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ABSTRACT
The concept of basal metabolic rate (BMR) was developed to
compare the metabolic rate of animals and initially was important
in a clinical context as a means of determining thyroid status of
humans. It was also important in defining the allometric relationship between body mass and metabolic rate of mammals.
The BMR of mammals varies with body mass, with the same
allometric exponent as field metabolic rate and with many physiological and biochemical rates. The membrane pacemaker theory proposes that the fatty acid composition of membrane bilayers is an important determinant of a species BMR. In both
mammals and birds, membrane polyunsaturation decreases and
monounsaturation increases with increasing body mass and a
decrease in mass-specific BMR. The secretion and production of
thyroid hormones in mammals are related to body mass, with
the allometric exponent similar to BMR; yet there is no body
size–related variation in either total or free concentrations of
thyroid hormones in plasma of mammals. It is suggested that in
different-sized mammals, the secretion/production of thyroid
hormones is a result of BMR differences rather than their cause.
BMR is a useful concept in some situations but not in others.

A Brief History of Basal Metabolic Rate: From Where Did
BMR Come?
The first recognition by a human that breathing was necessary
for life certainly precedes recorded history. The scientific study
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of animal respiration blossomed with the emergence of physiology in the eighteenth century and coincided with the investigation of chemical combustion. In 1766, Karl Scheele discovered oxygen gas and named it fire air; 2 years later, Joseph
Priestley independently isolated the same gas, calling it dephlogisticated air. Antoine Lavoisier, regarded as the founder
of modern chemistry, was born 10 years after the birth of
Priestley and was guillotined 10 years before Priestley’s death.
Lavoisier disproved the phlogiston theory and showed that air
was a mixture of nitrogen and the gas he named oxygen in
1777. Lavoisier should be regarded as the father of the basal
metabolic rate (BMR). With his wife as a major collaborator,
Lavoisier showed that animal respiration is the combination of
oxygen from air with carbon and hydrogen from the animal’s
body (which he recognized came from the food) to produce
water, fixed air (carbon dioxide), and heat. He showed that the
rate of oxygen consumption was influenced by (1) the consumption of food, (2) environmental temperature, and (3) the
performance of muscular work. Lavoisier measured the minimal metabolic rate in a resting postabsorptive state, which was
probably the first measurement of BMR (Blaxter 1989; Lutz
2002).
In the twentieth century, the measurement of metabolic rate
became an important part of the examination of bioenergetics
and growth. The rate of metabolism of animals can be assessed
by measuring a number of variables, including consumption
of oxygen, production of carbon dioxide, and heat produced,
as well as the difference between food consumed and wastes
excreted. Because metabolic rate varies in response to a wide
range of factors, to facilitate scientific comparisons, it became
necessary to define a set of conditions for its measurement.
This is the reason for the origin of the concept of BMR, which
was believed to represent the minimum energy cost of living.
BMR is the metabolic rate of an adult animal at rest in a
thermoneutral environment and a postabsorptive state. Although it can be determined by measuring a number of variables, it is most commonly measured as the rate of oxygen
consumption.
BMR represents the minimal cost of living rather than the
heat required to maintain body temperature. This is most obvious from the fact that it is only at the lower critical temperature that BMR represents the heat required to maintain body
temperature. At ambient temperatures greater than the lower
critical temperature for a particular species, the heat produced
from BMR is greater than that required for maintenance of an
animal’s body temperature, and this excess heat must be re-
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moved from the body by vasomotor-mediated increases in the
thermal conductance.
In 1895, A. Magnus-Levy showed that secretions from the
thyroid gland stimulated the metabolic rate of humans. Until
the development of radioimmunoassays in the 1960s for the
measurement of blood thyroid hormone concentrations, the
measurement of BMR was an important clinical measurement
used to assess thyroid status of individual humans. This clinical
context was a major influence on the development of strict
conditions for the measurement of metabolic rate and the refinement of the BMR concept during the twentieth century.
During this period, BMR was also increasingly used to compare
metabolic activity among various mammals and birds. However, the detailed conditions prescribed for the correct measurement of BMR of humans were not easily translated to the
measurement of BMR in animals. Indeed, as pointed out by
Blaxter (1989), in practice it is often easier to define the precise
conditions for measurement of an animal’s BMR than to
achieve them.
The concept of standard metabolic rate (SMR) was also developed to analyze the bioenergetics of ectotherms. It is related
to BMR and includes the specification of the temperature at
which metabolic rate is measured, which is important information when comparing the metabolic rate of ectothermic
animals.
BMR and Body Size
In a theoretical treatise concerning homeothermic animals, Sarrus and Rameaux (1838) proposed what was called the surface
law, which suggested that like heat loss, the heat production
of different-sized species should be related to surface area rather
than body mass. In the mid-nineteenth century, Regnault and
Reiset showed that resting oxygen consumption rates of endothermic mammals and birds were 10–100 times those of
ectothermic reptiles and amphibians; they also noted that the
mass-specific rate of oxygen consumption was smaller in larger
species (Lutz 2002). Max Rubner (1883) tested this proposition
by measuring the heat production of dogs ranging in size from
3 to 31 kg and showed that the values were more similar when
expressed relative to body surface area than if expressed per
unit of body mass (Schmidt-Nielsen 1972, p. 90). This was
regarded as confirmation of the surface law of metabolism. A.
Krogh (1916) suggested that a more empirical approach should
be used to examine the relationship between metabolic rate and
body size. In 1932, two independent empirical studies showed
that the BMRs of different-sized mammals and birds were proportional to the 0.73 power of body mass (Brody and Procter
1932; Kleiber 1932) rather than the 2/3 power of body mass
as suggested by the surface law.
During the 1930s, Francis Benedict measured and published
the BMR of a huge variety of animals, and this culminated in
his famous mouse-to-elephant curve relating BMR to body

mass. This extensive data set did not essentially alter the 0.73
value for power function of body mass to which mammalian
BMR was related. Like many scientists, Benedict found this
relationship perplexing, and in his famous 1938 Vital Energetics
monograph, he had a section titled “Futility of Attempts to
Discover a Unifying Principle in Metabolism.” In his classic
review, Hemmingsen (1960) showed that when expressed at a
constant temperature, the SMR of different-sized multicellular
ectotherms was related to essentially the same power function
of body mass as endothermic mammals and birds but at a
lower level of metabolic activity. In later years, largely for mathematical ease, these empirically derived allometric exponents
were approximated to 3/4 (Kleiber 1961).
The expression of this relationship between BMR and body
mass as a relatively simple power function has seduced several
scientists over the years into attempting to explain it by some
underlying physical theory. None have been successful, with
the most recent being the supply-side fractal theory proposed
by West et al. (1997). This recent attempt has been strongly
argued against by the late Peter Hochachka and colleagues
(Darveau et al. 2002; Hochachka and Somero 2002), who point
out that metabolic rate (especially BMR) is not determined by
supply constraints. A recent exposition of this fractal theory
explanation (West et al. 2002) that expands it to cells and
mitochondria has ignored much empirical data on tissues and
isolated cells (e.g., Porter and Brand 1995) that do not support
the theory. This exposition has also proposed a theoretical reason for the minimum size of adult mammals based on flow
limitations through tubes, yet it ignores the fact that all mammals, during development from a fertilized zygote, must of
course operate at body sizes less than this proposed theoretical
lower size limit.
Probably the best explanation to date for the metabolic rate–
body size relationship (at least to us) is the one proposed by
Hemmingsen (1960). He suggested the observed exponents
(and they are often very different in different groups of animals)
result from an evolutionary struggle between two competing
tendencies: (1) the tendency for metabolic rate to increase in
direct proportion to body mass (i.e., mass to the power of 1.0)
as bigger individuals are made as copies of smaller individuals
and (2) the tendency for metabolic rate to be limited by surface
constraints (i.e., mass to the power of 0.67) during changes in
animal body size over evolutionary time. As pointed out by
Hemmingsen (1960), if a rhinoceros had the same mass-specific
BMR as a mouse, it would need a surface temperature close
to that of boiling water to rid itself of the heat generated from
its BMR! Such surface constraints are not restricted to loss of
internal heat through the body surface of endotherms (as was
initially argued in the early theoretical development of the surface law by Sarrus and Rameaux [1838]) but include the surface
limitations associated with the uptake and excretion of nutrients, respiratory gases, and metabolic wastes and thus equally
apply to ectotherms as well as endotherms. Hemmingsen’s
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“evolutionary struggle” in those groups of animals that change
body size over evolutionary time can be resolved in a number
of ways: by changes in mass-specific metabolic rate, by changes
in the size and structure of surfaces involved with nutrient
uptake, waste removal, and exchange of respiratory gases, and
by combinations of any of these changes. Thus, rather than
proposing an explanation based on a physical theory, this empirical “evolutionary” explanation implies that the simplification of the relationship to a 3/4 power of body mass is a cruel
trick of nature played on susceptible scientists, and this value
represents the dominance of surface constraints over the evolutionary inertia for mass-specific metabolism to increase in
direct proportion to body size. Such an explanation suggests
that the relationship between BMR (or SMR) and body mass
will vary significantly between different groups of animals, depending on their evolutionary history. On a very broad scale,
the allometric exponent relating BMR (or SMR) to body mass
approximates 3/4; however, several authors have shown that
within groups of related species, the observed allometric exponents are quite variable, ranging from !2/3 to ∼1 (e.g., see
Hemmingsen 1960, Fig. 9; Withers 1992, Table 4-5; Peters 1983,
App. IIIa, IIIb).
During the development of mammals, there is a biphasic
allometric relationship between body mass and metabolic rate
(because these animals are growing, this is not, by definition,
BMR). Until 20%–30% of adult body mass is reached, metabolic rate increases with an allometric exponent 13/4, and after
this stage it increases with an allometric exponent ≤0.75. In
rats, cattle, and humans, the respective values are ∼0.9, 0.82,
and 1.04 followed by ∼0.2, 0.6, and 0.6, respectively (Brody
[1945] 1974). In the macropod marsupial, Macropus eugenii,
the initial allometric slope is 1.02 followed by 0.75 (Hulbert et
al. 1991). A similar relationship has been described for the
ontogeny of metabolism in an invertebrate, the isopod Porcellio
scaber (Weiser 1984).
Although there has been considerable discussion over the
evolutionary reasons (ultimate explanations) for the inverse
allometric relationship between body size and mass-specific
BMR, there is no argument that it exists. Until recently, there
has been no underlying mechanistic reason (proximate explanation) for the relationship.
An intriguing finding has been that at least for mammals
(where the data are most complete), BMR appears related to
some other levels of metabolic activity with a relatively constant
ratio irrespective of the size of the mammal species. If two
parameters have the same allometric exponent with respect to
body mass, then they have a constant stoichiometric relationship irrespective of body mass. For example, the field metabolic
rate (FMR) of mammals (measured as CO2 production by the
doubly labeled water technique) is proportional to the 0.72
power of body mass (Nagy 1994). The relationship between
FMR and body mass suggests that for mammals, on average,
energy requirements of mammals species in the field are about
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three times their BMR, irrespective of body size. In other words,
the minimal cost of living in mammals (i.e., their BMR) averages about 30% of the normal energy turnover in the wild,
irrespective of body size.
Similarly, within mammals, many physiological and biochemical rates vary with the same exponent as BMR (Topp et
al. 1995). Some of these are illustrated in Figure 1, which shows
that at the whole-animal level, the turnover of protein and
various types of RNA exhibit essentially the same allometric
slope as BMR and FMR. Similarly, ethane exhalation by mammals (which is a measure of the in vivo rate of peroxidation
of omega-3 polyunsaturated fatty acids) varies with the same
power of body mass as BMR. The fact that these biochemical
and physiological rates vary with body mass to essentially the
same power of body mass as BMR means that these processes
constitute the same fraction of energy turnover in differentsized mammals. They have the same stoichiometric relationship
with each other, even though the overall mass-specific BMR
may vary dramatically (up to 100-fold). Similarly, although the
resting oxygen consumption of isolated hepatocytes varies between mammals ranging in size from mice to horses, the relative
proportions devoted to nonmitochondrial, mitochondrial proton leak, and mitochondrial ATP production are relatively constant (Porter and Brand 1995).

Figure 1. Relationships of field metabolic rate (FMR), basal metabolic
rate (BMR), and a variety of biochemical turnover rates with body
mass of mammals. The FMR relationship is from Nagy (1994); the
BMR relationship is from Brody (1945); and the other relationships
are from Topp et al. (1995). Units for FMR and BMR are kJ/d; for
rRNA turnover and ethane exhalation, units are nmol/d; for protein
turnover, unit is g/d; and for mRNA and tRNA, turnover is expressed
as mmol/d.

872 A. J. Hulbert and P. L. Else
BMR of Endotherms and Ectotherms
It has been known for about a century and a half that the
metabolic rate of endotherms is many times that of ectotherms.
In an attempt to understand the basis of this difference, more
than 20 years ago we began a series of experiments involving
mammals and reptiles of similar body mass and body temperature (Else and Hulbert 1981). As with the body size variation in mammalian BMR, the sevenfold difference in BMR
of these endothermic mammals and ectothermic reptiles is
partly related to differences in the size of internal organs but
more importantly is related to differences in cellular metabolism. For example, although the respiration rate of hepatocytes
isolated from rats is about five times the respiration of lizard
hepatocytes, the same relative proportions are devoted to nonmitochondrial processes, mitochondrial proton leak, and mitochondrial ATP production, and within the mitochondrial
ATP production component, approximately the same proportion is devoted to maintenance of the transplasmalemmal Na⫹
gradient by the sodium pump (Brand et al. 1991). This is
illustrated in Figure 2. This severalfold difference in the rate of
energy consumed for sodium pumping in the mammal compared with the reptile is associated with a similar difference in
the relative “leakiness” of the mammalian cell compared with
the reptilian cell (Else and Hulbert 1987).
Composition of BMR and the Membrane Pacemaker
Theory of Metabolism
The relative importance of various activities in BMR has been
most studied in the laboratory rat, but as stated previously,
from what is known of the relative composition of BMR in
other species, it seems to be similar in most other higher vertebrates. In their review, Rolfe and Brown (1997) concluded
that ∼10% of the oxygen consumed during BMR is consumed
by nonmitochondrial processes, ∼20% is consumed by mitochondria to counteract the mitochondrial proton leak, and the
remaining 70% is consumed for mitochondrial ATP production. At a whole-animal level, ATP production can be divided
into 20%–25% for Na⫹,K⫹-ATPase activity, 20%–25% for protein synthesis, ∼5% for Ca2⫹-ATPase activity, ∼7% for gluconeogenesis, ∼2% for ureagenesis, ∼5% for actinomyosinATPase activity, and ∼6% for all other ATP-consuming
processes. These estimates are averages over the entire animal,
and the relative contribution of the different processes varies
between tissues. For example, it is estimated that although
Na⫹,K⫹-ATPase activity constitutes only ∼10% of cellular energy turnover in the liver, it is responsible for ∼60% in brain
and kidney (Clausen et al. 1991). It can be seen from these
estimates that membrane-associated activities constitute a significant portion of resting metabolic activity (and thus BMR)
in higher animals.
From both the endotherm-ectotherm comparison and the
body size–related variation in metabolic activity, it can be con-

Figure 2. Absolute and relative composition of respiration rates (at
37⬚C) of hepatocytes isolated from the endothermic mammal Rattus
norvegicus and the similar-sized ectothermic bearded dragon lizard
Amphibolurus (pPogona) vitticeps (data from Brand et al. 1991).

cluded that BMR has the same relative composition in animals
that vary dramatically in their level of BMR. When BMR varies
between species, a large number of processes seem to vary in
unison. These conclusions led us to recently propose the
membrane pacemaker theory as a mechanistic explanation of
differences in BMR of higher vertebrates (Hulbert and Else
1999, 2000). This proposes that the lipid composition of
membrane bilayers (specifically the degree of polyunsaturation/
monounsaturation) influences the molecular activity of
membrane proteins and consequently the metabolic rate of
cells, tissues, and the whole organism. More detailed discussion
of the effects of membrane lipid composition on molecular
activity of membrane proteins is in Else et al. 2004 and others
(e.g., Hulbert and Else 2000; Wu et al. 2001; Hulbert 2003).
As can be seen in Figure 1, processes not directly associated
with membranes (e.g., mRNA and tRNA turnover) also vary
in proportion to overall variation in BMR.
The initial impetus to investigate the potential role of
membrane composition in determining BMR was stimulated
by the observation of Gudbjarnason et al. (1978) that the concentration of the highly polyunsaturated docosahexaenoic acid
(DHA) in heart phospholipids (and thus heart membranes)
was strongly correlated with heart rate in mammals ranging in
size from mice to whales. We later showed that the higher
metabolic rate of the rat compared with the lizard was also
associated with a higher DHA content in their tissue phospholipids (Hulbert and Else 1989; Fig. 3). Similarly, the DHA
content of tissue phospholipids was inversely related to body
size in mammals ranging from mice to cattle (Couture and
Hulbert 1995). In both comparisons, while the DHA content
was greater in the species with the higher BMR, there was an
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Figure 3. Relative composition of the polyunsaturate, docosahexaenoic acid (DHA) and the monounsaturate, oleic acid (OA) in liver and kidney
phospholipids from the endothermic mammal Rattus norvegicus and the similar-sized ectothermic bearded dragon lizard Amphibolurus (pPogona) vitticeps (data from Hulbert and Else 1989).

inverse relationship of BMR with the relative abundance of
monounsaturated fatty acids such as oleic acid (OA) in the
tissue phospholipids. In the mammal study, the only tissue that
did not show a body size trend in fatty acid composition of
its phospholipids was the brain, which had a high DHA content
irrespective of body size.
The results for DHA and OA content of mammalian skeletal
muscle phospholipids from a recent review (Hulbert et al.
2002b) are shown in Figure 4A. It can be seen that although
the total unsaturated fatty acid content of phospholipids (and
thus membranes) of mammalian skeletal muscle was relatively
constant in mammals ranging from 7-g shrews to 370-kg cattle,
there were declines in DHA content and increases in OA content with increasing body size. The DHA content of skeletal
muscle phospholipids is proportional to the ⫺0.40 power of
body mass, which is a steeper relationship than the body mass–
BMR relationship in mammals. In general, cellular composition
does not seem to vary with body size in animals (Peters 1983),
and thus this variation in the composition of membrane bilayers represents the greatest variation in cellular composition
yet reported for mammals of different size.
In a recent study designed to test the membrane pacemaker
theory, the fatty acid composition of skeletal muscle phospholipids of birds show a very similar relationship with body size
(Hulbert et al. 2002a; Fig. 4B). In bird muscle, DHA content
was related to the ⫺0.28 power of body mass, which is very
similar to the body size variation in BMR. As for mammals,
this represents the greatest body size–related variation in cellular composition yet reported for birds.
The membrane pacemaker theory emphasizes the role of
long-chain polyunsaturates in membranes in general and not
only DHA. With respect to BMR, it proposes that membraneassociated processes are substantial contributors to BMR and
that when BMR varies between animals, all the processes that

constitute BMR vary similarly. It proposes that the degree of
polyunsaturation of membrane bilayers (especially but not only
the DHA content of phospholipid membranes) importantly
modulates the molecular activity of many membrane proteins
(channels, pumps, receptors) and thus the metabolic activity
of cells, tissues, and the whole organism.

Regulation of BMR and Thyroid Hormone Secretion Rate:
Cause or Effect?
As described previously, it has been known for more than a
century that thyroid hormones stimulate oxygen consumption
and that the early development of the BMR concept was closely
linked with its use as a measure of thyroid status of individual
humans. An obvious question that arises from this observation
is whether it is the rate of thyroid hormone secretion that
determines BMR. A common method of assessment of the
thyroid hormone secretion rate is to measure the rate of disposal of a small amount of exogenous radioiodine-labeled hormone. Because the blood levels of thyroid hormones remain
relatively constant during such measurements, it can be assumed that the rate of disposal is equal to the rate of appearance
of hormone in the blood. In the case of thyroxine (T4), this
is the rate of secretion from the thyroid gland, whereas in the
case of triiodothyronine (T3) it represents both the rate of
secretion from the gland combined with the rate of peripheral
production via the deiodination of T4.
Tomasi (1991) has collated disposal rates of both T4 and T3
for a wide range of mammals and demonstrated that they are
related to a power function of their body mass not dissimilar
to that which describes the BMR–body mass relationship. These
relationships are shown in Figure 5A. The secretion rate of T4
in mammals is related to the 0.81 power of body mass, whereas
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Figure 4. A, Relative concentration of total unsaturated fatty acids (UFA), the polyunsaturate, docosahexanaenoic acid (DHA), and the monounsaturate, oleic acid (OA), in skeletal muscle phospholipids from different-sized mammals (data from Hulbert et al. 2002b). B, Relative
concentration of total unsaturated fatty acids (UFA), the polyunsaturate, docosahexanaenoic acid (DHA), and the monounsaturate, oleic acid
(OA), in skeletal muscle phospholipids from different-sized birds (data from Hulbert et al. 2002a).

the secretion/production rate of T3 in mammals is proportional
to the 0.74 power of body mass.
The fact that these parameters vary with approximately the
same power of body mass says that there is a relatively constant
stoichiometry between the consumption of oxygen and the
disposal of these thyroid hormones. But what is cause and what
is effect? Is the body size–related variation in BMR of mammals
caused by the difference in thyroid hormone secretion/production rates, or is it vice versa? That is, are the differences in
thyroid hormone secretion/production rates between differentsized mammals caused by differences in their BMRs? Assuming
that there are no size-related differences in sensitivity to these
hormones, then some insight might be obtained by examination of body-size differences in the plasma concentrations of
these hormones. If the secretion/production of thyroid hormones in different-sized mammals is determining BMR, then
we would expect that smaller mammals will have higher plasma
levels of these hormones because this is the signal that cells
will experience. As can be seen from Figure 5B and 5C, the
plasma levels of both T4 and T3 (both “total” and “free” concentrations) do not vary with body mass in mammals and are
not dissimilar to the range regarded as “euthyroid” in humans.
This implies that differences in the secretion/production of
thyroid hormones in different-sized mammals is an effect of,
rather than the cause of, size-related differences in their BMRs.
Another logical (but in our opinion, unlikely) possibility is that
both BMR and thyroid secretion rate may vary in response to
a third independent cause. In a similar manner, although the
BMRs of endothermic and ectothermic vertebrate groups differ

manyfold, the “free” (unbound) levels of both T4 and T3 in
their plasma is relatively similar (Hulbert 2000).
The thyroid hormone system can be viewed as a homeostatic
system that maintains constant levels of these iodothyronines
in the body. The relatively constant stoichiometry between energy turnover (oxygen consumption) and the metabolism (and
thus removal) of the thyroid hormones is compensated by the
secretion/production of equal amounts of these thyroid hormones. Such a view does not contradict the fact that changes
in thyroid hormone concentration (as occurs after the acute
injection of exogenous thyroid hormones) influence BMR but
challenge the general perception of thyroid hormone secretion
as a “regulator” of BMR. This different and provocative perspective concerning thyroid hormones and their effects, as well
as other proposals (including that the BMR-stimulating effects
of thyroid hormones are mediated by changes in the fatty acid
composition of membranes), are discussed in more detail elsewhere (Hulbert 2000).
BMR: A Useful Concept?
The answer to this question must be both yes and no. It depends
on the task at hand. To measure BMR is not particularly helpful
if one is trying to precisely estimate the total food requirements
of a species undergoing a particular activity. However, it is
sometimes a useful concept if you are trying to estimate the
increment in energy costs related to that activity. It has been
particularly useful in comparing the rates of energy turnover
in different-sized animals and thus examining the influence of
body size on an animal’s physiology. We have found it partic-
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Figure 5. A, Relationship of thyroxine (T4) secretion rate and triiodothyronine (T3) secretion/production rate with body mass of mammals
(redrawn from Tomasi 1991). B, Relationship of plasma concentration of total and “free” (unbound) thyroxine (T4) with body mass of mammals
(data taken from Hulbert 2000). C, Relationship of plasma concentration of total and “free” (unbound) triiodothyronine (T3) with body mass
of mammals (data taken from Hulbert 2000).

ularly useful in trying to dissect the underlying basis of the
increase in metabolic rate associated with the evolution of endothermy in vertebrates. It is has been fundamental in understanding the evolution of energy metabolism.
Perhaps the last words should be those of Brody ([1945]
1974, p. 59): “Basal metabolism is a convenient starting point
for measuring the various heat increments as heat increments
of: fever, feeding, lactating, gestating, working, keeping warm
in cold weather, and so on.”
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