
used a double-wall Couette apparatus with gap of 1 const # 0 and Gn(w) + 0 as w + 0; this implies G'(w) begins to saturate agrees well with u,,/Gb = 0.2, 
mm and measured the frequency dependence of the > C"(w) at sufficiently low frequencies. In a liquid, in where Gb = 0.2 dyne/cm2 is the elastic shear mod- 
storage modulus G'(w) and loss modulus Gn(w) in a contrast, G1(w)/G"(w) + 0 as w + 0. ulus in the linear regime, thus providing an internal 
small-amplitude oscillatory shear experiment. 24. In addition to the measurements in the linear vis- consistency check of our data. 

22. Without preshearing, G'(w) and Gn(w) indicated sol- coelastic regime (u s 0,05) described above, we 25. We thank T. Martin for participation in the early 

id-like behavior similar to that reported for pure measured GJ(w,u)  and Gn(w,u) at strain amplitudes stages of this project, ". Trappe for help with rhe- 

smectics (7, 8) but with magnitudes of the moduli up to 0,4 and found uG,(w,u) to be practically u- ometry, and 0. Lavrentovich for useful discussions. 

three to four orders of magnitude smaller. This result independent for 0.2 5 u s 0.4 and w s 5 radls. The 
This work was supported primarily through NSF grant 

is consistent with the presence of a persistent mac- DMR95-07366, as well as the bourse Lavoisier du 
low-frequency limit of uG1(w,u) in this range of u is Ministere FranFais des Affaires Etrangeres, 

roscopically disordered texture of cholesteric layers. the yield stress a,,, which we measured to be 0.04 
23. Recall that a solid is characterized by G'(w) + dyne. The strain value u,, = 0.15 at which uG'(w,u) 11 September 1998; accepted 8 December 1998 

Role of Nonexercise Activity 
Thermogenesis in Resistance to  

Fat Gain in Humans 
James A. Levine, Norman L. Eberhardt, Michael D. Jensen* 

Humans show considerable interindividual variation in susceptibility t o  weight 
gain in response t o  overeating. The physiological basis of this variation was 
investigated by measuring changes in energy storage and expenditure in 16 
nonobese volunteers who were fed 1000 kilocalories per day in  excess of 
weight-maintenance requirements for 8 weeks. Two-thirds of the increases in 
total  daily energy expenditure was due t o  increased nonexercise activity ther- 
mogenesis (NEAT), which is associated wi th  fidgeting, maintenance of posture, 
and other 'physical activities of daily life. Changes in NEAT accounted for the 
10-fold differences in fat storage that occurred and directly predicted resistance 
t o  fat gain with overfeeding (correlation coefficient = 0.77, probability < 0.001). 
These results suggest that as humans overeat, activation of NEAT dissipates 
excess energy t o  preserve leanness and that failure t o  activate NEAT may result 
in ready fat gain. 

ture. It has been argued that efficient energy 
storage is beneficial because it allows longer 
survival during famine. However, for many 
Western populations, where food supply is 
abundant and readily available, efficient energy 
storage predisposes to obesity, the accumula- 
tion of excess body fat. Obesity affects more 
than one-third of the U.S. population and is a 
major public health concern because it is asso- 
ciated with diabetes, hypertension, hyperlipid- 
emia, and cardiovascular disease (9). 

Some humans appear to resist fat gain 
with overeating, whereas others readily store 
excess fat. These subjective observations 
have been confirmed by a small number of 
clinical studies that document a severalfold 
interindividual variation in fat accumulation 
with overfeeding (1, 2, 10). However, the 
thermogenic adaptation that allows some in- 
dividuals to resist weight gain despite over- 
eating has not been identified. 

To address this question, we designed a 
study that allowed us to identify which compo- 

Weight gain occurs in healthy adults when more than 1 month, whereas some obese indi- nent or components of energy expenditure 
energy intake persistently exceeds energy ex- viduals have fat stores that would exceed ener- showed enough variability to account for the 
penditure. Some individuals appear to in- gy requirements for a year (6, 7). However, variability in resistance to fat gain during over- 
crease energy expenditure in response to why some people appear to accumulate adipose feeding. Sixteen nonobese adults (12 males and 
overeating without increasing volitional exer- tissue more efficiently than others is unclear 4 females, ranging in age from 25 to 36 years) 
cise and thus maintain a stable body weight. (8). underwent measures of body composition and 
This interindividual variation in weight gain The efficiency of energy storage is calculat- energy expenditure before and after 8 weeks of 
with overfeeding (1, 2) suggests that a ther- ed by dividing the excess calories stored by the supervised overfeeding by 1000 kcaWday. Body 
mogenic mechanism or mechanisms may be excess calories consumed. Energy storage effi- composition was measured with dual energy 
activated to prevent weight gain or obesity. ciency can never equal unity because heat trans- x-ray absorptiometry (DXA) (ll),  and total dai- 

When humans are overfed, more than 85% fer is not perfect. An energy efficiency of zero ly energy expenditure was measured with dou- 
of the stored excess energy is deposited as lipid would indicate that all excess energy consumed bly labeled water (10, 12). The latter procedure 
(3), primarily triglycerides. Lipid is ideally suit- 
ed for long-term energy storage in mammals; it 
is calorie-dense and hydrophobic, so that stor- 
age occurs without water accumulation. In the 
presence of persistent, positive energy balance, 
enormous quantities of triglyceride can be 
stored through increases in adipocyte size and 
number (4, 5). Even lean individuals store 
enough fat to meet energy requirements for 
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is dissipated through increased energy expendi- required the administration of water containing 

Table 1. Energy partitioning in 16 healthy human volunteers who were fed 1000 kcallday (4.2 Mj)  in 
excess of weight maintenance requirements for 8 weeks. Additional data are available at www. 
sciencemag.orglfeature/data/982662.shl 

Variable (unit) Mean Range 

Baseline weight (kg) 
Overfed weight (kg) 
Weight gain (kg) 
Fat gain-(kcallday)* 
Fat-free mass gain (kcallday)* 
Baseline dietary intake (kcallday) 
Baseline resting energy expenditure (kcallday) 
Overfed resting energy expenditure (kcallday) 
Baseline thermic effect of food (kcallday) 
Overfed thermic effect of food (kcallday) 
Baseline total energy expenditure (kcallday) 
Overfed total energy expenditure (kcallday) 

*Energy contents of tissues were calculated with published constants (3). 
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isotopes of oxygen and hydrogen to the volun- 
teers and measurement of the clearance of the 
two isotopes from the body. The difference in 
clearance of the two isotopes represents carbon 
dioxide production (10, 12), which in turn re- 
flects energy expenditure. These measurements 
allowed us to observe how overeating affects 
energy partitioning (Table 1). On average, 432 
kcaliday of the excess energy ingested was 
stored and 53 1 kcaliday was dissipated through 
increased energy expenditure, thereby account- 
ing for 97% of the additional 1000 kcaliday 
(implying optimal compliance). Fat gain varied 
10-fold among our volunteers, ranging from a 
gain of only 0.36 kg to a gain of 4.23 kg, and 
was inversely related to the increase in total 
daily energy expenditure (u = -0.86, P < 
0.0001). 

Total daily energy expenditure is com- 
posed of basal metabolic rate (BMR), post- 
prandial thermogenesis, and physical activity 
thermogenesis. BMR is the rate at which 
energy is expended when an individual is 
laying down at rest in the postabsorptive 
state. We assessed BMR by using indirect 
calorimetry to measure oxygen consumption 
and carbon dioxide production (13). Changes 
in BMR would be unlikely to account for the 
10-fold variance in fat gain among our vol- 
unteers because previous investigators have 
found only modest increases (-10%) with 
overfeeding (10, 14). In our study, BMR 
increased by an average of 5% in response to 
overfeeding (Table 2), accounting for 8% of 
the excess ingested energy. Thus, the interin- 

dividual changes in BMR did not account for 
the variability in fat gain (Fig. 1A). 

Postprandial thermogenesis is the increase 
in energy expenditure associated with the 
digestion, absorption, and storage of food. It 
may be the invariant energy cost of convert- 
ing food to metabolic fuels (15, 16), or it may 
be actively regulated in response to changing 
food intake (1 7, 18). We measured postpran- 
dial thermogenesis using indirect calorimetry 
and found that it increased by 14% with 
overfeeding (Table 2). This increase was 
more likely due to greater dietary intake (16) 
than to an adaptive response because the 
thermic response to a meal of fixed energy 
content (200 kcal, 0.8 MJ) was the same 
before and after overfeeding (1 1 + 5 com- 
pared with 12 + 7 kcal per meal), consistent 
with observations of other investigators (14). 
Furthermore, interindividual differences in 
postprandial thermogenesis did not correlate 
with fat gain (Fig. lB), suggesting that this 
was not a significant factor in fat gain. 

Physical activity thermogenesis can be sub- 
divided into volitional exercise (sports and fit- 
ness-related activities) thermogenesis and what 
we characterize as nonexercise activity thermo- 
genesis (NEAT). NEAT is the thermogenesis 
that accompanies physical activities other than 
volitional exercise, such as the activities of 
daily living, fidgeting, spontaneous muscle con- 
traction, and maintaining posture when not re- 
cumbent. The possibility that NEAT might me- 
diate resistance to fat gain intrigued us because 
spontaneous physical activity (a component of 

Change in basal Change in postprandial Change in activity 
metabolic rate (kcallday) therrnogenesis (kcallday) therrnogenesis (kcallday) 

Fig. 1. The relation of the change in (A) basal metabolic rate, (B) postprandial thermogenesis, and 
(C) activity thermogenesis with fat gain after overfeeding (27-33). Exercise levels and the thermic 
efficiency of exercise were unchanged with overfeeding, so that changes in activity thermogenesis 
represent changes in NEAT. 

Table 2. The fate of the excess 1000 kcallday consumed by 16 volunteers during 8 weeks of overfeeding. 
Data are expressed as kilocalories per day. 

Variable Mean Standard deviation Range 

Fat mass gain* 389 188 58-687 
Fat-free mass gain* 43 2 2 15-78 
Change in resting energy expenditure 79 126 - 100-360 
Change in thermic effect of food 137 83 28.2-256 
Change in NEAT 328 256 -98.3-692 

*Energy contents of tissues were calculated w i t h  published constants (3). 

NEAT) is a familial trait (19) that shows 
marked interindividual differences in its contri- 
bution to daily energy expenditure (19,20) and 
is somewhat predictive of future weight gain 
(21). Also, nonresting energy expenditure 
(which includes NEAT) increases in adults sub- 
jected to a controlled 10% weight gain (22). 
Finally, in previous overfeeding studies (3), it 
has been possible to account for only -30% of 
the calories that are "wasted" through increased 
energy expenditure. If NEAT accounts for the 
remaining 70%, then variable activation of 
NEAT in response to overeating could explain 
the wide variations in weight gain. 

Measurement of overfeeding-induced chang- 
es in NEAT is formidable because of the 
complexity of differentiating NEAT from vo- 
litional exercise thermogenesis in free-living 
humans. We accomplished this differentia- 
tion by stringently maintaining volitional ex- 
ercise at constant, low levels, and we con- 
firmed compliance through questionnaires 
and direct measures of physical activity. Al- 
though we appreciated that volitional exer- 
cise might change in response to overeating, 
we viewed this as a behavioral rather than a 
physiological adaptation and so elected to 
eliminate it as a confounding variable. Be- 
cause changes in exercise efficiency would 
affect physical activity thermogenesis (23), 
this variable was also measured. If the level 
and efficiency of volitional exercise remained 
constant over time, then changes in physical 
activity thermogenesis (NEAT plus volitional 
exercise) would represent changes in NEAT. 
Hence, we assessed physical activity thermo- 
genesis before and after overfeeding by mea- 
suring total daily energy expenditure using 
doubly labeled water and subtracting from it 
the sum of basal and postprandial energy 
expenditure. These steps allowed us to assess 
whether changes in NEAT mediate resistance 
to fat gain with overfeeding. 

NEAT proved to be the principal mediator 
of resistance to fat gain with overfeeding. The 
average increase in NEAT (336 kcallday) 
accounted for two-thirds of the increase in 
daily energy expenditure (Table 2), and the 
range of change in NEAT in our volunteers 
was large (-98 to $692 kcallday). However, 
most importantly, changes in NEAT directly 
predicted resistance to fat gain with overfeed- 
ing (Fig. lC), and this predictive value was 
not influenced by starting weight (24). 

Thus, activation of NEAT can explain the 
variability in fat gain with overeating. As hu- 
mans overeat, those with effective activation of 
NEAT can dissipate the excess energy so that it 
is not available for storage as fat, whereas those 
with lesser degrees of NEAT activation will 
likely have greater fat gain and be predisposed 
to develop obesity. The maximum increase in 
NEAT that we detected (692 kcaliday, volun- 
teer 5) could be accounted for by an increase in 
strolling-equivalent activity (25) by about 15 
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minkour during waking hours. Of interest, the 
four lowest values for change in NEAT corre- 
sponded to the four female volunteers, although 
the relation between change in NEAT and fat 
gain was the same in males and females. A 
larger study will be needed to determine the 
significance of the preliminary gender differ- 
ences noted here. Another limitation of our 
study is the small errors inherent in measuring 
energy expenditure and body composition in 
physiological studies. Because these errors are 
cumulative, they would be expected to weaken 
the association between the change in NEAT 
and the change in body fat. Thus, it is possible 
that we have underestimated the contribution of 
NEAT &tivation to the resistance to fat gain 
with overfeeding. 

Finally, our results suggest that efforts to 
enhance NEAT activation, perhaps through 
behavioral cues, may be a fmitful approach to 
the prevention of obesity. 
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expenditure ( y  axis) were used to  determine post- 
prandial thermogenesis. The mean duration of mea- 
surement was 414 + (SD) 39 min. Daily postprandial 
thermogenesis was calculated by tripling the post- 
prandial thermogenesis obtained after the meal pro- 
viding one-third of daily intake. 
Total energy expenditure was measured in weeks 2 and 
10 with doubly labeled water (12, 26). Baseline urine 
samples were collected, and after timed administration 
of the isotopes, urine samples were collected at 0700, 
1200, and 1800 each day for 7days. The slope-intercept 
equations described by Coward eta/. (12) were used to 
derive values for total energy expenditure. Propagation 
or error analysis was performed (10) on each measure- 
ment, and the calculated compounded errors (measure- 
ment plus biological noise) were 3 & 1% for baseline 
and 4 ? 3% after overfeeding. Measures of baseline 
total energy expenditure derived with doubly labeled 
water were in excellent agreement with the measures 
of baseline weight-maintenance dietary intake (r = 

0.89, P < 0.001, with an intercept not different from 0 
and a slope not different than 1). 
Changes in NEAT were measured by calculating activi- 
ty-related thermogenesis before and after overfeeding. 
Activity-related thermogenesis was determined by 
measuring total energy expenditure, with doubly la- 
beled water, and subtracting from i t  the sum of basal 
energy expenditure and postprandial energy expendi- 
ture. Subtraction of the value for activity-related ther- 
mogenesis before overfeeding from the value obtained 
after overfeeding represented the change in NEAT if 
two conditions were met: (i) the total amount of voli- 
tional exercise was unchanged and (ii) the thermic 
efficiency of exercise was unchanged. We determined 
that the amount of exercise did not change with over- 
feeding on the basis of accelerometer readings [2905 ? 
(SD) 514 accelerometer units (AU)/day before over- 
feeding compared with 2963 ? 540 AUIday after over- 
feeding], daily interviews with the volunteers regarding 
their exercise level, and structured interviews with vol- 
unteers and their relatives and friends before and after 
overfeeding. The thermic efficiency of exercise was 
assessed with two different measures of exercise-relat- 
ed energy expenditure at the end of weeks 2 and 10. 
The first measure was during treadmill walking at 3 
mph (4.8 kmlhour) for 10 min. Throughout this period, 
inspired and expired gases were sampled for volume 0, 
and CO, content with an integrated treadmill and gas 
sampling mass spectrometer system. Mean VO, for 
minutes 3 to 9 was calculated. The volunteers also 
bicycled on a stationary bicycle at 100 W for 20 min. 
Between minutes 3 to  5 and 13 to 15, exhaled air was 
collected with a three-way mouth piece and leak-proof 
bag. The volume of expired air for the 2-min period was 
measured with a Tissot spirometer, and the 0, and CO, 
concentrations were measured with a calibrated mass 
spectrometer. Gas volumes were corrected for standard 
temperature and pressure and humidity. Average oxy- 
gen consumption (VO,) for the two bag collections was 
calculated. The thermic responses to cycling and walk- 
ing did not change with overfeeding; before overfeed- 
ing, VO, during cycling at 100 W was 1693 + 39 
mllmin, and after overfeeding i t  was 1772 ? 43 ml l  
min; before overfeeding, VO, during walking at 3 mph 
was 1028 ? 59 mllmin, and after overfeeding it was 
1061 + 38 mllmin. Thus, because volitional exercise 
and the thermic efficiency of exercise were unchanged 
with overfeeding, any change in activity-related ther- 
mogenesis after overfeeding represented the change in 
NEAT. Finally, to ensure that energy.wastage did not 
occur through malabsorption, 3-day stool fat was mea- 
sured before and after overfeeding. There was no sig- 
nificant increase in stool fat after overfeeding (25 ? 13 
kcallday compared with 38 + 15 kcallday). 
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