Nutr 2000;72:
946–53.
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TABLE 1
Physical characteristics of the 8 biospherians at entry
Subject no.1

F1
F2
F3
F4
M1
M2
M3
M4
1

Age

Height

Weight

BMI

y

cm

kg

kg/m2

39
31
29
40
30
67
41
27

171
164
168
171
179
170
166
181

55.9
52.7
59.1
75.0
67.3
68.2
67.3
94.5

19.1
19.3
20.9
25.6
21.0
21.2
23.7
28.8

F, female; M, male.

small amounts of animal products. The diet was high in carbohydrate and low in fat (80%, 9%, and 11% of energy from carbohydrate, fat, and protein, respectively) and rich in vitamins,
minerals, and trace elements (13–18). The food was consumed as
3 meals/d and was distributed equally among the 8 subjects
regardless of age, sex, and body size (16). Computer-assisted
nutritional analyses performed inside Biosphere 2 indicated a
sufficient protein intake (63 g/d) and a sufficient supply of all
essential nutrients, except for vitamin D (because of restricted
ultraviolet radiation), vitamin B-12, and calcium (because of a
low consumption of animal products) (16). To avoid chronic
deficiencies in these nutrients, a vitamin-mineral supplement
(Thompson Medical, West Palm Beach, FL) providing 50% of
the recommended dietary allowance (19) of all essential vitamins
and minerals was consumed daily by all subjects.
To maintain Biosphere 2 and earn their daily food throughout the 2 y of confinement, the 8 subjects had to sustain a relatively high workload, judged to be equivalent to 3–4 h of manual
farming daily (16). Because of the unexpected agricultural
problems caused by insufficient sunlight and insect pests, food
availability was restricted during most of the 2-y period, most
severely during the first 6 mo of confinement. During this time,
the estimated 24-h energy intake averaged only 7460 kJ/d (13),
leading to marked weight loss in all 8 subjects (Figure 1).
Thereafter, food intake remained low (from 7000 to 11 000 kJ/d)

SUBJECTS AND METHODS
Subjects
The baseline physical characteristics of the biospherians are
given in Table 1. Before their confinement in Biosphere 2, all
subjects were in good health as assessed by a comprehensive
medical evaluation and all remained clinically healthy throughout the 2 y of confinement (13–18). All subjects were nonsmokers and none was taking medication regularly, except for
one woman (subject F1) who was receiving thyroid replacement
therapy at a stable dose and was clinically euthyroid throughout
the study. The study protocol was approved by the Human Use
Committees of the Universities of Arizona, Tuscon, and California (Los Angeles), and by the Institutional Review Board of
the National Institute of Diabetes and Digestive and Kidney
Diseases. All subjects provided written, informed consent
before participation.
Diet, physical activity, and body weight
The major foods available inside Biosphere 2 and the average
dietary intake and habitual physical activities during the 2 y of
confinement were reported in detail elsewhere (13). In brief, the
diet was largely vegetarian, composed of large amounts of green
and yellow vegetables and fruit, modest amounts of grain, and

FIGURE 1. Absolute and relative changes in body weight in the 8
subjects (by sex and number) during the 2 y of confinement inside Biosphere 2 and 6 mo after exit. For the subgroup of 5 biospherians who were
evaluated in the respiratory chamber within 1 wk (24 mo) and 6 mo (30
mo) after exit from Biosphere 2 (RC-1 and RC-2, respectively), the mean
weight changes (thick, dark line) and body weights at 30 mo are also
shown. DLW, doubly labeled water.
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time the enclosure was materially sealed, ie, no material passed
in or out except for small items required for research purposes.
To date, the Biosphere 2 experiment represents the longest sustained period of human isolation in a confined environment on
record (14–18). Unexpectedly, the amount of food grown inside
was lower than originally predicted and, although the quality of
the diet was high, the total energy intake was insufficient during
most of the 2-y period relative to the workload of the subjects
(13–18). As a result, all 8 biospherians experienced a marked
weight loss (14 ± 5% of body weight at 6 mo; range: 9–24%) that
was maintained throughout the confinement. Because of these
unforeseen circumstances, the Biosphere 2 project became a
unique nutritional experiment that allowed study of the effects of
prolonged energy restriction on human energy metabolism. For
this reason, a series of studies was initiated in collaboration with
the Clinical Diabetes and Nutrition Section of the National Institutes of Health in Phoenix, AZ, to comprehensively assess energy
metabolism in the biospherians both at the end of their confinement (no preentry data were obtained because the weight loss was
unexpected) and repeatedly after exit from Biosphere 2.
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TABLE 2
Plasma concentrations of thyroid hormones during and after confinement in Biosphere 21
Confinement in Biosphere 2
5 mo
(n = 7)

9 mo
(n = 7)

16 mo
(n = 7)

DLW and RC-1
at 23 mo
(n = 5)

RC-2 at 30 mo
(n = 5)

39 mo
(n = 7)

T4 (nmol/L)
78 ± 10
81 ± 10
79 ± 8
81 ± 5
90 ± 11
85 ± 12 (64–141)2
fT4 nmol/L)
77 ± 10
80 ± 9
77 ± 6
79 ± 5
90 ± 8
84 ± 9 (64–141)
T3 (nmol/L)
1.65 ± 0.34
1.37 ± 0.673
1.41 ± 0.123
1.69 ± 0.32
2.26 ± 0.62
1.78 ± 0.21 (1.15–2.69)
fT3 (nmol/L)
1.61 ± 0.353
1.26 ± 0.243
1.40 ± 0.103
1.65 ± 0.343
2.23 ± 0.36
1.77 ± 0.14 (1.15–2.69)
TSH (U/L)
2.4 ± 1.2
2.7 ± 1.6
2.0 ± 0.5
2.9 ± 1.5
2.1 ± 0.7
2.7 ± 1.3 (0.3–4.7)
1–
x ± SD. DLW, doubly labeled water; RC-1 and RC-2, first and second evaluations in the respiratory chamber; T4, thyroxine; fT4, free T4; T3, triiodothyronine; fT3, free T3; TSH, thyroid-stimulating hormone.
2
Normal range in parentheses; determined at the Endocrinology Laboratory, University of California, Los Angeles.
3
Significantly different from RC-2 at 30 mo, P < 0.05 (after Bonferroni correction).

Thyroid hormones
At 5, 9, 16, and 23 mo of confinement and at 6 and 15 mo
after exit from Biosphere 2 (ie, at 30 and 39 mo), plasma concentrations of total and free thyroxine (T4), total and free triiodothyronine (T3), and thyroid-stimulating hormone were
determined by radioimmunoassays (Table 2). Because none of
these indexes were measured before entry, values 15 mo after
exit (39 mo) were used as a retrospective control. Results from
the woman receiving thyroid replacement therapy were
excluded from this analysis.
Energy metabolism
Total energy expenditure and physical activity inside Biosphere 2
To assess EE and physical activity during a typical workweek
inside Biosphere 2, total EE (TEE) was measured over 7 d by the
doubly labeled water method (20, 21) in all 8 subjects 3 wk
before exit. For 3 consecutive days before dosing, baseline urine
samples were collected in the morning. At 0700 on the day of
dosing, each subject ingested a mixed dose containing 2.110 g
10.4% H218O and 0.111 g 99% 2H2O/kg body wt. Urine samples
were collected at 1000, 1300, 1600, and 1900 on the same day.
After 7 d, subjects voided at 0700 and urine samples were collected at 1000, 1300, and 1600. A 40-mL aliquot of each urine
sample was frozen in a sealed, 50-mL plastic container to limit
fractionation. Separate samples were prepared for determination
of 2H enrichment by zinc reduction at 495 C and for determination of 18O by equilibration with carbon dioxide as described
previously (20). After the mean baseline value was subtracted,
2
H and 18O isotopic elimination rates were calculated by using
the 3 data points from the first day and the last 2 data points from
the last day. EE was then calculated by the slope-intercept
method, with isotope-dilution spaces calculated by extrapolation
of the enrichments to time zero (20, 21).
During the 1-wk measurement period, all subjects consumed
their habitual diet, providing an average of 11 330 kJ/d (range:
10 740–12 000 kJ/d), and maintained their routine physical activities. In 5 of the subjects (those who were later studied in the respiratory chamber; see below), RMR was measured during the

same week with a ventilated-hood indirect calorimetry system
(Deltatrac; Sensormedics, Anaheim, CA). In the other 3 subjects,
RMR was estimated according to the Harris-Benedict equation
(22). The estimated physical activity EE (PAEE) was calculated as
PAEE = TEE  [RMR + (0.1  TEE)]

(1)

where 0.1  TEE is an estimate of the thermic effect of food
(21). The physical activity level (PAL) was calculated as
PAL = TEE/[RMR + (0.1 TEE)]

(2)

Body composition and 24-h energy metabolism after exit from
Biosphere 2
Within the first week after exit from Biosphere 2 and again
6 mo after exit, when the subjects’ body weights had reverted to
preentry values, 5 of the 8 subjects were admitted to the metabolic
ward of the Clinical Diabetes and Nutrition Section of the
National Institutes of Health for the assessment of body composition and 24-h energy metabolism. Body composition was measured by hydrodensitometry with simultaneous assessment of
residual lung volume by helium dilution (23) and calculation of
percentage body fat as described previously (24). Twentyfour–hour energy metabolism was assessed in a whole-body respiratory chamber (25). In brief, subjects entered the chamber at
0745 after an overnight fast and remained therein until 0700 the
following morning. During the first evaluation in the respiratory
chamber, within 1 wk after exit, the 5 subjects were fed a diet with
a macronutrient composition similar to that of the diet consumed
inside Biosphere 2 (80%, 9%, and 11% of energy from carbohydrate, fat, and protein, respectively; food quotient: 0.948).
After exiting Biosphere 2 and before the first evaluation in the
respiratory chamber (between 3 and 8 d after exit), the subjects
underwent a comprehensive series of tests while consuming an
ad libitum diet, during which time they were asked to maintain
their energy balances and body weights. During the second evaluation in the respiratory chamber, 6 mo after they resumed their
usual ad libitum diet, the subjects consumed the standard diet
provided in our respiratory chamber (50%, 30%, and 20% of
energy from carbohydrate, fat, and protein, respectively; food
quotient: 0.866) (26). On both occasions, the amount of food
served to a given subject was calculated by using previously published equations (26) so that energy intake would match the estimated EE of that subject. Meals were provided at 0800, 1130,
and 1700; an evening snack was provided at 2000.
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and the reduced body weight was maintained for the rest of the
2-y period. After exiting Biosphere 2, the subjects resumed
their original ad libitum diet and after 6 mo their mean body weights
had returned to preentry values.
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TABLE 3
Physical characteristics of the control subjects and of the subgroup of 5 biospherians in whom 24-h energy metabolism was assessed in a respiratory
chamber at within 1 wk and 6 mo after exit from Biosphere 21
Biospherians (n = 3 M, 2 F)
1 wk after exit
6 mo after exit

Control subjects (n = 89 M, 63 F)
35.3 ± 16.0
170 ± 8
68.3 ± 8.7
23.7 ± 3.4
21 ± 10
8120 ± 990
5920 ± 730
7.5 ± 3.2
8100 ± 880
20 ± 620
0.863 ± 0.027

43.6 ± 16.0
171 ± 7
59.7 ± 7.73
19.8 ± 1.83
10 ± 35
7360 ± 9706
5450 ± 520
4.1 ± 1.36
6810 ± 8203
550 ± 420
0.951 ± 0.0355

44.1 ± 16.0
171 ± 7
68.5 ± 10.6
22.9 ± 2.0
21 ± 2
7680 ± 1000
5850 ± 720
4.1 ± 1.26
8310 ± 1040
630 ± 370
0.888 ± 0.030

2,4,7

Significant time effect: 2 P < 0.001, 4 P < 0.01, 7 P < 0.05.
Significantly different from control subjects after adjustment for age and sex: 3 P < 0.01, 5 P < 0.001, 6 P < 0.05.
8
The 24-h respiratory quotient 1 wk after exit was measurerd under different dietary conditions (see Methods).
3,5,6

The rate of EE was measured continuously, calculated for
each 15-min interval during the 23 h in the chamber, summed,
and then extrapolated to 24 h (24-h EE). Spontaneous physical
activity was assessed by radar sensors and expressed as a percentage of time over the 23-h period in which activity was
detected (25). The sleeping metabolic rate (SMR) was defined as
the average EE from all 15-min periods between 2330 and 0500
during which the spontaneous physical activity was < 1.5%. Car·
·
bon dioxide production (VCO2) and oxygen consumption (VO2)
were calculated for every 15-min interval of the 23-h chamber
stay and then the values were extrapolated to 24 h. The 24-h
respiratory quotient (24-h RQ) was calculated as the ratio of
·
·
24-h VCO2 to 24-h VO2. The 24-h oxidation rates of fat, carbo·
·
hydrate, and protein were calculated from VO2, VCO2, and urinary nitrogen excretion as described previously (27).
Statistical analyses
Statistical analyses were performed by using the procedures of the SAS Institute (Cary, NC). Results are given as
means ± SDs. Changes in body weight and thyroid hormone concentrations over time were tested for statistical significance by
repeated-measures analysis of variance (overall time effect) and
paired t tests with Bonferroni correction for repeated comparisons (differences between selected time points). Measurements
of 24-h energy metabolism in the 5 biospherians were compared
with those of a control group of 152 healthy subjects (Table 3)
chosen from the group of white subjects studied in our respiratory chamber who had similar heights and body weights, but who
had been consuming an ad libitum diet before their evaluation.
The physical characteristics of the 5 biospherians and of the
152 control subjects were compared by using general linear regression models, with simultaneous adjustment for age and sex.
Measurements of 24-h energy metabolism in the 5 biospherians
within 1 wk and 6 mo after exit from Biosphere 2 were compared
with the control group by using general linear regression models
with simultaneous adjustment for either age and sex alone
(Table 3) or with adjustment for age, sex, fat-free mass, and fat
mass. Paired t tests were used to assess whether the anthropometric and metabolic changes from within 1 wk to 6 mo after
exit from Biosphere 2 were significant.

RESULTS
Physical characteristics
The physical characteristics of the 8 biospherians at the time of
entry are given in Table 1. The absolute and relative changes in
body weight during the 2 y of confinement and for the 5 subjects
who were subsequently evaluated in the respiratory chamber for
6 mo after exit from Biosphere 2 are shown in Figure 1. During the
first 6 mo of confinement in Biosphere 2, body weight decreased
in all 8 subjects by an average of 14 ± 5% (9.8 ± 5.5 kg; P <
0.001): by 16 ± 6% in men (from 73.6 ± 13.4 to 61.4 ± 6.7 kg; P
< 0.001) and by 12 ± 2% in women (from 60.1 ± 9.8 to
52.7 ± 8.0 kg; P < 0.001). For the subsequent 18 mo of confinement, body weight was maintained at the reduced level but reverted
to preentry levels 6 mo after the subjects had exited Biosphere 2
and resumed their ad libitum diets; the overall time effect was
significant between 0 and 24 mo (P < 0.001) but was not significant
between 6 and 24 mo.
Thyroid hormones
Compared with values shortly after weight regain (at 30 mo),
plasma concentrations of free T3 were lower by 26%, 39%, and
37% at 9, 16, and 23 mo of confinement, respectively (all P < 0.05;
Table 2). Compared with the value at 39 mo, however, the
differences were less pronounced and were not significant. Similar results were obtained for total T3. Plasma concentrations of
free and total T4 also tended to be lower during confinement than
after exit, but these changes were not significant.
Total energy expenditure and physical activity inside
Biosphere 2
The results of the doubly labeled water study are summarized
in Figure 2. TEE during a typical workweek inside Biosphere 2
averaged 10 700 ± 560 kJ/d 3 wk before exit, which was not
significantly different from the average energy intake during this
week (11 330 ± 460 kJ/d), but was substantially higher than the
average energy intake during the first 6 mo of confinement
(7460 kJ/d) (18) and was also higher than the average energy
intake during much of the 18 mo thereafter (21). The PAEE and
PAL averaged 3270 ± 420 kJ/d and 1.70 ± 0.06, respectively.
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Age (y)
Height (cm)
Body weight (kg)2
BMI (kg/m2)2
Percentage body fat (%)4
24-h energy expenditure (kJ/d)
Sleeping metabolic rate (kJ/d)
Spontaneous physical activity (%)
24-h Energy intake (kJ/d)4
24-h Energy balance (kJ/d)7
24-h Respiratory quotient 7,8
1–
x ± SD.
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ber also remained significantly lower in the 5 biospherians than
in the control group (Table 3) and, as within 1 wk after exit from
Biosphere 2, the difference in 24-h EE (240 ± 210 kJ/d, or
3.0 ± 2.7%) was no longer significant after additional adjustment
for spontaneous physical activity. The SMR at 6 mo was not
significantly different between the biospherians and the control
subjects (210 ± 200 kJ/d, or 3.9 ± 2.8%), nor was the 24-RQ
(Table 3), which had now been measured while both groups were
consuming the same diet (food quotient: 0.866) in the chamber.

Body composition and 24-h energy metabolism after exit
from Biosphere 2
The metabolic and physical characteristics of the 5 biospherians in whom body composition and 24-h energy metabolism were
assessed within 1 wk and 6 mo after exit and of the 152 control
subjects are summarized in Table 3 and in Figures 3 and 4.
One week after exit, fat-free mass in the 5 biospherians was not
significantly different from that in the control group, but the biospherians had lower percentages of body fat and fat mass and thus
lower total body weights (Table 3, Figure 3). When the 24-h EE of
the biospherians was plotted against the relation between 24-h EE
and fat-free mass in the 152 control subjects, all 5 biospherians
fell below the prediction line for the control subjects (Figure 4).
The unadjusted 24-h EE was 760 ± 330 kJ/d (9.4 ± 4.0%) lower
in the biospherians than in the control group (Table 3). The
24-h EE remained significantly lower in the biospherians (by
500 ± 250 kJ/d, or 6.2 ± 3.1%) than in the control group after
adjustment for age, sex, fat-free mass, and fat mass (Figure 3), but
not after additional adjustment for spontaneous physical activity
in the chamber (lower by only 230 ± 210 kJ/d, or 2.9 ± 2.7%).
Spontaneous physical activity was significantly lower in the biospherians than in the control group (Table 3). The unadjusted SMR
was 470 ± 270 kJ/d (7.9 ± 3.8%) lower in the biospherians than in
the control group (NS; Table 3), a difference (of 400 ± 210 kJ/d,
or 6.7 ± 3.3%; P = 0.06) that was nearly significant after adjustment for age, sex, fat-free mass, and fat mass. The mean 24-RQ
of the 2 groups (Table 3) was similar to the food quotient of the
different diets served (0.948 and 0.866, respectively).
Six months after exit and resumption of an ad libitum diet,
mean total body weight in the 5 biospherians had increased by
8.8 ± 3.6 kg (P < 0.001) and was no longer different from the
control group (Figure 3). The weight gain was almost entirely
accounted for by an increase in fat mass of 8.4 ± 2.2 kg (P < 0.01);
however, there was no significant change in fat-free mass
(0.4 ± 2.0 kg), such that body composition became comparable
between the 2 groups. The weight regain was not accompanied
by a significant increase in 24-h EE (320 ± 450 kJ/d; Table 3).
Consequently, 24-h EE remained lower in the biospherians than
in the control subjects after adjustment for age, sex, fat-free
mass, and fat mass (by 540 ± 240 kJ/d, or 6.7 ± 3.2%; P < 0.05;
Figures 3 and 4). The spontaneous physical activity in the cham-

FIGURE 3. Least-squares mean (± SD) body weight and composition
and adjusted 24-h energy expenditure and substrate oxidation rates in a
subgroup of 5 biospherians evaluated in the respiratory chamber within
1 wk and 6 mo after exit from Biosphere 2 and in a control group of
152 weight-stable whites. The substrate oxidation rates and 24-h energy
expenditure values were adjusted for age, sex, fat-free mass, and fat mass.
*,**
Significant differences between groups: *P < 0.05, **P < 0.01.
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FIGURE 2. Mean and individual total energy expenditure (TEE), physical activity energy expenditure (PAEE), and physical activity level (PAL)
assessed by doubly labeled water in 4 male () and 4 female () biospherians during a typical workweek, 3 wk before exit from Biosphere 2.

DISCUSSION
The results of the present study of participants in the Biosphere
2 experiment indicated that after 2 y of an energy-restricted, lowfat, but nutrient-dense, diet and a marked (15%) sustained weight
loss, 24-h EE was significantly lower than predicted for age, sex,
and body composition. The lower-than-predicted 24-h EE was in
large part attributable to low spontaneous physical activity in the
chamber, although the SMR was also lower than predicted
(P = 0.06). Six months after the subjects resumed an ad libitum

ENERGY METABOLISM AND BIOSPHERE 2

diet, body weight had reverted to preentry values, almost entirely
because of an increase in fat mass. Despite the complete recovery
in body weight, adjusted 24-h EE and spontaneous physical activity remained lower than predicted. These findings suggest that in
lean individuals, an adaptive reduction in EE can occur not only
in states of life-threatening undernutrition (such as after several
months of semistarvation), but also in response to less severe
energy restriction that can be sustained over years.
Unlike the Minnesota experiment (6, 7), the Biosphere 2
project was not designed primarily as a nutritional experiment
but unexpectedly became such when the amount of food grown
inside was insufficient. Because of the unforeseen nature of
the energy restriction, body composition and energy metabolism were not measured before entry, thus precluding the
assessment of longitudinal changes. Instead, our findings are
based on the comparison of energy metabolism between the biospherians immediately after exit and a large group of control

subjects who had been consuming an ad libitum diet. Another
important difference between the Minnesota experiment (6, 7) and
the Biosphere 2 project is that the energy restriction inside Biosphere 2 was less severe and the weight loss thus less pronounced
(15% compared with 25% of initial body weight). Furthermore,
because the diet consumed inside Biosphere 2 was of excellent
nutritional quality, all 8 subjects not only remained healthy throughout the entire 2 y of confinement, but were even able to maintain the
relatively high PAL required daily to grow and harvest the food
inside the enclosure. This indicates that the adaptive reduction in EE
was not just a secondary phenomenon caused by wasting or illness.
The doubly labeled water measurements, taken 3 wk before
the subjects exited Biosphere 2, confirmed that the subjects
maintained a relatively high PAL despite their confinement in a
restricted environment. In fact, the average PAL inside Biosphere 2 was similar to values reported under free-living conditions (28, 29). At this late stage of the experiment, the mean
TEEs of the 8 biospherians were roughly similar to their mean
energy intakes (16), which explains why body weight had stabilized at the reduced level. Earlier in the experiment, energy
intake was substantially lower (averaging 7460 kJ/d in the first
6 mo) (13), whereas TEE, at the same PAL, must have been
higher because of the greater body weight. The gradual stabilization of body weight in the biospherians thus appeared to be
the result of a steady increase in food supply and energy intake
on the one hand and a steady decrease in TEE on the other, both
factors gradually reducing the initial energy deficit.
Within 1 wk after exit, the percentage of body fat in the
5 biospherians who underwent further evaluation was very low
(10%), suggesting that much of the preceding weight loss
was attributable to a reduction in fat mass. When the 24-h EE
was plotted against fat-free mass, which was similar in the
2 groups, values for all 5 biospherians were lower than predicted, and after adjustment for age, sex, fat-free mass and fat
mass, their 24-h EE values were 6% (500 kJ/d) lower than
those of the control subjects. This finding suggests that the subjects had adapted to the 2 y of energy restriction with a
decrease in EE that was greater than predicted on account of
the change in body weight and composition. The findings that
the biospherians had low spontaneous physical activity in the
chamber and that the difference in 24-h EE diminished after
adjustment for spontaneous physical activity suggests that this
adaptation was in large part attributable to a decrease in the
amount of nonvolitional activities. This is interesting because
the same type of activity, also referred to as fidgeting (30) or
nonexercise activity thermogenesis (31), was shown recently to
play a crucial role in the metabolic response to overfeeding
(31). However, a reduction in spontaneous physical activity is
probably not the only explanation for the adaptive decrease in
24-h EE because the SMR also decreased (by 400 kJ/d).
One possible mechanism for an adaptive decrease in the
SMR in response to energy restriction is a decrease in thyroid
hormone concentrations, which are known to decline as a result
of short-term dieting in humans (32, 33). In the Biosphere 2
experiment, T3 concentrations were lower (by ≤ 40%) during
confinement than after weight regain (ie, at the second chamber evaluation). Other possible mechanisms underlying an
adaptive decrease in the SMR could include changes in sympathetic tone (34–37), mitochondrial uncoupling (38, 39), and
plasma insulin (40, 41) or leptin (42) concentrations, each of
which was shown to be associated with EE in humans (34, 35,
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FIGURE 4. Individual 24-h energy expenditures and sleeping metabolic rates in the subgroup of 5 biospherians evaluated in the respiratory
chamber within 1 wk () and 6 mo after (top of arrow) exit from Biosphere 2 superimposed on the relation between fat-free mass and 24-h
energy expenditure and sleeping metabolic rate in 152 control subjects
(). The lines represent the prediction lines in the control group.

951

952

WEYER ET AL

We gratefully acknowledge Carol Massengill and the nurses of the Clinical Research Unit; Ennette Larson and the staff of the metabolic kitchen for
their care of the patients; and the technical staff of the Clinical Diabetes and
Nutrition Section, particularly Tom Anderson, for assisting in the chamber
measurements and laboratory analyses.

REFERENCES
1. Ravussin E, Swinburn BA. Energy metabolism. In: Stunkard AJ,
Wadden TA, eds. Obesity: theory and therapy. 2nd ed. New York:
Raven Press Ltd, 1993:97–123.
2. Weyer C, Pratley RE, Salbe AD, Bogardus C, Ravussin E, Tataranni
PA. Energy expenditure, fat oxidation, and body weight regulation:
a study of metabolic adaptation to long-term weight changes. J Clin
Endocrinol Metab 2000;85:1087–94.
3. Flatt JP. Importance of nutrient balance in body weight regulation.
Diabetes Metab Rev 1988;6:571–81.
4. Forbes GB. Energy intake and body weight: a re-examination of two
“classic” studies. Am J Clin Nutr 1984;39:349–50.
5. Wadden TA, Foster GD, Letizia KA, Mullen JL. Long-term effects
of dieting on resting metabolic rate in obese outpatients. JAMA
1990;264:707–11.
6. Keys A, Brozek J, Henschel A, Mickelsen O, Taylor HL. The biology of human starvation. Minneapolis: University of Minneapolis
Press, 1950.
7. Taylor HL, Keys A. Adaptation to caloric restriction. Science 1950;
112:215–8.
8. Grande F, Anderson JT, Keys A. Changes of basal metabolic rate in
man in semi-starvation and refeeding. J Appl Physiol 1958;12:230–8.
9. Food and Agriculture Organization/World Health Organization/United
Nations University. Energy and protein requirements. World Health
Organ Tech Rep Ser 1985;724.
10. Dulloo AG, Jacquet J, Girardier L. Autoregulation of body composition during weight recovery in humans: the Minnesota experiment
revisited. Int J Obes Relat Metab Disord 1996;20:393–405.
11. Dulloo AG, Jacquet J. Adaptive reduction in basal metabolic rate in
response to food deprivation in humans: a role for feedback signals
from fat stores. Am J Clin Nutr 1998;68:599–606.
12. Dulloo AG, Jacquet J, Girardier L. Poststarvation hyperphagia and
body fat overshooting in humans: a role for feedback signals from
lean and fat tissues. Am J Clin Nutr 1997;65:717–23.
13. Walford RL, Harris SB, Gunion MW. The calorically restricted lowfat nutrient-dense diet in Biosphere 2 significantly lowers blood glucose, total leukocyte count, cholesterol, and blood pressure in
humans. Proc Natl Acad Sci U S A 1992;89:11533–7.
14. Walford RL, Weber L, Panov S. Caloric restriction and aging as
viewed from Biosphere 2. Receptor 1995;5:29–33.
15. Walford RL, Bechtel R, MacCallum T, Paglia DE, Weber LJ. “Biospheric medicine” as viewed from the two-year first closure of Biosphere 2. Aviat Space Environ Med 1996;67:609–17.
16. Verdery RB, Walford RL. Changes in plasma lipids and lipoproteins
in humans during a 2-year period of dietary restriction in Biosphere
2. Arch Intern Med 1998;158:900–6.
17. Walford RL, Mock D, MacCallum T, Laseter JL. Physiological
changes in humans subjected to severe, selective calorie restriction
for two years in biosphere 2: health, aging, and toxicological perspectives. Toxicol Sci 1999;52:61–5.
18. Dhahbi JM, Mote PL, Wingo J, Tillman JB, Walford RL, Spindler
SR. Reduction of dietary calories enhances muscle protein turnover,
induced hepatic gluconeogenesis, and reduces hepatic glycolysis.
Am J Physiol 1999;277:E352–60.
19. National Research Council. Recommended dietary allowances. 10th
ed. Washington, DC: National Academy Press, 1989.
20. Ravussin E, Harper IT, Rising R, Bogardus C. Energy expenditure
by doubly-labeled water: validation in lean and obese subjects. Am
J Physiol 1991;261:E461–6.
21. Fontvieille AM, Harper IT, Ferraro RT, Spraul M, Ravussin E. Daily
energy expenditure by five-year-old children, measured by doubly
labeled water. J Pediatr 1993;123:200–7.
22. Roza AM, Shizgal HM. The Harris Benedict equation reevaluated:
resting energy requirements and the body cell mass. Am J Clin Nutr
1982;40:168–82.
23. Goldman RF, Buskirk ER. A method for underwater weighing and
the determination of body density. In: Brozek J, Herschel A, eds.

Downloaded from ajcn.nutrition.org at ARIZONA STATE UNIVERSITY on May 31, 2017

38, 40, 42) and to be affected by energy restriction and weight
loss (36, 37, 39, 41, 42). Because skeletal muscle is less metabolically active than other components of fat-free mass under
resting conditions, it is also possible that a relative increase in
the proportion of muscle mass contributed to the lower-thanpredicted SMR in the biospherians. Finally, it was proposed
recently by Dulloo et al (12), on the basis of a reanalysis of data
from the Minnesota experiment, that the adaptive reduction in
the SMR in response to food deprivation might be determined
partly by an autoregulatory feedback system in which signals
from the depleted fat stores suppress thermogenesis (12).
The finding that the body weight of the 5 biospherians
returned to preentry values 6 mo after exit from Biosphere 2
agrees with the findings from previous underfeeding studies of
shorter duration and suggests that even after 18 mo of weightloss maintenance, body weight tends to return to its initial level.
That the weight regain was almost exclusively accounted for by
an increase in body fat stores appears to be a characteristic phenomenon that was observed previously in famine victims and
emaciated prisoners of World War II (43, 44); in patients with
anorexia nervosa (45), cancer (46), sepsis (47), and AIDS (48);
and in subjects during the refeeding period of the Minnesota
experiment (6, 12). The exact causes for this phenomenon,
termed “poststarvation obesity” by Keys et al (6), remain elusive.
Although it is well known that habitual energy intake increases
during weight recovery (poststarvation hyperphagia) (12), this
alone does not explain why the weight regain is directed so
selectively toward the fat compartment. Dulloo et al (12) proposed a compartment model in which the pattern of lean and fat
tissue deposition during weight recovery is determined by 2
autoregulatory control systems, one involving a reduction in
thermogenesis and the other a change in energy partitioning.
The 24-h EE remained lower than predicted after weight
recovery in the 5 biospherians, although body composition was
no longer significantly different from that of the control subjects.
This was attributable mainly to the persistence of a low spontaneous physical activity because the SMR was not reduced. Interestingly, evidence of a low level of nonvolitional activity after
energy restriction was also found in previously undernourished
Asian refugees (49). Normalization of the SMR after weight
recovery in the biospherians may have been attributable in part
to an increase in plasma free T3 concentrations.
As for the potential clinical implications of our findings, it is
noteworthy that chronic energy restriction of mild severity sustained over prolonged periods, such as encountered inside Biosphere 2, was shown previously to increase the average and maximum life spans of rodents (50–52). It has been suggested by
some authors that a decrease in metabolic rate may contribute to
this effect, although this is debatable (53, 54). The Biosphere 2
project not only showed, once again, that even lean humans are
able to sustain prolonged periods of energy restriction, but also
that this kind of dietary restriction is associated with improvements in cardiovascular risk factors (16) and, as suggested by the
present results, likely with a reduction in metabolic rate.
Whether this ultimately increases longevity in humans remains
to be examined.

ENERGY METABOLISM AND BIOSPHERE 2

24.

25.

26.

27.
28.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39. Vidal-Puig A, Rodenbaum M, Considine RC, Leibel RL, Dohm GL,
Lowell BB. Effects of obesity and stable weight reduction on UCP2
and UCP3 gene expression in humans. Obes Res 1999;7:133–40.
40. Weyer C, Bogardus C, Pratley RE. Metabolic factors contributing to
increased resting metabolic rate and decreased insulin-induced thermogenesis during the development of type 2 diabetes. Diabetes
1999;48:1607–14.
41. Weyer C, Hanson K, Bogardus C, Pratley RE. Long-term changes in
insulin action and insulin secretion associated with weight gain,
loss, regain and maintenance of body weight. Diabetologia 2000;43:
36–46.
42. Wisse BE, Campfield LA, Marliss EB, Morais JA, Tenenbaum R,
Gougeon R. Effect of prolonged moderate and severe energy restriction and refeeding on plasma leptin concentrations in obese women.
Am J Clin Nutr 1999;70:321–30.
43. Debray C, Zarakovitch M, Ranson B, Jacquemin J, Robert J, Siraga
M. Contribution a l’etude de la pathologie des deportes. (Contributing to the study of the pathology of deportees.) Sem Hop
1946;22:863–70 (in French).
44. Martin E, Demole M. Une experience scientifique d’alimentation
controlee: la rationnement en Suisse et pendant la deuxieme guerre.
(A scientific experiment of controlled food intake: food rationing in
Switzerland during World War II.) In: Apfelbaum M, ed. Regulation
de l’equilibre energetique chez ‘homme. (Energy balance in man.)
Vol 1. Paris: Masson, 1973:185–93 (in French).
45. Mitchell PB, Truswell AS. Body composition in anorexia nervosa
and starvation. In: Beumont PJV, Burrows GD, Casper RC, eds.
Handbook of eating disorders. Part 1: anorexia and bulimia nervosa.
Amsterdam: Elsevier, 1987:45–77.
46. Van Eys J. Nutrition and cancer. Annu Rev Nutr 1985;5:435–61.
47. Streat SJ, Brodie AH, Hill GL. Aggressive nutritional support does
not prevent protein loss despite fat gain in septic intensive care
patients. J Trauma 1987;27:262–6.
48. Kotler DP, Tierney AR, Culpepper-Morgan JA, Wong J, Pierson RM
Jr. Effect of parenteral nutrition on body composition in patients
with acquired immunodeficiency syndrome. JPEN J Parenter
Enteral Nutr 1990;14:454–8.
49. Brun T, Webb P, Blackwell F. Energy expenditure over 24 hours,
thermal comfort and fat-free mass in Asian men. Eur J Clin Nutr
1988;42:113–20.
50. Weindruch R, Walford RL. Dietary restriction in mice beginning at
one year of age: effects on life span and spontaneous cancer incidence. Science 1982;215:1415–8.
51. Weindruch R. The retardation of aging and disease by caloric
restriction: studies in rodents and primates. Toxicol Pathol 1996;24:
742–5.
52. Weindruch R, Sohal RS. Seminars in medicine of the Beth Israel
Deaconess Medical Center. Caloric intake and aging. N Engl J Med
1997;337:986–94.
53. Lynn WS, Wallwork JC. Does food restriction retard aging by
reducing metabolic rate? J Nutr 1992;122:1917–8.
54. Carter R, Masoro EJ, Yu BP. Does food restriction retard aging by
reducing metabolic rate? Am J Physiol 1985;248:E488–90.

Downloaded from ajcn.nutrition.org at ARIZONA STATE UNIVERSITY on May 31, 2017

29.

Techniques for measuring body composition. Washington, DC:
National Academy of Sciences, 1961:78–106.
Siri WE. Body composition from fluid spaces and density: analysis
of methods. In: Brozek J, Herschel A, eds. Techniques for measuring body composition. Washington, DC: National Academy of Sciences, 1961:223–44.
Ravussin E, Lillioja S, Anderson TE, Christin L, Bogardus C. Determinants of 24-hour energy expenditure in man: methods and results
using a respiratory chamber. J Clin Invest 1986;78:1568–78.
Abbott WGH, Howard BV, Ruoloto G, Ravussin E. Energy expenditure in humans: effects of dietary fat and carbohydrate. Am J
Physiol 1990;258:E347–51.
Jequier E, Acheson K, Schutz Y. Assessment of energy expenditure
and fuel utilization in man. Annu Rev Nutr 1987;7:187–208.
Prentice AM, Black AE, Coward WA, Cole TJ. Energy expenditure
in overweight and obese adults in affluent societies: analysis of
319 doubly labeled water measurements. Eur J Clin Nutr 1995;50:
93–7.
Kempen KPG, Saris WHM, Westerterp KR. Energy balance as
assessed with doubly labeled water during 8 weeks VLCD with and
without exercise in obese females. Int J Obes Relat Metab Disord
1996;20(suppl):P180 (abstr).
Zurlo F, Ferraro R, Fontvieille AM, Rising R, Bogardus C, Ravussin
E. Spontaneous physical activity and obesity: cross-sectional and
longitudinal studies in Pima Indians. Am J Physiol 1992;263:
E296–300.
Levine JA, Eberhardt NL, Jensen M. Role of nonexercise activity
thermogenesis in resistance to fat gain in humans. Science 1999;
283:212–4.
Barrows K, Snook JT. Effect of a high-protein, very-low-calorie diet
on resting metabolism, thyroid hormones, and energy expenditure
of obese middle-aged women. Am J Clin Nutr 1987;45:391–8.
Welle SL, Amatruda JM, Forbes GB, Lockwood DH. Resting metabolic rates of obese women after rapid weight loss. J Clin Endocrinol
Metab 1984;59:41–4.
Spraul M, Ravussin E, Fontvieille AM, Rising R, Larson DE, Anderson EA. Reduced sympathetic nervous activity. A potential mechanism predisposing to body weight gain. J Clin Invest 1993;92:
1730–5.
Toubro S, Sørensen TIA, Rønn B, Christensen NJ, Astrup A.
Twenty-four-hour energy expenditure: the role of body composition, thyroid status, sympathetic activity, and family membership.
J Clin Endocrinol Metab 1996;81:2670–4.
Davies AH, Baird IM, Fowler J, et al. Metabolic responses to lowand very-low-calorie diets. Am J Clin Nutr 1989;49:745–51.
Astrup A, Buemann B, Christensen NJ, Madsen J. 24-h energy
expenditure and sympathetic activity in postobese women consuming a high-carbohydrate diet. Am J Physiol 1992;262:
E282–8.
Schrauwen P, Xia J, Bogardus C, Pratley RE, Ravussin E. Skeletal
muscle uncoupling protein 3 expression is a determinant of energy
expenditure in Pima Indians. Diabetes 1998;48:146–9.

953

