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Abstract
The study of energy expenditure (EE) has deep roots in understanding aging and lifespan in all
species. In humans, total EE decreases substantially in advanced age resulting from parallel changes
in resting metabolic rate (RMR) and activity EE. For RMR, this reduction appears to be due to a
reduction in organ mass and specific metabolic rates of individual tissues. However, these anatomical
changes explain very little regarding the decline in activity EE, which is governed by both genetic
and environmental sources. The biological control centers for activity EE are closely coupled with
body mass fluctuations and seem to originate in the brain. Several candidate neuromodulators may
be involved in the age-related reduction of activity EE that include: orexin, agouti-related proteins
and dopaminergic pathways. Unfortunately, the existing body of research has primarily focused on
how neuromodulators influence weight gain and only a few studies have been performed in aging
models. Recent evidence suggests that activity EE has an important role in dictating lifespan and
thus places emphasis on future research to uncover the underlying biological mechanisms. The study
of EE continues to unlock clues to aging.

1.0 Introduction
Among the enormous literature on theoretical explanations of aging the role of energy
expenditure (EE) has received the most attention. For thousands of years, energy expenditure
and metabolism have provided an understanding of how we function today, tomorrow, and
eventually when we cease to function altogether. The study of EE and aging has been spurred
along by the intriguing association between high rates of EE in short-lived mammals and low
rates of EE in long-lived mammals. Some propose that EE per lifespan is fixed and abundant
usage will accelerate aging (Rubner, 1908). While many works have challenged and severely
criticized the rate of living theory (Holloszy and Smith, 1986; Austad and Fischer, 1991), EE
and the biological processes that control the machinery are very much under intense study
(Speakman, 2005).

Energy expenditure has often been purported as a cause of aging without a complete
understanding of changes in each of EE components with age. A thorough understanding of
the age-related changes in EE components will help reveal the potential compensatory
strategies that preserve lifespan. For example, it remains unclear why EE due to physical
activity declines across all mammalian phylogenetic lines. Although many hypotheses on aging
have involved in some manner the rates of metabolism, the debate on the role of altering EE
for enhancing lifespan continues with new data in humans (Manini et al., 2006). The results
add new light to the role of EE in preserving average lifespan among older adults.
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Because of rich literature on this topic, a review of “Energy Expenditure and Aging” certainly
can’t be performed in the space provided in this article. It is for this reason I have chosen to
focus much of my efforts on energy expenditure and aging in humans. There are several reasons
for this choice that include: 1.) new data in humans that have begun to address questions
regarding theoretical effects of aging and energy metabolism, 2.) methods for assessment of
energy expenditure in humans are precise and able to parcel total EE into its individual
constituents, and 3.) it has been several years since the previous review of this topic has been
performed (Wilson and Morley, 2003).

2. Total energy expenditure and aging
Total energy expenditure is comprised of four major components that include: resting
metabolic rate, activity energy expenditure and energy due to the thermic effect of food (Figure
1). Resting metabolic rate (RMR) can be further divided into sleeping and arousal EE, where
simple arousal is associated with a 10% increase in EE above that seen during sleeping
(Ravussin et al., 1986). Activity EE is composed of EE due to volitional exercise (i.e. jogging,
walking for exercise etc) and non-exercise activity thermogenesis (NEAT). NEAT is the energy
expended from spontaneous physical activities that include nonvolitional movements (i.e.
fidgeting), but is often defined as any EE outside formal volitional exercise programs. More
details about each these components and their respective changes with age are outlined in
subsequent sections.

Our current understanding of EE has been catapulted with technology that allows precise and
accurate assessment of energy metabolism. Therefore, a brief review of the techniques is
needed to appreciate the advances that have occurred over the last decades. Initial studies from
the Harvard Fatigue Laboratory used whole body calorimetry to assess heat production, a
byproduct of energy metabolism. Direct calorimetry, a method used to measure heat loss
through convection, evaporation, and radiation uses fresh air to adjust temperature and
humidity levels in an air conditioning chamber (Kleiber, 1950). The air is driven through a
flow meter into a heat-insulated gradient-free chamber containing the human subject.
Temperature and humidity are continuously measured using detectors placed at the fresh air
entrance and exit. The difference in values between entrance and exit, the quantity of air flow
and the energy input through the heating element are used to determine the heat given off by
the subject. However, adequate control for such precise temperature measurements proved to
be technically challenging (Kleiber, 1950). Instead, whole body open, indirect calorimetry rose
to the forefront because of the rapid development of precise carbon dioxide and oxygen sensors.
Tightly sealed rooms were built and fitted with appropriate equipment to assess 24 hour O2
consumption (VO2) and CO2 (VCO2) production continuously. The room is equipped with
fresh atmospheric air circulation coupled with heating and cooling coils that keeps the chamber
at a constant uniform temperature (e.g. 24 degrees Celsius). The fresh air circulation allows
for the replacement of VO2 and VCO2 that is produced and thus the technique is referred to
as open calorimetry. Other equipment includes an ultra sensitive turbine for measurement of
ventilation, hygrometer, barometer and dust filter that are used to correct for standard
temperature pressure conditions and any perturbation to VO2 and VCO2 concentrations. Over
a given period of time the VO2 is derived from difference in the decrease in O2 and the net
amount of O2 added to the chamber. Similarly, the VCO2 production is determined by the net
amount of CO2 accumulation and CO2 extraction by the chamber. Next, a respiratory quotient
(RQ) is derived (VCO2/VO2) as an adjustment for fuel utilization. It is then possible to
calculate EE using the following equation:
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where 4.686 kcal/liter of O2 is the caloric equivalent of a liter of O2 when RQ is 0.707 (RQ of
fat oxidation). The ratio of 0.361/0.293 accounts for the differences in oxidation characteristics
between carbohydrate and fat where 0.293 is the difference between RQ for carbohydrate (RQ
= 1.0) and fat (RQ = 0.707) and 0.361 is the caloric equivalent difference between carbohydrate
and fat [0.707 *(5.047 – 4.686 kcal/liter of O2]. This setup allows for precise estimation of
energy expenditure over a continuous amount of time. Results from these studies have been
instrumental in understanding the components of TEE in many conditions such as obesity,
hormone dysregulation and aging.

While the precision and controlled methodology of respiratory chambers has advanced our
knowledge of TEE components, they lack ecological value. To assess free-living TEE, water
labeled with the stable isotopes of 2H and 18O (doubly labeled water) are used (Schutz et al.,
2001). The method, first developed by Lifson, Gordon, and McClintock (Lifson et al., 1955),
functions under the dilution principle where oxygen in respired carbon dioxide is in rapid
isotopic equilibrium with oxygen in total body water. The difference in turnover rates of
isotopic hydrogen (only eliminated as water) and oxygen-labeled water allows for the
determination of carbon dioxide. Put more simply, the excess disappearance rate of 18O relative
to 2H is a measure of CO2 production rate, a direct measure of total energy expenditure. The
equation below depicts the simplistic calculation used to assess the rate of carbon dioxide
output (rCO2):

where N is total body water, k18 is oxygen turnover and K2 is hydrogen turnover. Respiratory
quotients are calculated using standard indirect calorimetry and used to adjust for fuel
metabolism. This method is valid when compared to energy expenditure in respiratory
chambers,(Schoeller et al., 1986) has excellent repeatability in younger and older adults (Elia
et al., 2000) and is therefore considered the gold-standard measure of free-living activity energy
expenditure (Lamonte and Ainsworth, 2001; Schutz et al., 2001). The doubly labeled water
method captures any form of physical activity ranging from purposeful (volitional) exercise to
simple fidgeting.

Total EE demonstrates an inverted U pattern across the lifespan. In the first two decades of
life, TEE increases 2 fold and mirrors the increase in body mass (see Figure 2a & b). These
changes plateau during the next 2 decades of life between 17 and 40 years of age and again
this appears to match changes in body mass. Following the age of 40 years, TEE begins to
decline quite dramatically where 75 year-olds experience TEE levels similar to a 7–11 year
old despite having greater body mass. These changes are also reflected in the current FAO/
WHO/UNU nutritional guidelines where adults aged 18–29.9 years and weighing 70 kg are
advised to consume 2550 kcal/day whereas adults aged >60 years and weighing the same are
asked to ingest 2050 kcal/day. This represents approximately a 500 kcal/day decrease in total
EE over 40 years and matches the total EE reduction across the lifespan (see figure 2b for
illustration of change in components of total EE (kcal/day) per decade of life).

One important aspect that is somewhat revealed in Figure 2a is that changes in total EE are
reflective of body mass. It should be noted that there is a constant balance between body mass
and components of total EE as demonstrated in Figure 3. The ratio of energy intake to RMR
+AEE governs body mass. For example, an increase energy intake without a concomitant
change in RMR+AEE results in increased in body mass. Similarly, an increase in activity EE
without a change in energy intake decreases the energy intake/RMR+AEE ratio producing a
decrease in body mass. Aging is associated with a decrease in all components of the equation:
body mass, energy intake, RMR and AEE (Elia et al., 2000). However, it remains unclear what
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factor initiates the change. Does the decrease in energy intake (Morley, 2001; Wakimoto and
Block, 2001) without simultaneous change in RMR+AEE result in a decrease in body mass?
Or, does the decline in the ratio of energy intake/RMR+AEE compensate for the decrease in
body mass? In summary, the decline in total EE is completely reflective of a combination of
decreases in resting metabolic rate and EE due to spontaneous and/or volitional activity.
Potential reasons for the age-related changes in each of these components are described in the
subsequent sections.

2.2 Resting metabolic rate and aging
Resting metabolic rate is responsible for 60–80% of total EE and is primarily responsible for
the maintenance of organismal homeostasis. Of all components of total EE, RMR has received
the most attention because measurement equipment is readily available and fairly inexpensive,
and the assessment consumes very little time in humans (about 30–60 minutes). Nevertheless,
RMR is most often coupled with measurements of body composition (fat mass and fat-free
mass) as an adjustment parameter because the amount of fat-free mass typically explains >60%
of daily RMR. Although this adjustment typically corrects for many of the individual
differences in RMR, it is not constant across adult humans. It should also be noted that there
is a consistent finding that higher body mass in young adults is associated with lower RMR
adjusted for fat-free mass (Heymsfield et al., 2002). In animal studies, an increase in body mass
is associated with an expansion of lower energetic tissues (fat) without a proportional increase
in higher energetic tissues (i.e. brain, liver, kidney etc) (Calder, 1996). Thus, the disproportional
increase in skeletal muscle mass that accompanies increased body mass lowers the RMR
relative to fat-free mass because the mass of other highly metabolic tissues remain unchanged
(Heymsfield et al., 2002). Unfortunately, these data do not apply to aging scenarios where a
loss in body mass is typically seen.

Aging is associated with a progressive decline in whole-body RMR at a rate of 1–2% per decade
after 20 years of age (see Figure 2a & b) (Elia et al., 2000). This decline is closely linked with
the decrease in whole body fat-free mass, which is composed of metabolically active tissues
and organs (Poehlman et al., 1993). However, there is some debate whether the decrease in
RMR is entirely due to changes in fat-free mass. This debate is triggered by findings that an
adjustment for body composition does not fully account for differences in RMR between young
and old adults (Krems et al., 2005). In other words, RMR remains significantly lower in the
elderly even after correcting for body composition differences. A greater understanding for
this finding can be gleaned from the following equation:

where Massi is the mass of that organ and Meti is the specific metabolic rate of an individual
organ expressed as kcal · kg−1 · d−1, which represents the metabolic rate of individual cells
within that organ. The summation of all organs according this equation yields RMR and is
illustrated in Figure 5.

Organ masses (Massi) have been assessed since the first report in 1926 where autopsy studies
were performed on approximately 2200 men and women (Bean, 1926). These data suggested
a 32% reduction in liver mass, a 23% reduction in kidney mass, a 55% reduction in spleen
mass, but a 10% increase in heart mass from age 20 to 80 years. While this and other autopsy
studies demonstrated an age-related decline in mass of most organs (Garby et al., 1993), these
data are criticized because of the lack of information regarding the cause of death and the delay
in which the organs are harvested that may affect fluid retention. Although other evidence exist
to support age-related decline in organ mass (Gallagher et al., 1996), there has not been in
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vivo data until recently. Using the exact, but tedious procedure of analyzing whole body
magnetic resonance scans, He and colleagues brought to the forefront that most organs
demonstrate a decline with increasing age (He et al., 2009). Figure 4, scaled for percent change
from 20 to 80 years of age, was determined using equations by He and coworkers for an African-
American female with a body mass of 70 kg and height of 1.6 meters. It should be noted that
the results would look similar in men and Caucasians. For comparison purposes, published
data on appendicular muscle mass (Gallagher et al., 1997) and bone mass (Rico et al., 1993)
were added to Figure 4. Findings suggest that mass of the brain, bone, kidney, liver and muscle
decline at relatively similar rates, between 10–20% from the ages of 20 and 80 years. The
spleen, however, demonstrates a dramatic 38% loss in tissue mass. These data suggest that the
decline in the mass of most organs undoubtedly contributes to the decrease in RMR with age.

The other component of the RMR equation, Meti, is determined by cellular fractions in tissue,
mitochondrial proton leak, protein turnover, and Na+ - K+ - ATPase (Rolfe and Brown,
1997). As such, Meti is not easily measured in vivo and thus much of the literature relies simply
on organ mass or whole body fat-free mass assuming that specific metabolic rates are constant
across the lifespan. Until recently this assumption has not been challenged. Wang and
colleagues performed a comprehensive study of organ mass and estimated specific metabolic
rate in adults 23 to 88 years of age. Organ volumes were measured using whole body magnetic
resonance imaging and non-energetic components (adipose) were removed. Cellular fraction
of organs was also examined with the hypothesis that aging causes an increase in extracellular
components that don’t contribute to heat production. The key element of this determination is
that reasonable estimates of body cell mass and extracellular water be determined. The
investigators used total body potassium for estimation of body cell mass, deuterium for
estimation of total body water and a combination of the two to calculate extracellular water.
Whole body cellularity was estimated using body cell mass as a function of fat-free mass (BCM/
FFM). These factors were added to a statistical model that was constructed as a cellular-level
prediction equation of RMR and was then compared to RMR measured by indirect calorimetry.
The investigators found that up to the age of 50 years the cellular equation accurately predicted
RMR, but severely underestimated RMR after the age of 50 years. This systematic
underestimation was thought to be due to lower cell fraction of fat-free mass indicating a low
metabolic rate per unit of tissue. Therefore, the homogeneity of specific metabolic rate across
the lifespan should not be assumed and this factor may explain the remaining variance
associated with age-associated declines in RMR.

Physical activity may play an important role for ameliorating the age-related decrease in RMR
because of the strong association between physical activity with preservation of body
composition among highly active older adults (Kohrt et al., 1992). Additionally, aerobic
capacity and exercise volume are positively correlated with RMR suggesting that physical
activity levels contribute to energy flux in the resting state. However, these findings may differ
between men and women. In a series of studies performed at the University of Colorado,
investigators demonstrated that the effects of chronic physical activity on RMR are different
in men and women (Van Pelt et al., 1997; Van Pelt et al., 2001). In old physically active women
who had run trained for ~18 years, the decrease in RMR adjusted for fat-free mass was
completely absent. Additionally, non-load bearing athletics also demonstrated an effect with
competitive older female swimmers having no decrease in RMR adjusted for fat-free mass
when compared to younger highly competitive runners (Van Pelt et al., 1997). The researchers
concluded that endurance exercise, in general, was responsible for the observed preservation
of RMR. Interestingly, the old women also preserved their fat-free mass as compared to young
women. In highly physically active men, RMR adjusted for fat-free mass was lower in older
adults when compared to a group of young adults. In a sub-analysis, both exercise volume and
energy intake were positively correlated with RMR adjusted for fat-free mass. When the young
and old groups were matched for exercise volume (in terms of hours per week) or energy intake,
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the difference in RMR disappeared. Therefore, RMR in men declines with age despite chronic
performance of endurance exercise, but this decline is tightly coupled with the decrease in
exercise volume and energy intake. It was proposed that men who are able to maintain high
levels of exercise and energy intake with age will be able to maintain their RMR levels.
Bullough and colleagues investigated the potential mechanisms of increased RMR in trained
individuals (Bullough et al., 1995). Using an elegant set of experiments the investigators tested
the effects of high energy flux (high energy intake + exercise while in energy balance), low
energy flux (low energy intake + no exercise while in energy balance), negative energy flux
(low energy intake + exercise), and positive energy flux (High energy intake + no exercise) in
trained and untrained individuals. RMR was higher in the trained individuals only during the
high energy flux condition where energy consumption matched energy expended during
exercise. The mechanism was partially due to the drop in norepinephrine levels that was found
in all trained individuals who transitioned from the high to the low energy flux condition. A
correlation analysis found that norepinephrine was closely linked with the change in RMR
during the high to low energy flux transition. No changes were found in triiodothyronine,
glucose, insulin and epinephrine levels and thus these hormones did not modify RMR. These
results suggest that total energy flux contributes to RMR even while individuals are kept in
energy balance. Regarding age-association effects, RMR may be partially preserved due to the
high total energy flux and norepinephrine release that accompanies chronic exercise training.

In many circumstances, aging is tied with onset of diseases that might contribute to a decrease
or increase in RMR. Conditions such as Alzheimer s, chronic obstructive pulmonary disease,
congestive heart failure, Parkinson s, diabetes, malnourishment and cancer are associated with
a change in RMR (Toth and Poehlman, 2000). Disease conditions that elevate RMR have been
reported for: chronic obstructive pulmonary disease(Baarends et al., 1997), lung cancer(Gibney
et al., 1997), and diabetes (Nair et al., 1984). RMR declines in conditions that are associated
with negative energy balance and wasting such as: Alzheimer’s disease (Poehlman and Dvorak,
1998), renal failure(Avesani et al., 2004), and malnourishment (Rigaud et al., 2000). While
hypermetabolism is an attractive hypothesis for wasting syndromes, most studies have
concluded that reduced energy intake is the mediator for negative energy balance and weight
loss that accompanies chronic disease (Toth et al., 2000). It should be noted, however,
mechanistic study of RMR is hindered by a lack of studies that have coupled RMR with
adjustments of fat-free mass. It also remains unclear whether additional contributions are made
by cellular changes or specific metabolic rates.

Specific metabolic rates are also driven by mitochondrial proton leak, protein turnover, and
Na+ - K+ - ATPase. Alterations in these processes would lend additional support for a role of
specific metabolic rate in contributing to the age-related decline in RMR. When cellular ATP
demands are low, mitochondrial proton leak contributes 16–21% of RMR (Rolfe and Brand,
1996). Paradoxically, aging is associated with an increase in proton leak that would
theoretically increase RMR (Serviddio et al., 2007; Asami et al., 2008) and thus offers little
explanation for observed decreases in specific metabolic rate. Na+ - K+ - ATPase is a key
enzyme found in all cells and function to maintain the gradient of Na+ - K+ across the plasma
membrane. Activity of Na+ - K+ - ATPase is related to differences in RMR across mammalian
and reptilian species (Else and Hulbert, 1987), and body size (Couture and Hulbert, 1995).
Several studies in animals demonstrate a reduction in Na+ - K+ - ATPase activity in heart
(Poole et al., 1984) and brain (Poole et al., 1984; Tanaka and Ando, 1990) tissue with added
support in human erythrocytes (Poehlman et al., 1993) and lymphocytes (Witkowski et al.,
1985). Although there is some conflicting evidence (Kennedy and Lever, 1985), the
predominance of evidence suggests a reduction Na+ - K+ - ATPase that may contribute to the
reduction in RMR seen with aging.

Manini Page 6

Ageing Res Rev. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Maintenance of protein balance through the energy-requiring processes that control synthesis
and degradation of amino acids are major contributors to RMR (Rolfe et al., 1996). In general,
aging in both humans and animals causes a decrease in whole body protein turnover and tissue
specific protein turnover (Lewis et al., 1985; Obled and Arnal, 1991; Millward et al., 1997).
There is however, a discrepancy on how to normalize for differences in body mass with reports
demonstrating no effect of age following an adjustment for fat-free mass (Morais et al.,
1997). Consequently, much of the current work is performed on individual tissues, the most
popular being skeletal muscle because of its association with sarcopenia and wasting
syndromes. In skeletal muscle, it is generally accepted that degradation rates remain constant
and muscle protein synthesis rates in both the postabsorbtive and postprandial states are
reduced with increasing age (Timmerman and Volpi, 2008). Additionally, when given essential
amino acids older adults demonstrate an attenuated increase in muscle protein synthesis
(Katsanos et al., 2006). The mechanisms associated with reduced protein synthesis rates are
not completely deciphered, but likely candidates are changes in hormones and issues related
to nutrient uptake. Testosterone levels are correlated with myosin heavy chain synthesis rates
and when levels are replaced in hypogonadal men, mixed muscle protein synthesis is increased
(Urban et al., 1995; Brodsky et al., 1996). On the other hand, long-duration growth hormone
replacement in older adults do not change muscle protein synthesis rates (Welle et al., 1996).
Nutrient uptake into the muscle is also related to the decline in protein synthesis with increased
age. In older non-diabetic adults, insulin resistance of muscle protein metabolism and related
defects to endothelium-dependent vasodialation are related to reduced protein synthesis
(Rasmussen et al., 2006). In further support of this finding, when older adults perform aerobic
exercise, a potent vasodialator, insulin resistance of muscle protein metabolism is reduced
(Fujita et al., 2007). In summary, age-related changes in specific metabolic rate of tissues seem
to be related to decreases in Na+ - K+ - ATPase activity and protein synthesis rates.

2.3 Activity energy expenditure and aging
Activity and locomotion decrease in humans, non-human primates, canines, rodents and insects
(for review of non-humans see (Ingram, 2000)). Activity EE comprises two categories:
volitional exercise and non-exercise movements. It is highly variable (Levin et al., 1999), the
most difficult to measure and thus the least studied component of total EE with regard to aging.
Activity EE has a large range in humans, from 262 kcal/day in demented elderly (Prentice et
al., 1989), 1434 kcal/day in mountaineers on Mount Everest (Westerterp et al., 1992), and 6333
kcal/day in cyclists in the Tour de France (Westerterp et al., 1986). Similar to other components
of EE, activity EE is proportional to change in body mass (Figure 2a). However, the
contribution of body mass is much weaker when compared to that of RMR. As discussed above,
fat-free mass contributes >60% of RMR, but it only accounts for ~10% of activity EE (Masse
et al., 2004). Therefore, the study of activity EE is largely body mass independent and the
decrease with age is due to changes in the number and intensity of movements (i.e. locomotion,
daily chores, fidgeting, standing etc).

Activity EE is tied to underlying genes as evidenced in familial based and monozygotic twin
studies (Bouchard et al., 1989; Goran, 1997). More evidence for a genetic link comes from
defects in a polygenic mouse model of obesity (New Zealand Obese) where a 72% decrease
in physical activity was seen prior to the gain in body fat mass (Thorburn et al., 2000).
Additionally, mutations in the larval foraging gene is associated with reduce locomotory
behavior in adulthood (Pereira and Sokolowski, 1993). In more recent work, Joosen et al.
evaluated dizygotic and monozytotic twins physical activity in a respiratory chamber and free-
living conditions (Joosen et al., 2005). No genetic association was found when physical activity
from the respiratory chamber was assessed, which is likely due to the confined nature of the
testing environment. As the authors expected, environmental variables explained 68% of the
variance in activity while in the chamber. However, when the twins were evaluated in free-
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living conditions, a genetic association was found even after common and unique
environmental confounders were considered. This analysis showed that genetics explained
72% of the variance in activity energy expenditure and 78% of the variance in physical activity.
This association was reduced, but remained significant, when anthropometric (i.e. body fat)
variables were considered. Conversely, another study with similar methods in children found
a weaker association between activity EE and genetic factors that disappeared after adjustments
for anthropometric and demographic factors (Franks et al., 2005). Overall, while the decision
to ambulate originates from higher brain centers, the results presented above suggests that these
decisions may be influenced by underlying genetic makeup.

Despite having a genetic component, activity EE continues to decline with age. Using the
doubly-labeled water method and indirect calorimetry, Johannsen and colleagues measured
total EE and RMR in calculating activity EE using the following equation: Activity EE = Total
EE − [RMR + (0.1*Total EE)] (Johannsen et al., 2008). A sample of 206 men and women in
three equally sized age groups, 20–34, 60–74 and ≥90 years were compared. Interestingly, only
the group of nonagenarian’s had significantly lower activity EE when adjusted for body mass.
A longitudinal analysis conducted by Westerp and Meijer added to these findings (Westerterp
and Meijer, 2001). Three-hundred and sixteen subjects evaluated over 25 years demonstrated
a 9% and 25% lower activity EE at 60–74 and >75 years of age, respectively. This reduction
in activity EE accounted for the major determinate of age-associated decline in total EE.
Changes in fat-free mass, however, did not explain the reductions in activity EE supporting an
innate biological adaptation with age.

Data from numerous sources, most being epidemiological in origin, suggest a reduction in
volitional activity with increasing age, but in most circumstances these sources have used self-
reported data that have inherent biases (Verbrugge et al., 1996; Bijnen et al., 1998; Caspersen
et al., 2000; Buchman et al., 2007). New objective data on a US national representative sample
has confirmed this finding. Troiano and coworkers placed accelerometers on the hip of 4867
individuals across the age spectrum. The equipment functions as a small (2.0 × 1.6 × 0.6 in.)
and lightweight (42.5 g) uniaxial accelerometer and can measure accelerations in the range of
0.05–2 G and a band-limited frequency of 0.25–2.5 Hz, which corresponds to movements of
most human activities. An analog-to-digital converter collects data at a rate of 10 Hz, and values
are summed for the specified time period of 1 min. An important feature of these accelerometers
is they measure the number of acceleration counts with more counts in a given period of time
corresponding to higher intensity activity. Thresholds for the counts have been derived and
were used to determine the intensity of activity into moderate or vigorous activity. Figure 6a
illustrates data presented in Troiano et al. where moderate and vigorous activity (combined)
of men and women decline in a rapid manner after 11 years-old and again after the age of 39
years. Both men and women had ~55% declines in accelerometer counts originating from
moderate or vigorous intensity activity from age 39 to 70+ years (Troiano et al., 2008). The
amount of time performing moderate or vigorous intensity activity decreased from 42 min per
day (21 min per day in women) to 8.7 min per day (5.4 min per day in women) in men from
age 39 to 70+ years. This represents a ~75% decline in time spent performing moderate and
vigorous intensity activity in both men and women. Objective data from a nationally
representative sample of US persons strongly suggests that volitional activity EE declines
drastically with increasing age.

Activity EE contains non-volitional movements known as non-exercise activity thermogenesis
(NEAT). In its most stringent definition, NEAT is derived from only unconscious, spontaneous,
nonvolitional movements that include fidgeting and restless behaviors (Kotz et al., 2008).
While volitional activity EE is largely touted as a major component of total EE in free-living
humans, it has less impact on total EE when compared to NEAT (Goran and Poehlman,
1992). This component of activity EE is even more challenging to measure because equipment
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such as hip accelerometers won’t record many movements that contribute to NEAT (e.g. sitting
movements, standing, fidgeting). To overcome these challenges, Harris and colleagues
performed a case-control study where a group of healthy older adults (>70 years) were closely
matched to a group of young adults (30–40 years old) for fat-free mass and physical activity
level. The investigators assessed NEAT using specially designed triaxial accelerometers and
inclinometers (captures acceleration against earth’s gravitational field). These monitors were
used to examine posture allocation where lying, sitting, standing and locomotion time was
calculated over 10 days. Results showed that the elderly walked 3 less miles/day, were in a
sitting position 131 more minutes per day and stood 110 minutes less per day when compared
to young adults (Figure 7). These data suggest that NEAT, reflected as time sitting, standing
and under locomotion is severely reduced even in older adults who have maintained a fat-free
mass comparable to the young.

2.4 Age-related changes in the biological control of activity energy expenditure
Aging induces a high propensity to be inactive. However, it remains unclear whether aging
triggers a biological drive to be less active and if that drive is inherently or evolutionary based.
This trigger has not been discovered, but in humans it is likely a complex interaction between
biological, psychological, and sociological factors (Sallis and Owen, 1999). Notwithstanding
the importance of psychological and sociological factors, the discussion will focus on potential
biological origins. Activity EE is closely coupled with regulation of body mass where
prolonged caloric restriction reduces activity levels (Keys et al., 1950; de Groot et al., 1989;
Martin et al., 2007), although this is not a universal finding in closed room settings (Leibel et
al., 1995). Conversely, overfeeding increases activity in lean individuals (Levine et al.,
1999). The most recent findings by Martin and colleagues strongly support a balance between
activity and body mass (Martin et al., 2007). The investigators found that free-living activity
EE assessed using doubly-labeled water was significantly reduced in overweight adults
undergoing 3 months of 25% caloric restriction. This finding is consistent with anecdotal
reports of apathy and reduced activity in individuals undergoing semistarvation and suggests
that reducing physical activity provides a survival advantage to conserve energy (Keys et al.,
1950). However, these observations are not in line with the animal literature as caloric restricted
non-human primates are known to increase their activity levels (Weed et al., 1997); possibly
due to food-seeking behavior. It should be noted, however, that food-seeking behavior and its
effect on activity EE is an unlikely factor in human studies because there is ample food supply
in our environment. Therefore, restriction of food intake has a suppressive effect on free-living
activity EE and might be a method to defend against further losses in body mass (Martin et al.,
2007). Considering the close association between body mass and activity EE it seems plausible
that age-related decreases in activity EE might be a compensatory strategy for reductions in
body mass (Grinker et al., 1995) and fat-free mass (Visser et al., 2003) in late-life. In other
words, a reduction in activity EE has an inherent role to conserve energy and defend against
the loss in body mass. It is tempting to use this association as a teleological approach to explain
age-related declines in activity. However, a recent study showed that old high fat fed rodents
were less likely to undergo voluntary wheel running despite having a preserved body mass
(Judge et al., 2008).

The biological origins of activity EE are thought to arise in higher brain centers and are coupled
with energy intake (Kotz et al., 2008). Work being done to understand the regulation of activity
has experienced a surge with the increasing obesity epidemic, of which some information can
be applied to the occurrences seen with aging. Brain neurotransmitters have received the most
attention with cholecystokinin, corticotropin-releasing hormone, neuromedin U, neuropeptide
Y, Leptin, Agouti-related protein (AGRP), orexin, ghrelin and arousal systems controlled
through the dopaminergic pathways leading the obesity-driven research (Teske et al., 2008).
While these neuromodulators (and even more not mentioned here) have provided a basis for
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understanding development of obesity, very little has carried over into aging literature. The
few that have received attention are orexin, AGRP and dopamine. Orexin-A and –B are
neuropeptides located in the hypothalamus and spinal cord that have important roles in energy
balance through cortical arousal (Lubkin and Stricker-Krongrad, 1998; Brown et al., 2002).
Transgenic mice with deficiencies in the orexin producing system display reduced spontaneous
activity and have a higher body mass despite a lower food intake (Chemelli et al., 1999). With
regard to aging, the density of orexin axons is reduced across the lifespan of rhesus macaque’s
(Downs et al., 2007). Additionally, mRNA expression of orexin levels in the thalamus,
hippocampus, pons and medulla were reduced in aged rat brains (Terao et al., 2002). AGRP’s
are endogenous antagonists for the melanocyte-stimulating hormones and are primarily located
in the arcuate nucleaus of the hypothalamus (Fong et al., 1997). These proteins are thought to
regulate energy balance through locomotor activity that develops late in life as found in AGRP
deficient mice (Wortley et al., 2005). This unique development in late-life suggests that
compensatory strategies for overcoming the AGRP deficiency may be removed with aging.
Motivational factors controlled through the dopaminergic system provide the willfulness to
expend energy through activity and may have an important role in age-related decline in
activity. For instance, the concentration of the D2 dopamine receptor declines with age in a
wide-variety of species (Roth and Joseph, 1994). Activation with quinpirole infusion (a D2
receptor agonist) increases exploratory activity, but to a lower extent in old versus young rats
(Crawford and Levine, 1995). Additional evidence showed that when dopamine was directly
injected into the brain, younger rats increased their exploratory activity while this response
was blunted in older rats (Cousin et al., 1985). It should be noted that the specific mechanistic
study of each of these neuromodulators is complicated by their overlapping roles. For example,
dopamine terminals innervate ARGP neurons (Korotkova et al., 2006) and orexin axons are
covered with dopamine receptors (Nakamura et al., 2000). In summary, the biological origins
of reduced activity and its role in phenotypical changes with aging are still in their infancy.
However, it is clear that fluctuations in activity EE are responsive to reductions in body mass,
and these responses are under brain control as illustrated in Figure 8.

3.0 Longevity and energy expenditure
Much attention has been paid on EE as a predominate predictor of lifespan. Volumes of
information have been written on this topic arguing for and against the importance of energy
expenditure as a factor to explain underpinnings of aging (Ramsey et al., 2000). This section
will likely add to the confusion, at least in humans, as it supports a growing body of literature
that activity EE might be an important determinant of lifespan (Byberg et al., 2009). Before
this argument can be made, a brief review of the rate of living (ROL) theory, no matter how
controversial, is required to set the stage for further discussion.

Rubner was the first to document an association between rate of metabolism of animals and
body size. He also observed that EE expressed as function of body size and lifespan was
relatively fixed (Rubner, 1908) and thus energy used up faster will shorten lifespan. Additional
work by Loeb and Northrop demonstrated that poikilotherms exposed to increased ambient
temperature had a decreased lifespan (Loeb and Northrop, 1917). Pearl expanded on this initial
work in two books that built the foundation for the rate of living theory (Pearl, 1922; Pearl,
1928). Pearl wrote after performing experiments in flies and cantaloupe seedlings that
“Duration of life is determined by two variables, the constitution of the individuals, genetically
determined, and the average rate of metabolism or rate of energy expenditure.” The ROL theory
is supported by mammalian correlative studies (Cutler, 1982), on manipulation of temperature
environments (Atlan et al., 1976; Miquel et al., 1976) and mutant D. melanogaster (shaker
mutants that are highly active and sleepless) (Cirelli et al., 2005). The shaker mutants have a
reduced lifespan that is inversely proportional to their metabolic rate (Trout and Kaplan,
1970). However, it is refuted by inconsistencies among birds and bats which live several fold
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longer than do mammals of comparable body size and RMR (Austad et al., 1991). Additionally,
rats exposed to long duration cold exposure increased their EE, but did not have a shortened
lifespan (Holloszy et al., 1986). Nevertheless, the ROL theory, while largely scrutinized under
its original pretenses (Lints, 1989), has provided a foundation on which to develop new ideas
on which energy may contribute to aging through the cumulative effects of toxic by-products
of oxygen utilization (Harman, 1956).

As discussed in several review articles, the ROL theory is hindered by problems associated
with correction of body size, accurate definitions of lifespan, appropriate methods for
comparing species, and choice of the most appropriate component of EE: Resting, total or
activity (Speakman et al., 2002; Speakman, 2005). Regarding the latter, Speakman and
coworkers made the argument that daily EE, as opposed to RMR, is the most appropriate
measure for testing the ROL theory. When adjusted for fat-free mass, the variability is RMR
is low within species and does not reflect the total EE of a particular organism. Additionally,
total EE is highly variable within and across species even after correcting for body mass (or
heat producing mass) (Ravussin et al., 1986), refuting the fixed EE hypotheses posed by
Rubner. Speakman compiled total EE data, calculated with doubly-labeled water method, on
mammals and birds to determine the association between lifespan and total EE. In small
mammals (weighing less than 4kg) total EE was inversely associated with lifespan even after
removing the shared variance of body mass and effects of ambient temperature on total EE
(Speakman, 2005). Barring the inherent limitations of not accounting of age-related changes
in total EE and inconsistent results in birds, the data support the ROL theory in that the rate of
daily EE in mammals is associated with shortened lifespan.

Energy expenditure data in humans support a completely opposite view of the ROL theory. In
the study by Manini and colleagues (Manini et al., 2006), total EE and RMR were assessed in
302 older adults (+70 years) using doubly-labeled water and indirect calorimetry, respectively.
These two measurements were used to calculate energy due to activity alone with the equation:
(total EE × 0.90) - RMR. Mortality was ascertained over an 8 year period and time to death
was statistically modeled with discreet-time hazard rates, which uses the probability that death
will occur at a particular time to an individual, given that the individual is at risk at that time.
Each EE component unadjusted and adjusted for body mass was assessed for its association
with mortality as demonstrated in Figure 9. When expressed into equal thirds, neither resting
nor total EE expended per unit tissue was associated with the occurrence of death. Only after
partitioning activity EE from total EE was an association found. Individuals in the lowest third
of activity EE had approximately three times greater risk of death when compared to the upper
third. When data were expressed as standard deviation units, the results showed that a 287 kcal/
day increase in activity EE was associated with a 32% reduction in mortality risk. Statistical
adjustments for gender, health status and body composition did not affect the results.
Additionally, the effects were unlikely due to a predominance of physically fit individuals who
regularly exercised as the prevalence of individuals performing this type of activity was low
(17%) and similar across all activity EE groups. On the contrary, light intensity activities (i.e.
household chores) separated the groups suggesting that these have a major role in determining
activity EE among older adults. Individuals in the lowest third of activity EE had a similar
number of health conditions as compared to the upper third and thus the results were unlikely
affected by underlying impairments. In additional work, the investigators explored whether
activity EE was associated with mobility performance (Manini et al., 2009). The findings
suggest that activity EE is also associated with reduced mobility impairment and thus preserved
physical function, although the effects were stronger in men. The limitations of such work are
numerous and include the inability to assess activity EE across the lifespan and the investigation
of a single species with a short age-range. With the exception of these limitations, the data
support a general finding that activity EE levels are associated with a reduced rate of death and
preserved health (Paffenbarger et al., 1993). However, the results add an important detail that
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the accumulated amount of activity EE may be a strong predictor of lifespan. The data also
refute a direct quote from Pearl who wrote, There is a direct and positive relation between the
magnitude of the age specific death rates and the average expenditure of physical energy in
occupation… This relation is of the sort that associates high mortality with high physical labour.
Similar to findings 40 yrs ago where Paffenbarger et al. found a inverse association between
physical work performed in longshoreman and mortality rates (Paffenbarger et al., 1971), these
new data suggest that any energy expended through physical activity may have a role in
determining lifespan.

3.0 Conclusion
Energy expenditure continues to be of major interest in aging research. Novel techniques that
employ respiratory chambers and non-radioactive isotopes for precise estimation of EE have
allowed a substantial degree of study into the causes and consequences of aging. The current
discoveries in EE research have the potential for building a basic understanding for the control
processes that govern changes with age. The age-associated reduction in total EE is caused by
a combination of decreases in RMR and activity EE, which are both dictated in part to
reductions in body mass and fat-free mass. The decline in RMR is manifested through
reductions in organ mass and specific metabolic rate of tissues without a clear understanding
about the contribution of each. Activity EE is carried as a familial trait and typically declines
in a rapid manner after the age of 40 years and contributes substantially to the overall reduction
in total EE. More importantly, activity EE may be a biomarker of aging as it is strongly
associated with death in humans and declines in most species with senescence. While new
research is beginning to uncover the biological control of non-exercise activity, very little is
known about whether these same biochemical markers have a role in age-related reductions in
activity EE. Understanding of such mechanisms may hold promise for identifying key
regulators of lifespan.
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Figure 1.
Categories of total energy expenditure. Resting metabolic rate (RMR) accounts for 60–80%
of the total, thermic effect of food (TEF) metabolism uses 10% of total, Activity energy
expenditure (AEE) is the most variable component and can be divided into volitional exercise
and non-exercise activity thermogenesis (NEAT). Exercise and NEAT can comprise 20–50%
of total.
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Figure 2.
Figure 2a & b. a.) Age-related changes in categories of energy expenditure. Body mass index
is also plotted as a function of age to evaluate the tracking association between energy
expenditure and body mass with age. Data reproduced from Table 3 in (Black et al., 1996)
demonstrates a decrease in all components of energy expenditure with increasing age. b.)
Summarized changes in daily resting metabolic rate (RMR), activity energy expenditure (AEE)
and the thermic effect of food (TEF) in men and women per decade after onset of adulthood
(data reproduced from (Elia et al., 2000)).
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Figure 3.
Energy balance illustrated as a function of body mass and energy intake/[resting metabolic rate
(RMR) + activity energy expenditure (AEE)]. The association depicted is unidirectional where
the ratio of energy intake/[resting metabolic rate (RMR) + activity energy expenditure (AEE)]
balances the variance in body mass.
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Figure 4.
Organ mass changes from age 20 to 80 years of age. Predicted organ mass change from 20 to
80 years of age. Regression coefficients from He et al.(He et al., 2009) were used to estimate
a percent change in the left ventricle (LV) of the heart, brain, kidney, liver and spleen mass.
The predicted values were derived by fitting the model for an African-American women with
a height of 1.6 meters and body mass of 70 kg. Kidney and spleen masses estimated with the
natural logarithm were exponentiated for calculating values presented in the figure.
Appendicular muscle mass was estimated using regression coefficients from Gallagher et al.
(Gallagher et al., 1997) where body mass and height were used to predict age-related change
in African-American women. Bone mass (i.e. bone mineral content) was estimated using data
in women from Rico et al.(Rico et al., 1993). Data from Rico et al. were not adjusted for body
mass and no information was given as to the race distribution of the subject sample (Reprinted
from (Manini, 2009) with permission).
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Figure 5.
Schematic of biological control processes for age-related decrease in resting metabolic rate.
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Figure 6.
Figure 6a & b. Volitional physical activity levels across the lifespan in a nationally
representative sample of Americans (National Health and Nutrition Examination Survey –
NHANES 2003–2004) over 7 days. Physical activity was measured by accelerometry as (a)
mean counts per minute and (b) time spent in moderate or vigorous physical activity according
to an activity count threshold.
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Figure 7.
Posture allocation per day. Time spent standing was significantly greater (*P = 0.04) in young
vs. elderly. Time spent sitting was significantly less (**p< 0.01). in the young vs. elderly.
Values are means ± standard error. (Reprinted from (Harris et al., 2007) with permission).
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Figure 8.
Schematic of the control processes for decreases in activity energy expenditure with age.

Manini Page 25

Ageing Res Rev. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 9.
Figure 9a, b, & c. Kaplan-Meier survival plots adjusted for body mass along with mortality
rates. Each component of energy expenditure was divided into tertiles of (a) total energy
expenditure, (b) resting metabolic rate and (c) activity energy expenditure. Trend tests, which
adjusted for the effect of body mass on both energy expenditure and mortality, were calculated
with Cox regression analysis and used to determine the equality of survivor functions between
the tertiles. Data for Figure 9c are recreated from (Manini et al., 2006). Data from 9a and b are
unpublished.
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