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1. We address the extent to which the average body mass gains experienced by Americans over the last

40 years may have been due to adaptive thermogenesis by calculating the weight gains which would

have been required to maintain heat balance due to environmental changes over this time period.

2. Population-weighted degree-cooling-day data and air-condition adoption rates from 1960 to 2002

indicate that the average American in 2002 was living in an environment, that was, on average, 1.4 1C

cooler than in 1960.

3. Under these conditions, heat balance would require body mass gains of approximately 11.7 kg in

men, and 9.0 kg in women if adaptive thermogenesis were the sole adaptive strategy utilized.

4. Consistency of the model predictions with actual weight gains leads to the suggestion that body

mass may primarily reflect an involuntary adaptive response; correspondingly, extensive exposures

to indoor cooling may significantly influence obesity prevalence.
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1. Introduction

Over the past 40 years, the average American man has gained
11.2 kg, and the average American woman has gained 10.8 kg
(United States Department of Health and Human Services Center
for Disease Control and Prevention, 2004). These body mass gains
have resulted in an increase in the number of Americans who are
overweight or obese, an issue of significant concern because of the
numerous long-term health complications associated with obe-
sity. While increased body mass in adults is commonly assumed
to be associated with voluntary behaviors such as excessive eating
or inadequate physical exercise, it has been remarkably difficult to
experimentally establish such links. Weight reduction interven-
tions involving alterations in diet and/or physical activity have
been shown to have low long-term success rates (Anderson et al.,
2001). Even individuals who undergo bariatric surgery in an effort
to lose substantial weight tend to regain much of the post-surgical
weight loss over subsequent years (Shah et al., 2006).

Because adults appear to maintain a remarkably stable body
mass over the long term despite changes in lifestyles and diets, we
hypothesized that obesity may not necessarily reflect an excess of
body mass, but instead an appropriate body mass arising through
a physiologic adaptation to the physical environment. Specifically,
we considered the extent to which the observed increases in the
ights reserved.
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body masses of Americans over the last several decades may
reflect an involuntary adaptation to the ubiquitous adoption of
air-conditioning. The potential influence of air-conditioning on
body mass has recently been raised by several investigators both
in the context of indoor cooling contributing to sedentary
behavior (Kobayasi and Kobayashi, 2006) and more recently, the
possibility of indoor cooling influencing heat balance in indivi-
duals (Keith et al., 2006; Jacobs et al., 2009).

When exposed to an uncomfortably cool environment, humans
can draw on a wide variety of adaptive strategies in order to
maintain heat balance. If the cold exposure is transient, rapid
physiologic and behavioral strategies are available. Constriction of
blood vessels in the skin and peripheral tissues permits these
tissues to cool in order to protect the core, while shivering
thermogenesis can provide additional heat through muscle
activation (Rintamaki, 2007). In addition, for adults who have
retained significant brown adipose tissue (BAT) from their child-
hood (Lean, 1989), non-shivering thermogenesis is an option as
BAT is particularly effective at generating heat compared with
other tissues in the body (Arbuthnott, 1989; Stock, 1989). Finally, if
the situation allows, an individual can adapt behaviorally by
changing the type or amount of clothing worn or adjusting the
temperature of the environment.

Strategies for longer term cold exposures involve our ability to
enhance thermogenesis either through dietary means (diet-
induced thermogenesis), or by increasing the mass of metaboli-
cally active tissue (adaptive thermogenesis). Dietary modifications
can enhance thermogenesis as protein can be three times as
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thermogenic as an equivalent caloric intake of carbohydrates
(Karst et al., 1984). Adaptive thermogenesis involves the addition
of both muscle and white adipose tissue whose metabolic activity
can compensate for both the increased heat loss in the colder
environment as well as the lower metabolic heat generation in
cooled tissues (Giesbrecht, 2000). In addition, white adipose
tissue can serve to reduce body heat losses through its insulating
capacity.

It is likely that many, if not all, of the above adaptive strategies
are utilized in some capacity when an individual is exposed to an
uncomfortably cool environment. However, in the context of
understanding the body mass gains experienced by Americans
over the last 40 years, we elected to investigate one particular
strategy, that of adaptive thermogenesis. Heat balance, of course,
must always be maintained in homeotherms, but here we
postulate that heat balance is not a secondary effect, which
follows a gain in body mass, but instead those changes in body
mass occur in order to maintain heat balance. Therefore, we
developed a numerical model to determine the magnitude of body
mass change required to maintain heat balance in adults as a
result of the average temperature shifts, which occurred in the
living environments of Americans between 1960 and 2002,
assuming that heat balance is regulated primarily by adaptive
thermogenesis. We took into consideration the fact that a portion
of the body mass gains over this time period resulted from gains
in the physical stature of Americans. We then utilized population-
weighted degree-cooling-days in combination with the adoption
rates of air-conditioning to calculate the average change in daily
temperature experienced by the average American. Finally, the
increased heat losses were calculated, from which the required
change in body mass to maintain heat balance were determined.
2. Methods

2.1. Weight–height relationships

One component of the gains in the body masses of Americans
in 2002, as compared to 1960, is due to the fact that the average
American was substantially taller (0.03–0.04 m) in 2002 than in
1960. This increased stature was attained during childhood
growth, and so to obtain an estimate of the expected weight gain
associated with the stature increases over this time period we
utilized growth data from the Third National Health And Nutrition
Examination Survey (CDC, 2007). NHANES III (1988–1994) data
includes the height and weight characteristics of 2–16 year olds
born between 1972 and 1992, thereby providing a representative
sample centered on the time period of interest. These data were
separated into male and female datasets and each population was
fit to an allometric scaling model: Weight=a+b� (height)c, with
weight in kilograms and height in meters. The intercept value (a)
is included in this model as body mass from birth to two years
scales isometrically rather than allometrically, this parameter
therefore serves as a correction for this growth transition.
Computations were performed using the ‘‘R’’ statistical program-
ming language (R Foundation for Statistical Computing, Vienna,
Austria) to obtain best estimates of the parameters a, b, and c.
2.2. Time-dependent environmental change

The effect of increased exposure to air-conditioned environ-
ments on average daily temperature was calculated as the product
of the adoption rates of air-conditioning, using residential
adoption rates as a surrogate measure, and the population-
weighted degree-cooling days (US Department of Commerce,
2007). Population-weighted degree-cooling days incorporate both
the shift in national average temperatures as well as the
population shift towards the warmer regions of the country.
Values were converted from 1F days to 1C days. The trend for
degree-cooling days for 1960–2002 was determined by third-
order regression, and values from the regression curve utilized in
further calculations. Total annual degree-cooling days were
divided by 365 to obtain an average daily temperature change
for the year.

2.3. Body surface area

Human body surface area (BSA) for men and women was
calculated using the method of Mosteller (1987): BSA=
((Height�Weight)/36)1/2, where height is in meters, weight is
in kilograms, and BSA is in m2.

2.4. Radiant heat loss

Radiation dominates body heat loss rates for both men and
women under typical indoor living conditions when sitting, so
heat losses were calculated using the Stefan–Boltzmann relation
with correction for body surface area available for radiation and
the influence of clothing

Qr ¼ BSAesArFclðT
4
skin � T4

EnvÞ

where Qr=radiant heat loss (watts); BSA=body surface area (m2),
e=the emissivity of human skin (taken to be 0.98; Gonzales, 1995),
s=the Stefan–Boltzmann constant (5.67�10�8 W/m2/K4); Ar=ra-
tio of the body surface area radiating relative to total body surface
for a seated individual (taken to be 0.70; Parsons, 1993),
Fcl=adjustment factor for the influence of clothing on radiation
from the human body (taken to be 0.68; Forsthoff et al., 2001),
Tskin=temperature of the skin (taken to be 33 1C or 306K; Sakoi
et al., 2006), and TEnv=temperature of the environment. We
utilized a baseline temperature of 22 1C (295K), which was then
reduced by the environmental temperature change obtained from
the cooling degree day calculation.

2.5. Heat loss body mass conversion

The additional body mass necessary to sustain the calculated
increase in heat loss was assumed to have a metabolic heat
production level similar to that of average human tissue.
Metabolic heat production for the average American was assumed
to be 1 MET (50 kcal/m2/h; 58.15 W/m2), which is considered to be
the metabolic rate of a seated person (Parsons, 1993). This is
equivalent to approximately 1.5 W/kg when normalized to either
the ‘‘standard man’’ (70 kg, 1.7 m2) or ‘‘standard woman’’ (60 kg,
1.6 m2). As increased body mass results in increased body surface
area and therefore heat loss, the necessary increase in body mass
to attain heat balance was calculated iteratively.
3. Results

Growth curves were well fit by the allometric scaling relation-
ship with regression coefficients (R2) exceeding 0.85 (Fig. 1). Curve
fits indicate that the body mass–height relationship for the
average male in the NHANES III dataset is

BodymassðkgÞ ¼ 5:54þ10:25�HeightðmÞ3:3

While for the average female the relationship is

BodymassðkgÞ ¼ 6:57þ9:1�HeightðmÞ3:6
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These scaling relationships were used to estimate the portion
of the increase in body masses of Americans in 2002, as compared
to 1960, due to the average increase in stature over this time
period (Table 1). Between 1960 and 2002, the average adult
American man increased in stature from 1.73 to 1.77 m, while the
average American women increased in stature from 1.60 to 1.63 m.
Utilizing these values in the above scaling relationships, we find
that, had any other adaptive changes during adulthood been
absent, the average man would have been expected to be 4.7 kg
heavier in 2002 than in 1960, and the average women would have
been 2.9 kg heavier, simply as a result of having attained greater
height during development. Subtracting these values from the
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Fig. 1. Allometric scaling relationships between weight and height for 2–16 years

old (a) male and (b) female American children, as determined from NHANES III

data. Body mass of the growing boys scales as the 3.3 power of body height, while

body mass of the growing girl scales to the 3.6 power of body height.

Table 1
Demographic data on average adult man and woman in the US in 1960 and 2002.

Body height 1960 (m) Body mass 1960 (kg) Body height 2002 (m)

Men 1.73 75.4 1.77

Women 1.60 63.6 1.63

a Estimated mass changes based on stature increase over this time period, utilizing
observed increases in body mass indicates an excess body mass
gain of 6.5 kg for men and 7.9 kg for women over this time period.

Given these stature-adjusted body mass values, we calculated
the corresponding stature-adjusted body surface areas. Using the
adjusted surface areas, the additional heat losses were calculated,
and correspondingly, the body mass gains necessary for the
average man and woman to sustain heat balance under the
environmental temperature conditions of 2002. We assumed
radiant heat loss for a lightly clothed person (Fcl=0.68) in a seated
position (Ar=0.70). The influence of ambient temperature on body
heat loss for men and women of constant surface area is shown in
Fig. 2. At an environmental temperature of 22 1C (68 1F) it is seen
that radiant heat loss for the average man in 2002 would be about
65 W, and 55 W for the average woman, or approximately 50% of
total heat loss for both men and women, assuming an average
daily metabolic heat production rate of 1.5 W/kg.

The magnitude of the environmental temperature change
between 1960 and 2002 was estimated using population-
weighted degree-cooling-day data compiled by the US govern-
ment (Fig. 3) to obtain an average daily decrease in ambient
temperature. Average national degree-cooling days have increased
from approximately 650 1C days per year, to approximately 725 1C
days per year over this time period. These data reflect both the
increase in average national temperatures and the population
shift to the southern regions of the country which have higher
average annual temperatures. Factoring in the increased adoption
of air-conditioning from approximately 12% in 1960 to
approximately 80% in 2002 (Fig. 4), we estimate the impact of
air-conditioning use on the average American was equivalent to a
reduction in average daily temperature of about 0.21 1C in 1960,
and 1.59 1C in 2002 (Table 2).

This reduction in average daily temperature would result in an
additional heat loss for the average man of 10.5 W, and for the
average woman, 9.2 W. Assuming that the additional body mass
required to compensate for this added heat loss was also able to
generate 1.5 W/kg, these additional heat losses would require
body mass gains of 7.03 kg for the average man and 6.15 kg for the
average woman. When these body mass gains are added to the
body mass increases associated with the stature based gains over
this time period, we estimate that the average American man
should have gained 11.7 kg between 1960 and 2002, and the
average American women should have gained 9.0 kg.
4. Discussion

Consistent with humans being complex adaptive systems
(Buchman, 2002), it is reasonable to assume that body mass
represents an emergent property arising through the intrinsic
coupling of numerous physiologic processes over which voluntary
behavior, whether diet or physical activity, may have only
minimal influence. Physiologic processes particularly relevant to
the development and maintenance of body size and shape are the
thermogenic processes (heat generation by metabolic activity)
and the heat transfer processes (conduction, convection, evapora-
tion, and radiation), which largely depend on body surface area.
In healthy individuals, the coupling between these multiple
Body mass 2002 (kg) Mass change (kg) Stature-based mass change (kg)a

86.6 11.2 4.67

74.4 10.8 2.89

growth curve data represented in Fig. 3.
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Fig. 4. Adoption of residential air-conditioning in the US in the post WWII years.

Home air-conditioning use increased from about 12% in 1960 to approximately 80%

in 2002. Current use exceeds 90% (after Cox and Alm, 2008).

Table 2
Parameters utilized in, and obtained from, heat-balance calculations.

1960 2002

Population-weighted cooling-degree-days (1C days) 650 725

Air-conditioning use (%) 12.0 80.0

Av. daily temperature shift due to A/C usage (1C) 0.21 1.59

Skin temperature (1C) 33.0 33.0

Ambient temperature (1C) 22.0 22.0

Radiant heat loss (W/m2) 48.8 56.5

Surface area—men (m2) 1.88 2.06a

Surface area—women (m2) 1.68 1.81a

Radiant heat loss—male (W) 63.69 74.24

Radiant heat loss—female (W) 55.82 65.05

a Body surface areas for 2002 represent values based on predicted body

masses.
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processes ensures heat balance under conditions of sustained
exposure to a wide range of physical environments.

Few recent technologies have altered our physical environment
more than air-conditioning. Air-conditioning use in homes, work-
places, stores, restaurants, and automobiles has gone from being
an exception in the middle of the last century to being expected
by the end of the century. The impact of air-conditioning
technology on body heat balance has been further amplified by
three additional trends. These include the shift from a manufac-
turing to a service economy, resulting in far fewer ‘‘blue-collar’’
jobs and the physical labor and heat exposures associated with
many of the occupations in this category; the increase in average
annual temperatures in the US over the past 40 years, which has
served to drive people indoors for longer periods of time; and, the
southwestern shift in the population center of the country (from
38.61N, 89.21W in 1960 to 37.71N, 91.81W in 2000). Of course, the
southwestern migration of the population has, in large measure,
been a consequence of air-conditioning technology as many of the
southern and western regions of the country were considered
inhospitably warm for most people prior to the advent of air-
conditioning. The combined effect of these four factors is that by
the end of the 20th century, most Americans were carrying out
most of their daily living and working activities indoors, in
temperature-controlled environments.

While the adoption of air-conditioning has resulted in an
average thermal shift for the US population of only 1.6 1C, air-
conditioned environments are commonly maintained at tempera-
tures of 20–24 1C, temperatures which are at or below the lower
limit of the summer thermal comfort zone (23–27 1C) where
people can readily maintain a comfortable skin temperature of
33 1C through vasoconstriction or simple behavioral adaptations.
While these cool ambient temperatures eliminate the discomfort
of sweating, which was common in the living environments of 40
years ago, we suggest these temperatures are sufficiently cool to
trigger adaptive thermogenesis in many, if not most, individuals.

An alternative strategy to adaptive thermogenesis is diet-
induced thermogenesis. As diet-induced thermogenesis contri-
butes only about 15% of the thermogenic capacity of adults,
production of an additional 10 W would require a substantial
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increase in energy intake, indeed, close to a doubling in caloric
intake if the composition of the American diet did not change.
Alternatively, a transition to a very high-protein diet could, in
principle, also achieve the same results. However, no such
transition in American diets appears to have taken place over
the time period of interest (Briefel and Johnson, 2004). This may
be due to the cost of maintaining such diets, or it may have to do
with public health efforts to reduce protein consumption due to
the health complications associated with the fat content of high-
protein diets.

Another thermogenic strategy is non-shivering thermogenesis.
Recent work on BAT activity in adults has further clarified the link
between thermogenic activity and body mass. In a study of 24
young men, of which 23 of 24 demonstrated significant BAT
activity (van Marken Lichtenbelt et al., 2009) BAT activity was
found to be substantially higher in lean subjects than in
overweight and obese subjects. However, while evident over a
wide age range of adults (Virtanen et al., 2009), BAT activity
decreases rapidly with age. In an imaging study of 1972 adults,
Cypess et al. (2009) found that only 3.1% of men and 7.5% of
women demonstrated the immunopositive multilocular adipo-
cytes characteristic of BAT.

Given the lack of evidence for increased diet-induced thermo-
genesis, and the small number of adults who can draw upon non-
shivering thermogenesis to achieve heat balance we focused on
adaptive thermogenesis, or the addition of metabolically active
tissue mass to achieve heat balance. A first-order model assessing
the influence of the estimated 1.4 1C decrease in average ambient
temperature in the living environment of Americans over the last
40 years has provided an estimate of expected body mass gains
remarkably close to those actually observed in American men over
this time period. We calculate an expected gain of 11.7 kg for men,
while, in fact, American men gained an average 11.2 kg, represent-
ing less than a 5% estimation error. However, our estimate of
9.0 kg for the expected body mass gain in women is 15% less than
the actual body mass gain over this period of time (10.8 kg). It is
possible that this difference in the calculated and actual change in
women’s body mass may be a reflection of the tripling of women
in the workforce over this time period. As the adoption of air-
conditioning in office buildings preceded adoption in residences,
women may have been moving into cooler environments at a
rapid rate (Johnstone and Arnold, 1987), a factor that was not
incorporated into our model, as we have implicitly assumed the
employment distribution to have remained constant. Alterna-
tively, this may be a reflection of our use of 1.5 W/kg for the
metabolic activity of the added body mass tissue. If women tend
to increase their body mass through the addition of greater
amounts of white adipose tissue rather than muscle mass, use of a
lower metabolic rate would have been more appropriate, which
would correspondingly have resulted in a higher estimated mass
gain.

We have focused on the dominant features of heat balance,
specifically, radiant heat loss, which accounts for about one-half of
total body heat loss, the heat-generating capacity of human body
tissue, and the recent environmental temperature shifts. There
are, of course, numerous second-order factors that have been
ignored in this model; however, second-order factors often have
only small influences on model predictions due to their tendency
to cancel each other. For example, we have ignored the influence
of evaporative and convective heat losses. It is reasonable to
expect that these smaller heat loss components have decreased
over the last few decades with the rise of air-conditioning, which
would decrease the value of the calculated heat losses in 2002.
However, we have also ignored winter time heating, and since the
early 1970s, residential winter time temperatures have typically
been maintained at lower levels due to the higher costs of heating,
so this would increase the heat losses above the levels we have
calculated for 2002. As described above, we have ignored the
contribution of diet-induced thermogenesis, but we also have
ignored changes which have occurred in the fashion industry both
changes in style, and the transition from using natural fibers
(cotton, silk, wool) to synthetic fabrics. While natural fibers have
relatively low emissivities, serving to reduce radiant heat losses,
synthetic fabrics have emissivities very close to that of skin, and so
enhance heat loss. We therefore anticipate that the addition of the
numerous possible second- and third-order factors to the model
proposed here, and which no doubt play some role in maintaining
heat balance, will not significantly influence the primary
observation that adaptive thermogenesis can explain the majority
of the body mass gain observed in Americans over the past 40
years.

One important observation arising from our analysis is the
strong dependence of body mass on body height during growth.
Because the body mass index (BMI), defined as the ratio of weight
to height-squared, is often used to identify those at greatest risk of
being overweight or obese, it is commonly thought that human
body mass scales to the square of body height. However, this is
clearly not the case for growing children. Rather, mass scales as
would be expected for a mammal adapting to maintain heat
balance (White and Seymour, 2003). In the developmental years,
human body mass is seen to increases at a rate which goes as
slightly more than the third power of body height for both boys
(3.3) and girls (3.6). As a result of this scaling relationship, much
more of the body mass gain observed between 1960 and 2002
(40% in men, 30% in women) can be attributed to normal
development than might have been expected. These data are
consistent with the concept that, throughout development,
children rely on body mass regulation to maintain heat balance,
and it appears that this strategy is carried over into adulthood.
The implication of this observation may be that adaptive
thermogenesis is an innate process, while diet-induced thermo-
genesis, as well as the various behavioral heat balance strategies,
are strategies which need to be learned or culturally absorbed,
thereby limiting their effectiveness

This work has focused exclusively on population averages, yet
it is clear that large variations exist around the 11 kg average body
mass gains observed. We have assumed that the increased body
mass of Americans reflects the average body composition of the
adult, that is, tissue capable of producing 1.5 W of heat per
kilogram. However, muscle and fat mass vary significantly in their
metabolic activity levels. For example, if an average American man
from 1960 (1.7 m, 75 kg) found himself in an environment wherein
his average sustained heat loss was increased by 5 W (represent-
ing a 4.5% increase in the rate of heat loss) he would need to
increase thermogenesis by an equivalent amount to maintain heat
balance. If this individual adapted to the thermal stress simply
through the addition of white adipose tissue, which provides a
relatively low level of metabolic heat production, perhaps as low
as 0.1 W/kg (Fagher et al., 1991), he would need to increase his
body mass by 50 kg. But, an additional 50 kg on this man would
result in up to a 25% increase in surface area, such that despite the
gain in body mass, net heat loss could actually increase. That is,
there is the potential for positive feedback to occur in this
adaptive system when attempting to increase metabolic heat
production solely by increasing body fat, such that the more
weight an individual gains, the more they need to gain. More
realistically, added fat tissue mass both reduces heat loss and
would require additional skeletal muscle activity and cardiovas-
cular effort, so this example represents a worse case scenario;
nonetheless, a heat balance perspective helps to clarify how
substantially different individual body mass gains may arise in
response to a change in the physical living/working environment.



ARTICLE IN PRESS

K.J. McLeod et al. / Journal of Thermal Biology 34 (2009) 385–390390
If technology has played a major role in the increased rates of
obesity in the US, then it is only natural to consider whether
technological approaches are available to reverse current obesity
rates. The most obvious approach would be to increase the
temperature of air-conditioned environments, a strategy which
would have the added benefit of considerably reducing energy
consumption by the nation. There are limits to this strategy, as
inadequate air-conditioning has its own set of health implications
as evidenced by the events of the summer of 2003 when a heat
wave in Europe contributed to the deaths of up to 35,000 people
(Bosch, 2003). As the goal of air-conditioning an environment is
often to reduce the humidity, a greater use of alternative
dehumidification technologies would allow the maintenance of
higher ambient temperatures while reducing the discomfort
(social and physical) of excessive sweating to maintain heat
balance. Finally, while we have not specifically considered heat
balance during winter, it is clear that maintaining building
temperatures in the comfort zone during the winter months is
expensive; a greater focus on radiant heating may be an effective
means to help people maintain a comfortable skin temperature,
while reducing building heating costs.

In summary, we have developed a quantitative model in order
to evaluate the proposition put forward by several investigators
that air-conditioning may be contributing to the rise of obesity in
the country. Specifically, calculations of the increase in body mass
necessary to maintain heat balance in the presence of the ambient
temperature shifts experienced by Americans between 1960 and
2002 show that the majority of the body mass gains observed over
the last 40 years may simply be due to adaptive thermogenesis.
Our results indicate that air-conditioning, in combination with
concomitant changes in the economy, geographic redistribution of
the population, and the overall increase in average annual
temperatures, has resulted in most Americans now spending the
vast majority of their day indoors, in temperature-controlled
environments, which are sufficiently cold to initiate a long-term
physiologic adaptation. As air-conditioning technology continues
to be introduced into new environments (schools, factories, and
some outdoor areas) we anticipate the added heat loss experi-
enced by individuals in US will result in further body mass gains
over the next several years. Similarly, one would expect obesity
prevalence to rise in other developed nations with intensive
adoption of air-conditioning technology (e.g. Korea, Taiwan,
Japan). Indeed, a three- to four-fold increase in obesity has
already been reported among the Japanese between 1960 and
2000 (Kanazawa et al., 2002). We suggest that recognition of the
role of adaptive thermogenesis in the regulation of body mass
may provide new opportunities to address the widening obesity
epidemic.
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