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Abstract

Resting metabolic rate (RMR) is a significant contributor to an individual’s total energy expenditure. As such, RMR plays an
important role in body weight regulation across populations ranging from inactive individuals to athletes. In addition, RMR
may also be used to screen for low energy availability and energy deficiency in athletes, and thus may be useful in identify-
ing individuals at risk for the deleterious consequences of chronic energy deficiency. Given its importance in both clinical
and research settings within the fields of exercise physiology, dietetics, and sports medicine, the valid assessment of RMR
is critical. However, factors including varying states of energy balance (both short- and long-term energy deficit or surplus),
energy availability, and prior food intake or exercise may influence resulting RMR measures, potentially introducing error
into observed values. The purpose of this review is to summarize the relationships between short- and long-term changes in
energetic status and resulting RMR measures, consider these findings in the context of relevant recommendations for RMR
assessment, and provide suggestions for future research.

Changes to resting metabolic rate (RMR) that are greater
than expected based on change in body mass or com-
position are more likely to occur following long-term
interventions (> 14 days) and in the context of negative
energy balance.

A ratio of measured to predicted RMR that is below
cutoffs defined in the relevant literature (e.g., 0.90) may
help identify athletes at risk for the health consequences
of chronic energy deficiency.

To the extent possible, researchers investigating RMR
via indirect calorimetry should employ a period of
weight stabilization (preferably > 2 weeks), a consistent
period of abstention from moderate- to vigorous-inten-
sity exercise or physical activity (preferably >24 h), and
a period of fasting (preferably ~ 12 h) prior to assess-
ments.
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1 Introduction

Resting metabolic rate (RMR) is the total amount of
energy required to sustain homeostasis in the resting state
[1]. A similar but not completely synonymous concept is
basal metabolic rate (BMR), which is the energy required
for the maintenance of cells and tissues, respiration, circu-
lation of blood, gastrointestinal and renal processing, and
the energy costs of remaining awake [2]. Indirect calorim-
etry, the most common method of BMR and RMR assess-
ment, measures energy expenditure through the volume
of oxygen consumed and carbon dioxide produced [1, 3].
However, while BMR represents the energy expended in
the period shortly after waking, in a thermoneutral envi-
ronment, and at least 12 h after consuming food [2], RMR
can be assessed at other times of day and with variable
durations of fasting, making it a more feasible option
in outpatient and clinical settings [1]. Observed values
for RMR may be approximately 10-20% higher than for
BMR, especially if food has recently been consumed or
physical activity undertaken [2]. Despite the less precise
definition and implementation of RMR in clinical set-
tings, pre-assessment standardization of RMR assess-
ments in research settings should approach the rigor of
that required for estimating BMR. Sleeping metabolic rate
(SMR), meanwhile, denotes the energy required for basal
physiological functions during sleep, and values may be
5-10% lower than those for BMR [2].

The effects of various diet and exercise interventions
on RMR are commonly investigated across diverse pop-
ulations. As a major contributor to an individual’s total
energy expenditure [1], RMR plays an important role in
body weight regulation across a range of populations.
The monitoring of RMR—as well as the application of
potential interventions to maintain or optimize it—is also
important in populations that must maintain a certain body
weight or composition for performance (e.g., for improve-
ment in strength-to-bodyweight ratio in weight-restricted
and power athletes or speed and economy in endurance
athletes) or aesthetic purposes (e.g., for maintenance of
leanness or low bodyweight in aesthetic and physique
sports) [4]. RMR may also be used as a non-invasive
marker of energetic status in athletes and active individu-
als [5], providing insight about their risk for the delete-
rious health effects associated with chronic energy defi-
ciency [6]. In these individuals, dietary intake patterns that
do not sufficiently meet the combined energetic demands
of formal exercise, everyday tasks, and basic physiological
processes may eventually lead to the sequelae of negative
health consequences described as the female athlete triad
[7] and male athlete triad [8], with a broader syndrome
known as relative energy deficiency in sport (RED-S) [9].

Fat-free mass (FFM) is considered the largest contributor
to RMR [10], although the various organ and tissue compo-
nents of FFM (e.g., bone, skeletal muscle, brain, liver, and
kidneys) influence RMR to different degrees [11]. Chronic
manipulations of energetic status, defined as either energy
balance or energy availability, may possibly inflate or dimin-
ish observed RMR values beyond what would be expected
on the basis of these factors. While energy balance repre-
sents the difference between total energy intake and total
energy expenditure throughout the day, energy availability
considers only the amount of energy expended through for-
mal exercise and standardizes the difference between this
value and energy intake to an individual’s FFM [12]. As
such, it may be a more appropriate metric for athletic indi-
viduals. Thus, the purposes of this review are to (1) summa-
rize the relationships between various states of energy bal-
ance, energy availability, and RMR within both short-term
(< 14 days) and long-term (> 14 days) contexts; (2) consider
these findings in the context of relevant recommendations
for RMR assessment; and (3) provide suggestions for future
research.

1.1 Current Recommendations for RMR Assessment

Given the important role of RMR assessment in both
research and clinical arenas of sports medicine, the use
of pre-assessment standardization guidelines is critical to
reducing error in RMR testing so that the effects of pertur-
bations of energetic status can be more precisely examined.
In addition to requiring that the subject be at rest through-
out the test [2] (i.e., not expending energy through move-
ment or arousal beyond wakefulness), currently accepted
guidelines [13] from the Academy of Nutrition and Dietetics
include a 30-min period of pre-assessment supine rest with
no movement; abstention from food (>7 h, or>4 h after a
small <300-kcal snack if necessary), moderate- to vigorous-
intensity exercise (12—48 h), and stimulants such as caffeine
(=4 h) or nicotine (> 140 min); and the maintenance of a
quiet, thermoneutral environment during testing [14].
Relevant recommendations for RMR assessment, the
strength of recommendations and their underlying evidence,
and identified research and gaps presented by the Academy
of Nutrition and Dietetics are summarized in Table 1. As
acknowledged by the authors [1], the evidence underpinning
many of these recommendations is sparse. For instance, the
majority of studies informing guidance on the pre-assess-
ment abstention from food did not include a duration of
RMR assessment long enough to observe a return to baseline
levels after eating, and the recommendations explicitly do
not consider the effect of “continuous feedings, macronu-
trient composition, overfeeding, etc. on RMR” [13]. Only
one study was identified by the linked systematic review [1]
regarding the impact of resistance exercise on RMR, which
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reported a 3% (57-kcal) increase at 48 h post-exercise in
untrained, older men [15]. While the systematic review iden-
tified no studies determining the optimal period of absten-
tion from light- to vigorous-intensity physical activity, two
studies [16, 17] cited by the resulting guideline suggest that
RMR may be elevated for longer after aerobic (~ 19-48 h)
compared with resistance exercise (up to 24 h).

The grading system used by the Academy provides a rat-
ing of the strength of evidence as well as of the recommen-
dations stemming from it. Strength of evidence for a conclu-
sion is based on the quality, consistency, quantity, clinical
impact (importance and magnitude of effect), and generaliz-
ability of findings and ranges from I (good) to V (grade not
assignable) [18]. Resulting recommendations are classified
as strong, fair, weak, consensus, or insufficient evidence
on the basis of the balance between potential benefits and
harms as well as the determined strength of evidence [13].
While evidence related to the residual effect of food on RMR
was given a quality grade of II (fair), all evidence related to
physical activity and exercise received grades ranging from
III (limited) to V (not assignable). As a result, only one rec-
ommendation —a pre-assessment fast of >7 h—was given a
grade of at least “fair” [14]. Given the state of evidence upon
which current recommendations for RMR assessment are
based, it is likely that future recommendations may change
or be refined as more evidence accumulates.

1.2 Methods and Terms Used

In addition to a general review of the literature, a search of
the PubMed database through August 2022 was conducted
using combinations of key phrases including “short-term,”

“long-term,” “chronic,” and “acute”; “energy restriction,”
“calorie restriction,” “energy surplus,” “calorie surplus,”
“underfeeding,” “overfeeding,” and “energy availability”;

and “resting metabolic rate” and “resting energy expendi-
ture,” with the most highly relevant titles and abstracts
screened for relevance and the references of relevant works
accessed for further consideration. Literature assessing the
effect of changes in energy balance or availability on RMR
in generally healthy adults, including those with overweight/
obesity, were included, with studies assessing RMR in criti-
cally ill populations or individuals with chronic disease con-
sidered outside the scope of this review. Secondary analyses
(i.e., narrative reviews and systematic reviews and meta-
analyses) were reviewed and included to provide additional
context for findings.

Outcomes reported in cited research as BMR are refer-
enced within this review as RMR, as BMR is assessed in
fasted, morning conditions, and thus represents a more con-
servative estimate of energy requirements at rest. SMR out-
comes are generally discussed separately unless specified by
study authors that measurements were taken in a fasted state.

It should be noted that repeated RMR measurements have
been observed to vary 3-5% over 24 h [19], correspond-
ing to ~36-85 kcal for RMR values of 1200-1700 kcal/
day, assuming the use of contemporary indirect calorimetry
techniques. All presented findings should be interpreted in
relation not only to the expected variability arising from
physiological processes and the technological limitations of
RMR assessment but also to the relative age of the indicated
research and the degree of standardization used within meas-
urement procedures. For the purposes of interpreting find-
ings within this review, magnitudes of change in RMR >5%
are generally considered beyond the expected day-to-day
variability of assessment for most devices used in research
since the late twentieth century, though discretion should be
used when interpreting findings of older research.

2 Energy Balance and Resting Metabolic
Rate

Energy balance (EB) is defined as the overall bal-
ance between total metabolizable energy ingested
via food and fluid intake versus the total amount of
energy expended. The formula for EB is therefore
Total Energy Intake — Total Energy Expenditure [20]. Total
energy expenditure includes all contributors to the amount
of energy expended throughout the day, including RMR,
the thermic effect of feeding (TEF, sometimes referred to as
diet-induced thermogenesis [DIT]), and energy expended
through both non-exercise (non-exercise activity thermo-
genesis, or NEAT) and exercise activities [22]. In addition
to the components of total energy expenditure required dur-
ing homeostasis, EB also considers any additional energy
required for the growth of an organism [20]. EB is consid-
ered a dynamic system, and fluctuations in the components
of both energy intake and expenditure are considered influ-
ential on one another [23, 24].

2.1 The Question of Adaptive Thermogenesis

The change in energy expenditure over and above that pre-
dicted by a change in body mass or composition alone is
termed adaptive thermogenesis (AT), though no single clear
definition or methodology of assessment has yet prevailed
in the literature [25-27]. Proposed mechanistic contribu-
tors to AT include changes in FFM, sympathetic nervous
system, and metabolic pathway activity as well as in hor-
monal regulators including triiodothyronine, leptin, and
insulin [4, 28, 29]. In the context of both energy deficit
and surplus, the mere existence of AT remains controver-
sial. For instance, incommensurate decreases in RMR have
been observed in response to weight loss by several inves-
tigators [30-38] reporting mean adaptive changes ranging
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from approximately 60 to 370 kcal/day, though others have
reported no changes [39-42]. The debate over whether an
adaptive increase in energy expenditure occurs in response
to prolonged increased intake is also not new, with discourse
and experimental data dating back to the early twentieth cen-
tury [43]. Differences in the way values are measured and
reported in the literature, as well as interindividual differ-
ences observed in response to changes in EB, further add to
the confusion [44].

While longer-term diet and exercise interventions leading
to weight gain or loss are generally associated with changes
in RMR, it is unclear how much of a role is played by some
additional “adaptive” component versus a simple change in
body mass (and, thus, in the amount of energy required to
sustain it). Short-term disruptions to EB could also have
considerable implications for the assessment of metabolic
responses to diet or exercise interventions. For instance, it
has been suggested that if individuals either consciously or
subconsciously increase their intake above weight mainte-
nance requirements in the period immediately preceding a
weight loss intervention, this could artificially inflate base-
line RMR values [31, 45]. In fact, the majority of diet and
exercise investigations do not appear to utilize a multi-day
weight stabilization period leading up to the given interven-
tion to confirm that the subjects were in a state of neutral EB
at baseline, though such protocols are not without precedent
[41, 46-48]. The following sections will describe the rel-
evant literature related to the effect of both short- (< 14 days)
and long-term (> 14 days) energy surplus and deficit on
resulting RMR values, with particular emphasis on whether
these changes are adaptive or simply a function of changes
in body mass or composition.

2.2 The Effect of Short-Term Changes in Energy
Balance on Resting Metabolic Rate

2.2.1 Responses to Short-Term Energy Surplus

A systematic review by Bray and Bouchard [49] concluded
that interventions less than 1 month in duration did not con-
sistently elicit statistically significant increases in RMR.
While longer-term overfeeding interventions demon-
strated 5—-12% increases, these were generally explained by
increases in body mass or FFM (Table 2). The consistency
of observed changes appears to increase with the duration of
overfeeding. In fact, many investigators (though not all [50])
have observed statistically significant RMR increases of up
to 90-150 kcal/day within a 9-to-15-day time frame [51-55],
often explained as a result of increased body mass or FFM.
Some, however, have argued that the observed increases may
at least partially be explained by residual TEF lasting up to
9-14 h after the last meal in the context of overfeeding inter-
ventions lasting anywhere from 24 h [56] to 14 days [51].

Tellingly, investigators who overfed 16 lean men and
women by 1000 kcal/day for8 weeks reported a 5% (88-kcal)
increase in RMR by the second week at a corresponding
2% (1.5 kg) increase in body mass, followed by a decrease,
rebound, and continued plateau between 79 and 108 kcal
above baseline RMR from weeks 5 to 8 [57]. However, the
overall change in RMR tracked more closely to changes in
body mass and FFM by week 6. These findings indicate
that observed short-term increases in RMR may resemble a
“metabolic growth spurt”—Iikely an attempt to dissipate a
sudden energy surplus through increased heat production—
which is then followed by a settling period in which RMR is
linked to small increases in mass. Rather than a prolonged
increase in postprandial energy expenditure as the reason for
the more immediate observed effects on RMR, the authors
suggested alternative hypothesized mechanisms including
changes in sympathetic nervous system activity, thyroid hor-
mone, or adipokines such as leptin and ghrelin [57].

2.2.2 Responses to Short-Term Energy Deficit

In individuals with overweight and obesity, periods of
energy restriction up to 1 week in duration generally do not
appear to affect RMR to a statistically significant degree
[58-60], though reported mean changes may be as large as
5% (124 kcal) and more notable decreases may occur shortly
thereafter (Table 2). For instance, investigators observed no
changes in absolute or body composition-adjusted RMR at
3 days of a very low-energy diet in 31 adults with obesity
but reported significant changes in both measures at the
point of 5% weight loss, corresponding to a mean duration
of 12 days and a 10% (167-kcal) reduction in absolute RMR,
approximately half of which was ascribed to AT [60]. In lean
subjects, RMR did not significantly change in response to
1 day at a 1100-kcal reduction in intake [56], 4 days of an
800-kcal daily deficit [61], or 1 week at a 1960-kcal daily
deficit induced with diet and exercise [62]. However, Miiller
and colleagues [30] observed an adaptive 72-kcal decrease
in RMR after just 3 days of a 50% deficit in eight lean men,
though this occurred immediately after 7 days at a 50%
energy surplus. Conversely, increases in RMR ranging from
70 up to 193 kcal/day (3—14%) have been observed after just
18-36 h of fasting in non-obese subjects [63—-65], suggesting
a potentially transient effect of increased cholinergic activity
in the first several days of starvation [66].

It has been proposed that different metabolic phenotypes
may help explain the differing responses to short-term
periods of energy deficit or starvation (Fig. 1). In fact, the
observed variability of responses to acute changes in EB
was noted in the literature as early as the mid-twentieth
century, as discussed by Dauncey [56]. Furthermore, the
role of these metabolic phenotypes in mediating responses
to changes in EB may be “unmasked” in the context of a
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Fig. 1 Potential relationships between varying states of energy bal-
ance, availability, menstrual status, and resting metabolic rate. Filled
lines denote stronger or more certain relationships. Dashed lines
denote weaker or less certain relationships and opportunities for fur-

low- or high-protein diet [67]. When comparing “thrifty”
(metabolically efficient and thus predisposed to weight gain)
and “spendthrift” (metabolically inefficient and thus weight
gain resistant) phenotypes under 24-h neutral EB, fasting,
and overfeeding conditions, Hollstein and colleagues [68]
found that thrifty types had greater expenditure during neu-
tral EB but demonstrated decreased SMR in response to
fasting while spendthrifts demonstrated an increase. These
results echoed seminal findings by Weyer et al. [69] com-
paring responses to fasting among Caucasians and Pima
Native Americans. Meanwhile, thrifty types demonstrated
smaller increases in adjusted 24-h expenditure in response
to overfeeding than spendthrifts, but only in the context of a
relatively low- (3%) or high- (30%) protein diet [70].

As these and similarly illuminating investigations [48,
71, 72] did not measure RMR per se, follow-up studies are
required to further examine the role of RMR as opposed

ther investigation. AT adaptive thermogenesis, FFM fat-free mass,
RMR resting metabolic rate. Created using Microsoft PowerPoint
(images from Pixabay)

to non-resting components of energy expenditure as well
as the potential influence of macronutrient composition
on the individual variability of RMR response to short-
term perturbations in EB. These interindividual differ-
ences, if present, are likely diminished in the context of
mean changes within a metabolically diverse population,
further highlighting the need for investigations specifi-
cally designed to assess the factors influencing individual
responses. While research continues to develop in this
area, there is evidence that genetic, congenital, and envi-
ronmental factors may influence how each individual
metabolically responds to changes in EB [67-70, 73].
Though still in its nascency, the application of precision
medicine guided by such research may allow practition-
ers to determine weight loss or weight gain interven-
tions uniquely suited to an individual and their metabolic
profile.
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2.3 The Effect of Long-Term Changes in Energy
Balance on Resting Metabolic Rate

2.3.1 Responses to Long-Term Energy Surplus

In the early twentieth century, individual researchers
reported a mysterious mechanism for the dissipation of
extra heat during periods of overfeeding that resulted in no
observed net change in body mass. This increased thermo-
genesis in response to increased energy intake was termed
“luxuskonsumption” [49] and subsequently refuted by oth-
ers over the coming decades [43, 53]. More recent reviews
have concluded that studies expressing change in RMR
in relation to changes in body mass or FFM have gener-
ally found no adaptive increases beyond those explained
by changes in the non-resting components of total energy
expenditure [28, 49], as has been observed in both lean
and obese subjects maintaining a body weight 10% higher
than baseline values [46] (Table 2).

Metabolic responses to periods of overfeeding longer
than 2 weeks in duration appear to vary greatly between
individuals [47, 51, 72], perhaps as a result of the vari-
ability of changes in body mass [49, 50, 74, 75]. Still,
some questions remain as to whether an adaptive compo-
nent to these changes exists, especially in the context of
certain phenotypes or diets. For instance, eight females
with constitutional thinness (a form of low body weight
in the absence of related physiological or psychiatric
pathologies) experienced small but statistically significant
increases in both relative (2 kcal/kg FFM/day, or 5.6%)
and absolute (49 kcal/day, or 4.3%) RMR measures during
a month-long 630-kcal fat overfeeding intervention with-
out a concomitant increase in body mass [76]. However,
no such changes were observed in eight normal-weight
controls.

Metabolic responses to energy surplus may also depend
on the macronutrient composition of the diet (Fig. 1). Inves-
tigators comparing three isoenergetic overfeeding diets at a
40% surplus for 8 weeks in non-obese subjects demonstrated
that those fed a normal (15%) and high (25%) proportion of
energy as protein displayed adaptive increases in RMR while
those fed a low (5%)-protein diet did not [77]. More recently,
Rodriguez and colleagues [78] observed both absolute and
FFM-adjusted increases in RMR among 20 resistance-
trained men completing a supervised resistance training pro-
gram in conjunction with an estimated 11% energy surplus
and daily total intake comprising 18% protein. However,
whether there may remain some residual effect of high food
intake—specifically of protein—on conventionally fasted
RMR in the context of overfeeding is a question in need
of further investigation, especially as FFM-related differ-
ences in protein turnover rates may partially explain variable
responses to overfeeding [79].

2.3.2 Responses to Long-Term Energy Deficit

In the context of long-term energy restriction, AT may lead
to a decrease of approximately 5-10% from initial RMR
values [80] and can contribute to approximately 40-50%
or more of the reductions in RMR that are observed in
response to weight loss [30-32, 81-83], though the magni-
tude of the estimate has been shown to vary depending on
the methodology used to assess AT [27]. The severity of the
reduction has been demonstrated to operate as a function of
the magnitude of weight loss in some studies [32, 33, 60];
others cite a relatively weak relationship [28] or propose
the existence of a threshold effect, wherein the relationship
between body composition and RMR changes with degree
of weight loss [84]. Furthermore, whether metabolic adapta-
tions persist once individuals achieve stabilization (and thus,
theoretically, neutral EB) at their new set point remains con-
troversial, with some studies in overweight and obese adults
demonstrating persistent effects at 32 weeks [37], 44 weeks
[33], over 1 year [34], and up to 6 years post-weight loss
[85], while others show attenuation of effects at just 10 days
[86], 4 weeks [60], 2 months [87], or 1-2 years of follow-up
[81]. However, it has been argued that this and other studies
demonstrating prolonged metabolic suppression in weight-
reduced subjects may not have truly achieved neutral EB in
the period immediately preceding RMR measurement [81].
A recent systematic review of studies examining AT in the
context of weight loss interventions conducted largely in
participants with overweight and obesity [26] reported that a
statistically significant degree of adaptation ranging in mag-
nitude from 18 to as high as 504 kcal/day was observed in 21
(88%) of the 24 studies using a diet-only or combined diet-
and-exercise approach. Importantly, however, adaptation was
generally attenuated in studies that assessed individuals after
a period of weight stabilization.

The magnitude of adaptation also appears to vary widely
between individuals [88], and differences such as sex, genet-
ics, or baseline metabolic characteristics may play a role
[25, 38]. For instance, in an illustrative study by Koehler
and colleagues [89], four normal-weight women exposed to
a44% energy deficit using combined diet and exercise dem-
onstrated a decrease in FFM-adjusted RMR, while the other
four women did not; however, the latter group had lower
baseline values for RMR, leptin, and total triiodothyronine
(TT;), indicating that these individuals may have already
reached a metabolically suppressed state and that further
time spent in an energy deficit had little effect.

Differences in body composition, and thus the hor-
monal activity of various tissue compartments, may also
explain why some investigators have observed divergent
metabolic responses between sexes during energy restric-
tion. Doucet et al. [31] observed that AT persisted through
a post-weight loss stabilization period in men while
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women metabolically recovered to baseline values. Nymo
and colleagues [60] reported the occurrence of AT over
13 weeks of energy restriction in men but not women. In
both investigations, an energy deficit-induced change in
leptin concentrations was theorized as a contributor, in
line with Doucet’s [90] previous findings. Namely, as fat
mass decreases, so does leptin, and men may therefore
begin to experience AT sooner given that they hold less
of their total body mass as fat. A decrease in leptin con-
centrations as a result of fat loss has been called a “star-
vation signal” that induces energy conservation through
multiple pathways, including a decrease in sympathetic
nervous system activity [91] and an association between
decreases in leptin and adaptive changes in RMR [92]
and SMR [93] has been borne out in subsequent weight
loss investigations. Future quantitative meta-syntheses
may help further elucidate the role of sex in determining
metabolic adaptation to weight loss.

Investigations in overweight, obese, or normal-weight,
untrained individuals have generally demonstrated no
adverse effects on RMR in response to a deficit primar-
ily induced by aerobic [92, 94-99] or resistance train-
ing interventions [97], though genetics may modulate
individual responses [98]. Compensatory increases in
energy intake may partially explain null findings [94];
others, however, have reported opposing results wherein
increased intake was associated with metabolic down-
regulation [92] or in which spontaneously decreased
intake during training did not elicit metabolic adaptation
[97]. Conversely, decreases in both absolute and adjusted
RMR have been observed in lean rowers and cyclists over
12-28 days of intensified training while energy intake
remained constant [100-103]. Additionally, in 23 lean
men and women training for a marathon over 40 weeks,
a 4.6% decrease in SMR coincided with a 5.5% FFM
increase [104]. However, 2 weeks of a 470-kcal daily
exercise-induced deficit did not elicit changes in 12 male
endurance athletes [105]. Thus, limited evidence suggests
that the leanness of an individual may influence whether
an exercise-induced energy deficit leads to a notable
change in RMR over periods lasting 2 weeks or more.
As with the theorized mechanism for between-sex dif-
ferences, this may be in part due to the relatively small
magnitude of weight and fat loss typically achieved by
exercise-only interventions. Lean and athletic individu-
als may simply reach a certain threshold for metabolic
adaptation in response to a smaller relative change in
mass. Given their higher rates of exercise energy expendi-
ture, investigations examining the relationship between
exercise-induced deficits and RMR in active populations
should also consider the concept of energy availability.

3 Energy Availability and Resting Metabolic
Rate

Energy availability (EA) is the total amount of energy avail-
able for basic physiological functions after accounting for
energy expended during exercise, with the difference between
these values standardized to an individual’s FFM [12, 20].
The currently accepted formula for determination of EA is
(Total Energy Intake [TEI])—(Exercise Energy Expenditure [EEE])
FFM (kg)

units of kcal-kg™! FFM [20]. Thus, EA is particularly inform-
ative for clinicians and researchers working with active and
athletic populations, as these individuals expend more energy
daily through formal exercise and tend to have more FFM
than sedentary populations. Furthermore, energy intake lev-
els that cannot sufficiently sustain one’s current exercise
energy expenditure in addition to other forms of daily physi-
cal activity and basic physiological function may, over time,
contribute to negative health consequences outlined within
the female athlete triad [7], male athlete triad [8], and RED-S
[9] syndromes. While the former two frameworks outline a
relationship between disordered eating and its resulting
effects on bone and hormonal health, the latter aims to incor-
porate all individuals under a wider umbrella of potential
gastrointestinal, immunological, psychological, and other
health consequences, though future research is needed to
clearly link these symptoms back to EA [106].

It should be noted that the evolving formulae used to cal-
culate EA [12], in addition to the myriad of methodologies
that may be used to calculate both intake and expenditure
[6, 9, 20, 107-109], make it difficult to compare EA values
across studies. However, the currently proposed zones for
EA generally place 45 kcal-kg™! FFM/day as “optimal” with
values under 30 kcal-kg~' FFM/day representing “low” EA
[20, 110]. These values, however, stem from studies origi-
nally conducted in habitually sedentary, able-bodied female
participants, and little existing work has assessed their valid-
ity in active or athletic individuals despite their frequent
application to these groups. Commonly used EA ranges
may also not apply equally across all active populations,
such as male or wheelchair athletes [12, 20, 108, 111-113].
In addition, seminal studies typically demonstrated effects
on hormonal activity after just a few days of participants’
exposure to “low” EA. Thus, it is possible that chronic EA
levels above the proposed 30 kcal-kg™! FFM/day threshold
may still disrupt metabolic and hormonal health if sustained
over time [12]. Finally, methods of assessing EA based on
dietary and expenditure data are variable, and EA has been
shown to vary by as much as 8.5 kcal-kg~! FFM/day among
active females with menstrual disturbances depending on
which of four methods was used to calculate exercise energy
expenditure [107]. Meanwhile, a systematic review found
that athletes underestimated energy intake by a mean of

, expressed in
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19% compared with their expenditure measured by doubly
labeled water [114].

3.1 RMR,,;, as an Indicator of Energy Availability

Given the concerns described above, it may be useful to
employ other methods that do not require the calculation of
these values to screen for potential signs of low EA in free-
living individuals. One such possible indicator is RMR .,
calculated as the quotient of an individual’s measured RMR
versus that predicted using an equation based on contribut-
ing variables such as age, height, body mass, and FFM [5].
Numerous investigations (but not all [107, 115-118]) have
observed relationships between RMR,;, and associated
markers of EA in active individuals, including 7-day EA
[119]; within-day EB [120, 121]; menstrual/estrogen status
[119, 120, 122—-126]; volumetric bone characteristics [127]
and formation markers [122]; alterations in TT; concentra-
tions [122, 124, 125, 128, 129]; and in other hormones such
as ghrelin, leptin, peptide Y'Y, and insulin-like growth fac-
tor-1 [123, 125, 129, 130]. Research in active male popula-
tions, though once relatively sparse, is increasing [103, 105,
121, 127, 130-138].

Sustained RMR suppression may explain why individuals
at risk for low EA are often observed at a body weight that
is not significantly different from their energy-replete coun-
terparts [119, 122, 139]. Over time, EB may readjust back
to zero through the mechanism of AT, thus halting further
weight loss. Furthermore, individuals with chronically low
EA commonly present with symptoms indicating that energy
reserves are insufficient for carrying out basic physiological
functions such as reproduction [6, 9]. Thus, the low-EA indi-
vidual has likely only reached neutral EB by way of ceasing
physiological processes that otherwise contribute to a higher
total energy expenditure [12, 20, 110].

Prediction equations used to compare measured with
predicted RMR include those by Cunningham [140, 141]
and Harris and Benedict [142] as well as more recent meth-
ods such as a dual-energy x-ray absorptiometry (DXA)-
derived model using tissue-specific expenditure values [125]
within an equation by Hayes [143]. While the reliability of
RMR,,;;, values in exercising, ovulating women has been
demonstrated over a 12-month period regardless of which
of four equations was used [144], different prediction equa-
tions have shown varying diagnostic performance, largely a
result of the way they were developed. The Harris—Benedict
equation—which was developed in the general population in
1919 [142] and does not incorporate a measure of lean tissue
or FFM—was first used to compare predicted with measured
RMR in patients with anorexia, finding measured values
between 49 and 91% of those predicted [145]. Subsequent
research in active females then utilized a cutoff of <0.90
based on these findings [124].

It is important to note that the terminology used to spec-
ify the lean or fat-free component of body mass has evolved
since the development of the Cunningham,gg, equation
[140], which specified “lean body mass”—although this was
predicted solely from body mass and age rather than meas-
ured—yversus the 1991 equation [141], which incorporates a
measure of FFM. Researchers and clinicians should be aware
that, while current-day conceptualizations differentiate lean
from FFM largely by the bone mineral component, earlier
iterations may vary—for instance, by including essential fat
as “lean body mass.” In addition, the technology commonly
used to assess these components has greatly evolved. Due
to the evolution of both the terminology and technologies
available for assessing body composition over time, inves-
tigators should take care to specify not only the equation(s)
used when predicting RMR, but how each component of
the equation was defined and the methods with which they
were assessed.

Overall, equations incorporating some measure of lean
or FFM or developed specifically using reference data from
active populations may more accurately predict RMR in ath-
letes (i.e., may provide an estimate closer to the measured
value). As a result, a cutoff higher than 0.90 may be war-
ranted when using such equations in order to better identify
those with energy deficiency. For instance, in a cohort of 36
female rugby players, the proportion of participants exhibit-
ing measured RMR within + 10% of predicted values ranged
from 44 to 86% across seven equations, emphasizing the
influence of the prediction equation when using RMR,,;,
to indicate risk of energy deficiency [146]. A comparison
of three equations in a mixed-sex cohort of 40 ballet danc-
ers found that the resulting prevalence of RMR ;. <0.90
ranged from 35 to 100% in females and 25% to 80% in
males, with the Cunningham, g, method (which incorpo-
rates a term for lean body mass) deemed the most sensitive
(i.e., the most thorough in identifying “true positives,” or
individuals with other accepted markers of low EA) [131].
Notably, RMR,,;, was significantly higher in males using
both the Cunningham, g, [140] and Harris—Benedict [142]
equations. This indicates a potential for sex-based differ-
ences in accuracy across equations, which would result in a
variable utility of RMR,,,;, in assessing risk of energy defi-
ciency in males versus females or the need for sex-specific
cutoff values unique to each equation. Strock and colleagues
[124] also found the Cunningham, gg, formula to exhibit the
highest sensitivity (0.90), but at the risk of low specificity
(i.e., the ability to detect true negatives; 0.41) using serum
TTj as the reference standard in exercising females. Mean-
while, other equations such as the Cunningham qq, [141]
and DXA-derived method [143] yielded estimates that were
closer to the measured RMR values, and thus higher cutoffs
were explored. Ultimately, cutoff values of 0.92 and 0.94,
respectively, were needed to achieve a sensitivity of 0.80.



M. R. Siedler et al.

Furthermore, the DXA-derived equation demonstrated the
strongest relationship with serum TT; (r=0.453; p<0.001).

3.2 Relationships Between Menstrual Status,
Metabolic Suppression, and Energy Availability

In healthy menstruating individuals of reproductive age,
menstruation occurs once about every 25-30 days [147],
though the cycle duration appears to decrease slightly with
age [148]. The cycle is characterized by a rise and fall of
several hormones that control the development and release
of an ovarian follicle and the growth of the uterine lining,
which is then shed if fertilization does not occur. Gener-
ally, the first two weeks comprise the follicular phase during
which the follicle is selected, matures, and a mature oocyte
is ovulated. This stage is characterized by relatively low
baseline concentrations of estrogen at the beginning with
a classic estrogen priming peak in the late follicular phase
essential for inducing a surge of luteinizing hormone. Lute-
inizing hormone—which is released in a pulsatile manner
from anterior pituitary in response to the pulsatile release
of gonadotropin-releasing hormone by the hypothalamus—
in turn induces ovulation, or release of the mature oocyte
from the follicle. With the formation of a corpus luteum,
the luteal phase begins. The luteal phase is characterized by
a rise in progesterone, stimulated by luteinizing hormone,
and continued synthesesis of estrogen. The eventual decline
in estrogen and progesterone in the absence of fertilization
triggers the sloughing of the uterine lining (menstruation),
and the cycle begins anew [147].

Because this monthly cycle is an energy-dependent pro-
cess that may be suppressed as a means of energy conser-
vation, dysregulation of the menstrual cycle is a common
sign of low EA or energy deficiency which is fundamen-
tally caused by a dysregulation in hypothalamic function
[12]. The relationship between EA, metabolic suppression,
and menstrual status is further evidenced by disruptions to
energy-regulating hormones such as leptin, ghrelin, and TT;
commonly observed among active individuals with men-
strual disturbances [123, 128, 149]. In the early 1990s, a
series of investigations began to elucidate the time course
of these deleterious adaptations, though focused mainly on
non-athletic populations. A seminal study by Loucks and
Callister [150] found that, in 46 healthy young women,
short-term changes in thyroid hormones induced by periods
of low EA were prevented with increases in energy intake
regardless of exercise expenditure. A decade later, Loucks
and Thuma [151] observed changes in luteinizing hormone
pulse frequency and amplitude (indicators of hypothalamic
function) after just 5 days at an EA of 20 kcal-kg~! FFM/day
in sedentary, regularly menstruating females.

Later work by De Souza and colleagues [129] demonstrated
dose-response relationships between the severity of menstrual

disturbances and FFM-adjusted RMR as well as hormonal
markers including TT;, ghrelin, and leptin. The severity of
energy deficit was also related to the frequency of disturbances
occurring over a 3-month weight loss intervention in sedentary,
regularly ovulating women [152] and the occurrence of distur-
bances corresponded to EA within the same month [153]. Addi-
tionally, a 3-month reduction in EA from 38 to 28 kcal-kg™!
FFM/day was linked to menstrual disturbances such as luteal
phase defects, anovulation, and oligomenorrhea in a similar
population [154]. However, measured EA may not be sensitive
enough to indicate subclinical menstrual disturbances cross-
sectionally [155] or prospectively in three-month intervention
studies [152-154], further suggesting the potential utility of
more readily assessed EA surrogates such as RMR, ;..
Interventions to increase EA have been shown to restore
menstrual function in active women [107, 156—158], though
a duration greater than 3—4 months may be necessary to
achieve this goal [159, 160]. However, the effect of such
interventions on RMR deserves further research. A year-
long case report involving two active amenorrheic females
demonstrated resumption of menses within 23-74 days fol-
lowing 400- and 500-kcal increases in daily intake, respec-
tively, as well as recovery of RMR_;, from 0.81 to 1.01 and
from 0.87 to 0.94 [161]. A female wheelchair athlete also
demonstrated recovery of RMR,;, in the context of a year-
long intervention comprising increases in both intake and
expenditure and resulting in a 30% loss of fat mass. Though
menses did not resume, this may have been due to the pres-
ence of multiple sclerosis, as this condition may indepen-
dently contribute to amenorrhea [162]. Conversely, while an
intervention of 360 additional kcal/day for 6 months restored
EB and menstrual function in all eight participants with
menstrual disturbances, no impact on RMR was observed
[107]. However, this sample had a mean RMR_;;, of 1.04
at baseline and reported spending more time exercising per
week than nine active eumenorrheic controls—a particularly
important point since exercise was not restricted the day
before RMR measurement. Findings from a similar study
[157] demonstrating no change in RMR are also limited by
the normal values that participants displayed at baseline.

4 Implications for Resting Metabolic Rate
Assessment: Consideration of Best
Practices and Suggestions for Future
Research

4.1 RMR Assessment in the Context of Energy
Balance

While still a matter of debate, the observed adaptive changes
in RMR in response to an energy deficit are generally greater
when assessed immediately following an intervention [26,
163]. If investigators wish to reduce the potential impact of
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AT on observed RMR values, a post-intervention weight sta-
bilization period of at least 2 weeks may be useful (Table 2).
Similarly, while more cost and time intensive, the use of a
weight stabilization period immediately preceding an inter-
vention (such as frequent surveillance of body weight and
manipulations of energy intake or expenditure if changes
exceed an acceptable threshold) will both improve the accu-
racy of estimated energy needs as well as reduce the poten-
tial impact of conscious or subconscious changes to habitual
energy intake or expenditure among participants.

Researchers should take care to control for the potential
impact of TEF on observed RMR values by measuring after
an appropriate period of fasting. The most recent evidence
analysis from the Academy of Nutrition and Dietetics on this
topic [1] noted that TEF generally remained elevated for up
to 5 h after eating across most studies, often without a return
to baseline levels, and with only one investigation examining
the effects up to 7 h (Table 1). Accordingly, a fasting period
of >7 h prior to RMR assessment was recommended. How-
ever, given the lacuna in this research area, it cannot be ruled
out that a large influx of food prolonged over the course of
several meals or days may elevate thermogenesis beyond
this timeframe, especially in light of findings that leaner
individuals may demonstrate higher TEF during overfeeding
[164]. As such, a longer fasting period of ~8—12 h may be
warranted, with 12 h representing an appropriate target for
research settings. The potential effect of TEF also limits our
ability to draw conclusions from both short- [69-71, 164,
165] and long-term [47, 72] overfeeding studies assessing
only SMR [166] or 24-h expenditure. Future research exam-
ining the time course of fasted RMR in the 8-24 or more
hours following short-term overfeeding may shed additional
light on this methodological concern (Table 2).

Nunes and colleagues [26] found that investigations of
AT in response to weight loss that were of higher meth-
odological quality were less likely to report large or statisti-
cally significant results. This finding should be considered
in light of the fact that the methodological approaches used
to assess AT, such as the determination of the size and com-
position of bodily tissues and the statistical approach used
to normalize for such tissues or estimate predicted RMR,
vary widely across studies, which may influence resulting
estimates of effect [25, 27, 28, 167]. Adjustments to RMR
made with a two-compartment model (that is, adjusting for
all FFM as a single unit) may affect the observed magni-
tude of adaptation compared to models accounting for the
anatomical or molecular components of FFM, as each FFM
component contributes a different proportion of total RMR.
For instance, adjusting for the decrease in RMR based on the
change in the mass of the kidneys, heart, and skeletal mus-
cle led to a smaller observed magnitude of adaptation in 32
healthy men during a 21-day energy deficit compared with
the two-compartment model of adjustment [168]. However,

these assessments were completed using whole-body mag-
netic resonance imaging, which is likely not feasible in
most settings. A recent analysis used a similar approach to
effectively question the role of skeletal muscle loss in RMR
changes during weight loss [83]. These findings indicate a
continued need for rigorous investigations of AT as well as
consensus around the ways it should be both defined and
assessed.

Future investigations should continue to examine the
effect of individual traits such as metabolic phenotype and
macronutrient composition on resulting adaptations to both
short- and long-term changes in EB. The potentially RMR-
sparing effects of exercise-based deficits in overweight,
obese, and untrained populations should be considered,
though these may not carry over to lean, trained populations.
Finally, the utility of intermittent periods of increased EB as
a means of attenuating decreases in RMR during a longer-
term weight loss intervention deserves further research in
both overweight and obese [169—171] and trained popula-
tions [172-174].

4.2 Energy Availability, the Menstrual Cycle,
and Considerations for RMR Assessment
in Athletic Populations

Researchers and practitioners working with active and ath-
letic populations should be aware that measured RMR values
that are lower than predicted could indicate the existence of
energy deficiency-related health conditions. For research-
ers in particular, screening participants for related markers
of energy deficiency (such as leptin, TT;, or reproductive
markers) may be warranted depending on the aims of the
investigation. Additionally, previous research has suggested
that the residual effects of exercise may affect RMR for up
to 45 h in trained compared to untrained individuals [175].
Thus, attempts to schedule the timing of RMR assessment
around athletes’ schedules and as consistently far from the
test as possible (e.g., the morning after a regular rest day) are
worthwhile (Table 2). Notably, at least four investigations
showing lack of an association between RMR ,;, and meas-
ured EA [115, 117, 176] or menstrual status [107] in active
populations measured RMR at a minimum of approximately
11-17 h post-exercise.

Similar to the EB literature, research on the influence
of EA on RMR has utilized a variety of prediction mod-
els. These models range from simple body mass-based
equations to those incorporating FFM or its tissue-spe-
cific components. While studies utilizing DXA-derived
tissue mass values have indicated the presence of AT in
active females with menstrual dysfunction [125], future
research using magnetic resonance imaging to incor-
porate organ size will further contribute to our under-
standing of the true magnitude of metabolic suppression
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resulting from low EA. The modality used to assess body
composition when determining predicted RMR, as well
as whether FFM or lean soft tissue are used in various
equations, may also affect resulting RMR_,,;, estimates
[124, 177] and should be further investigated. Longitu-
dinal studies assessing the impact of increased EB over
time in metabolically suppressed individuals may help
elucidate the time course of RMR recovery in relation to
other physiological signs such as restoration of menses
and hormone concentrations. Research on the effect of
within-day changes in EA/EB [120, 121, 135, 176, 178]
and resulting metabolic disturbances should also be fur-
ther pursued.

The current literature suggests a small but uncertain effect
for increased RMR during the luteal phase of the menstrual
cycle [179]. Notably, research has indicated both higher
energy intake and expenditure [180, 181] during this phase;
further, such “high-flux” states have been associated with
increased RMR [52, 175, 182-184]. A shared mediating
role of beta-adrenergic support may help explain these links
[185]. Future investigations should specifically examine
cyclic changes in RMR among individuals with menstrual
disturbances such as luteal phase defect, especially given
their prevalence in active populations [186], and utilize pro-
posed multi-step methods to confirm menstrual cycle phase
when feasible [187].

Hormonal contraceptives may mask a lack of natu-
rally occurring menstruation [9], one of the most visible
signs of energy deficiency in menstruating individuals.
A recent survey of 1020 collegiate female athletes [188]
found that over half (59%) of respondents reported either
a current or past occurrence of menstrual irregularity.
Those athletes who had a history of menstrual irregu-
larity—and thus those who were more at risk for issues
related to chronic energy deficiency—were 28% more
likely to report current use of hormonal contraception and
five times more likely to report that the primary reason
for using hormonal contraception was to promote men-
strual regularity. Meanwhile, the effect of various con-
traceptive modalities on RMR is unclear [189], the effect
of less systemically active modalities such as intrauterine
devices is understudied, and much of the research examin-
ing the relationships between EA, menstrual status, and
RMR excludes individuals using hormonal contraception.
Thus, an examination of the utility of RMR_,;, in addition
to associated markers of energy deficiency in individuals
using different hormonal contraceptive modalities may
allow practitioners to provide proper intervention sooner
to those who may greatly benefit from it.

5 Conclusion

In response to a change in EB, changes in RMR that are greater
than would be expected based on body mass or composition
alone have been observed in both lean and overweight or obese
individuals, although length of intervention, interindividual
differences, and dietary composition may affect observed
responses. Hypotheses regarding the interindividual variabil-
ity commonly observed in metabolic responses to both energy
deficit and surplus deserve further investigation. Chronically
low EA is common in athletic populations and is linked to
observed RMR values below those predicted by commonly
used equations. Thus, RMR ,;;, may be a useful tool for identi-
fying low EA and assessing the impact of therapeutic interven-
tions. The literature related to EB, EA, and related physiologi-
cal processes such as the menstrual cycle on RMR will benefit
from improved methodological rigor, increased precision of
measurement, and consensus surrounding the calculation of
these complex variables.

Going forward, the assessment of RMR in both research
and clinical settings will benefit from (1) utilizing a weight
stabilization period (>2 weeks if feasible) before assess-
ing the effect of a longer-term change in energy balance
on RMR, (2) measuring RMR as consistently far from a
previous bout of moderate- to vigorous-intensity exercise
or physical activity as circumstances will allow (prefera-
bly >24 h), and (3) assessing RMR under the condition of a
minimum > 7-h fast—preferably ~ 12 h if possible, and with
due consideration of very recent changes in energy intake
(e.g., short-term overfeeding or fasting). Given the current
scarcity of direct evidence underpinning these recommen-
dations, future research is needed to improve the specificity
and strength of best practices.
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