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ORIGINAL RESEARCH

Indices of Resting Metabolic Rate Accurately Reﬂect Energy
Deﬁciency in Exercising Women
Nicole C.A. Strock, Kristen J. Koltun, Emily A. Southmayd, Nancy I. Williams, and Mary Jane De Souza
Penn State University
Energy deﬁciency in exercising women can lead to physiological consequences. No gold standard exists to accurately estimate
energy deﬁciency, but measured-to-predicted resting metabolic rate (RMR) ratio has been used to categorize women as energy
deﬁcient. The purpose of the study was to (a) evaluate the accuracy of RMR prediction methods, (b) determine the relationships
with physiological consequences of energy deﬁciency, and (c) evaluate ratio thresholds in a cross-sectional comparison of
ovulatory, amenorrheic, or subclinical menstrual disturbances in exercising women (n = 217). Dual-energy X-ray absorptiometry
(DXA) and indirect calorimetry provided data on anthropometrics and energy expenditure. Harris–Benedict, DXA, and
Cunningham (1980 and 1991) equations were used to estimate RMR and RMR ratio. Group differences were assessed (analysis
of variance and Kruskal–Wallis tests); logistic regression and Spearman correlations related ratios with consequences of energy
deﬁciency (i.e., low total triiodothyronine; TT3). Sensitivity and speciﬁcity calculations evaluated ratio thresholds. Amenorrheic
women had lower RMR (p < .05), DXA ratio (p < .01), Cunningham1980 (p < .05) and Cunningham1991 (p < .05) ratio, and TT3 (p
< .01) compared with the ovulatory group. Each prediction equation overestimated measured RMR (p < .001), but predicted
(p < .001) and positively correlated with TT3 (r = .329–.453). A 0.90 ratio threshold yielded highest sensitivity for Cunningham1980 (0.90) and Harris–Benedict (0.87) methods, but a higher ratio threshold was best for DXA (0.94) and Cunningham1991
(0.92) methods to yield a sensitivity of 0.80. In conclusion, each ratio predicted and correlated with TT3, supporting the use of
RMR ratio as an alternative assessment of energetic status in exercising women. However, a 0.90 ratio cutoff is not universal
across RMR estimation methods.
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Energy deﬁciency in exercising women is associated with
severe consequences including reproductive dysfunction (De
Souza et al., 2007b; Williams et al., 2015) and impaired bone
health (De Souza et al., 2008), a condition referred to as the Female
Athlete Triad (Triad) (De Souza et al., 2014; Nattiv et al., 2007).
When energy intake fails to meet metabolic demands, metabolizable
fuels are repartitioned toward the physiological processes necessary
for survival (i.e., locomotion, cellular maintenance, and thermoregulation) and away from those energetic processes deemed unnecessary for survival (i.e., growth and reproduction). This results
in suppression of metabolism, energy expenditure, and thyroid
hormones (Wade et al., 1996), contributing to the development
of exercise-associated menstrual disturbances (Loucks et al., 1998).
Exercise-associated menstrual disturbances can range in severity
from luteal phase defects to amenorrhea consistent with the magnitude of energy deﬁciency, such that those with the most severe
menstrual disturbances are also the most energy deﬁcient (De Souza
et al., 2007b). Owing to the long-term health outcomes associated
with energy deﬁciency (De Souza et al., 2007b, 2008; Williams
et al., 2015), early intervention and prevention are necessary.
Currently, energy deﬁciency has no units of measure and
there is no standard of measurement, thereby requiring alternative
methods to be used for its identiﬁcation. At present, the calculation
of energy availability, deﬁned as dietary intake minus exercise
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energy expenditure (Loucks & Heath, 1994), has been utilized to
assess energetic status in exercising women (Lieberman et al.,
2018; Loucks et al., 1998; Reed et al., 2015; Williams et al., 2015);
however, concerns exist regarding the accurate calculation of
energy availability, thereby highlighting the necessity for development and validation of an accurate and accessible method to
identify energy deﬁciency.
Metabolic suppression occurs when energy intake and body
weight are reduced (Leibel et al., 1995). Based on this, our
laboratory has utilized the ratio of measured resting metabolic
rate (RMR) to predicted RMR based on prediction equations to
identify those at risk for being energy deﬁcient (De Souza et al.,
2007a, 2008; Scheid et al., 2009). Comparisons of measured-topredicted RMR were initially utilized to characterize the energy
deﬁciency in patients with anorexia (Melchior et al., 1989; Vaisman
et al., 1988) and, as such, we reasoned that this strategy may also be
applicable in exercising women to identify energy deﬁciency. In
particular, we have suggested that an RMR ratio ≤0.90, representing
a measured value that is 90% of the predicted value, may be
indicative of metabolic suppression secondary to energy deﬁciency
in the population of exercising women. A ≤0.90 ratio has been
supported in the literature and associated with other proxy indicators
of energy deﬁciency including high drive for thinness (De Souza
et al., 2007a; Gibbs et al., 2011), high cognitive restraint (Vescovi
et al., 2008), low energy availability as assessed by the Low Energy
Availability in Females Questionnaire (Staal et al., 2018), low total
triiodothyronine (TT3) (De Souza et al., 2008), high peptide YY
(Scheid et al., 2009), measured low energy availability (Melin et al.,
2015), and menstrual disturbances (Gibbs et al., 2011).
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Currently, a variety of prediction equations are available in
the literature and have been used to estimate RMR and calculate
RMR ratio in exercising women (Cunningham, 1980, 1991; Harris
& Benedict, 1918; Hayes et al., 2002). The initial ratio was
developed for use with the Harris–Benedict equation (De Souza
et al., 2007b, 2008; Reed et al., 2015; Scheid et al., 2009; Vanheest
et al., 2014; Vescovi et al., 2008), although others have reported
that the Cunningham1980 equation may yield a more accurate
estimate of RMR among highly active individuals (Thompson
& Manore, 1996), particularly because of higher lean body
mass and fat-free mass. Interestingly, two different Cunningham
equations exist (1980 and 1991), one of which relies on lean body
mass and the other on fat-free mass. However, there are several
examples of researchers using fat-free mass in the calculation for
the Cunningham1980 equation (Jagim et al., 2018; Staal et al., 2018;
ten Haaf & Weijs, 2014; Thompson & Manore, 1996; Tinsley et al.,
2019), a method that was developed to speciﬁcally use lean body
mass to estimate RMR (Cunningham, 1980). Whether or not the
use of lean body mass and fat-free mass interchangeably may
impact the result of predicted RMR and RMR ratio is unknown.
Most recently, dual-energy X-ray absorptiometry (DXA) modeling, based on tissue-speciﬁc metabolic rates (Gallagher et al., 1998;
Hayes et al., 2002), may represent a unique and more accurate
depiction of metabolic rate and has been applied to exercising
women (Koehler et al., 2016). Because there are several equations
in use for exercising women and as different prediction equations
may provide variable estimates of metabolic rate (Staal et al.,
2018), it is necessary to assess the ability of each ratio to predict
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energy deﬁciency and evaluate the appropriateness of the ratio
≤0.90 as an indicator of energy deﬁciency.
Thus, the purpose of this study was to (a) evaluate values
from Harris–Benedict, Cunningham (1980 and 1991), and DXA
prediction methods against indirect calorimetry-measured RMR;
(b) determine how each ratio relates to known physiological
consequences of energy deﬁciency; and (c) conﬁrm the use
of a 0.90 ratio or propose alternative threshold cutoff values
for use with each of the prediction equations to estimate energy
deﬁciency.

Methods
Design
This study is a cross-sectional secondary analysis of exercising
women (n = 217), representing a spectrum of energetic and reproductive statuses. The data set is derived from three studies (Figure 1),
which were conducted using identical procedures at the University
of Toronto and Penn State University directed by the same principal
investigator (M.J. De Souza) to assess women’s health, exercise,
and menstrual function. The following data sets were used given
their methodological similarities: (a) baseline data from a 12-month
randomized controlled trial to assess the impact of increased energy
intake on reproductive function and bone health (Study 1:
REFUEL, n = 116; Williams et al., 2019); (b) data from a crosssectional observational study at University of Toronto (Study 2A:
n = 50; O’Donnell et al., 2007) and an ongoing study at Penn State

Figure 1 — Inclusion and exclusion criteria for current study. TT3 = total triiodothyronine; DXA = dual-energy X-ray absorptiometry; RMR = resting
metabolic rate. aStudy 1 (Williams et al., 2019). bStudy 2A (O’Donnell et al., 2007). cStudy 2B (Southmayd et al., 2019). dStudy 3 (Koltun et al., 2019).
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University (Study 2B: n = 33; Southmayd et al., 2019) evaluating
the relationship of metabolism, reproductive status, and bone health
in exercising women; and (c) a cross-sectional study investigating
metabolic and gut hormone responses to ingested meal (Study 3:
n = 18; Koltun et al., 2019). Inclusion and exclusion criteria for
these studies were similar thus warranting pooling of data. Small
differences in age range (Studies 1 and 3: 18–35 years; Study 2:
18–30 years), body mass index (Study 1: 16–25 kg/m2; Study 2:
16–29.9 kg/m2; Study 3: 16–35 kg/m2), and weight stability
(Studies 1 and 3: weight stable within 2 kg for 6 months; Study
2: no requirement) were not of sufﬁcient magnitude to introduce
bias into the current analysis. Each participant in this analysis
participated in only one of the three studies. Inclusion criteria
encompassing all studies are detailed in the “Participants” section.
To be included in the analysis, women had to complete daily urine
collection over the course of one menstrual cycle if eumenorrheic or
one 28-day monitoring period if not regularly cycling to compare
reproductive and energetic proﬁles. Additionally, women were
excluded if they did not have measurements needed to assess
metabolism (RMR, DXA, and serum TT3).

Participants
Volunteers for each study were recruited via campus ﬂyers,
classroom announcements, and newspaper and Internet advertisements. Screening procedures included questionnaires on exercise
history, eating behaviors, menstrual history, and self-reported
medical health history. Inclusion criteria were as follows: (a) age
18–35 years, (b) body mass index 16–35 kg/m2, (c) ≥2 hr of
purposeful moderate- to vigorous-intensity exercise per week,
(d) nonsmoking, (e) no medication use that would alter metabolic
or reproductive hormone concentrations, and (f) no current clinical
diagnosis of an eating or psychiatric disorder. Women were
excluded if they had any contraindicated health condition, were
taking hormonal contraception or medications that would affect
metabolism, had current clinical diagnosis of eating or psychiatric
disorder, or had known organic causes of menstrual disorders.
Each study received ethical approval by the University of Toronto
and Penn State University Institutional Review Boards (Koltun
et al., 2019; O’Donnell et al., 2007; Southmayd et al., 2019;
Williams et al., 2019). Each participant was informed of the
purpose, procedures, and potential risks of participation in the
study before signing an institutional review board–approved
informed consent.

Urinary measurements of E1G and PdG have been previously
described (De Souza et al., 2010). Women were considered
ovulatory if they reported and demonstrated a menstrual cycle
length between 26 and 35 days (De Souza et al., 1998, 2010) and
met criteria for detectable ovulation from urinary assays (De Souza
et al., 2010; Santoro et al., 2003). Volunteers were considered
amenorrheic if they failed to menstruate for a minimum of three
consecutive months or oligomenorrheic if menses occurred at
irregular intervals of 36–90 days (De Souza et al., 1998, 2010).
Quantiﬁcation of luteal phase defects and anovulatory cycles has
been previously described (De Souza et al., 1998, 2010; Santoro
et al., 2003). Oligomenorrheic cycles were assessed for the duration
of the intermenstrual interval, for daily E1G and PdG concentrations, and to determine the presence or absence of an ovulatory
event, as deﬁned earlier and previously reported (De Souza et al.,
2010). Menstrual cycle length was deﬁned as the number of days
from Day 1 of menses to the day before the ﬁrst day of the next
menses (De Souza et al., 1998, 2010).

Anthropometrics and DXA
Total body mass was measured weekly to the nearest 0.1 kg on a
physician’s scale (Seca Model 770; Seca, Hamburg, Germany),
and height was measured by stadiometer to the nearest 0.5 cm at the
beginning of the study. Body mass index was calculated as weight
divided by height squared (kg/m2).
Percentage body fat, fat mass, fat-free mass, and lean body
mass were assessed using DXA. An International Society of
Clinical Densitometry-certiﬁed technician performed all DXA
scans. Participants were scanned on a Lunar Prodigy DXA scanner
(enCORE 2002 software, version 6.50.069; General Electric,
Madison, WI; n = 87), Lunar iDXA scanner (enCORE 2008
software, version 12.10.113; General Electric; n = 117), or
Hologic QDR4500W DXA scanner (Hologic, Bedford, MA;
n = 13). Cross-calibration studies consistent with the guidelines
of the International Society for Clinical Densitometry were performed to remove bias and have been previously described
(Koehler et al., 2016). Using data from the DXA analyses, organ
tissue mass of the brain, skeletal muscle, bone, adipose tissue,
and residual mass were determined as outlined by Hayes et al.
(2002), using published tissue-speciﬁc metabolic rates to determine DXA-predicted RMR (Elia, 1992), and as previously
described (Koehler et al., 2016).

Determination of RMR and RMR Ratio
Group Categorization
Participants were grouped after determination of menstrual status
based on daily urinary proﬁles of reproductive hormones as
follows: (a) exercising eumenorrheic women with ovulatory menstrual cycles and no luteal phase defects (n = 73), (b) exercising
amenorrheic women (n = 76), and (c) exercising women with
subclinical menstrual disturbances (sMD) including oligomenorrhea, anovulation, and luteal phase defects (n = 68).

Menstrual Characteristics
Menstrual status was based on self-reported menstrual history and
conﬁrmed by measurements of daily urinary reproductive hormone
metabolites (estrone-1-glucuronide [E1G] and pregnanediol glucuronide [PdG]) for one complete menstrual cycle in ovulatory and
sMD groups or a 28-day monitoring period in amenorrheic group.

RMR was measured to assess energetic status following a 12-hr
fast and 24 hr of no exercise or caffeine, during the early follicular
phase (Days 2–6) of the monitoring period for menstruating participants or during the ﬁrst 6 days of the 28-day monitoring period for
amenorrheic participants. RMR measurements were performed on
the participants between 0800 and 1000 hr in a supine position for a
minimum of 30 min, after a 30- to 45-min rest period. RMR was
assessed via indirect calorimetry using a ventilated hood (SensorMedics Vmax Series; CareFusion, Yorba Linda, CA) as previously
described (De Souza et al., 2008; Scheid et al., 2009). Four prediction
equations, commonly used in an exercising population, were utilized
to estimate RMR: (a) Harris–Benedict equation (Harris & Benedict,
1918); (b) DXA equation (Hayes et al., 2002; Koehler et al., 2016);
(c) Cunningham1980 equation, which utilizes lean body mass
(Cunningham, 1980); and (d) Cunningham1991 equation, which
utilizes fat-free mass (Cunningham, 1991).
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For each prediction equation, a ratio of measured-to-predicted
RMR values was calculated. The rationale for 0.90 ratio cutoff
was based from comparisons of measured and predicted RMR
in women with anorexia nervosa (Melchior et al., 1989; Vaisman
et al., 1988), a model presumed to be associated with more severe
energy deﬁciency than exercising women without an eating disorder (De Souza et al., 2007a, 2008). Measured RMR in anorexics
was typically between 49% and 91% of Harris–Benedict predicted
values (Melchior et al., 1989; Vaisman et al., 1988), corresponding
to RMR ratio of 0.49–0.91. We have previously reported Harris–
Benedict ratio ≤0.90 to be risk factors and markers of energy
deﬁciency including high drive for thinness (De Souza et al.,
2007a), 0.88 ± 0.02 in exercising amenorrheic women (Scheid
et al., 2009), 0.87 ± 0.01 in energy- and estrogen-replete women,
and 0.80 ± 0.15 in energy- and estrogen-deﬁcient women (De
Souza et al., 2008). Alternatively, sedentary and ovulatory exercising women both presented with a ratio of 0.94 ± 0.02 (Scheid et al.,
2009). As such, a threshold cutoff of 0.90 was reasoned to be
useful, with values >0.90 indicating energy-replete status and
values ≤0.90 indicating an energy-deﬁcient status when utilizing
the Harris–Benedict equation. To date, several research papers
have been published that have utilized a RMR ratio ≤0.90 as
a proxy for categorizing exercising women as energy deﬁcient
using the Harris–Benedict equation (De Souza et al., 2008; Gibbs
et al., 2011; Scheid et al., 2009; Staal et al., 2018; Vescovi et al.,
2008) and the Cunningham1980 equation (Melin et al., 2015; Staal
et al., 2018).
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speciﬁc statistical techniques. Data screening involved outlier
detection (>3 SDs of mean) and examination of variable distributions within each of the three groups for normality. One-way
analyses of variance were conducted on normally distributed
data with Bonferroni post hoc tests to detect group differences
(ovulatory vs. amenorrheic vs. sMD). Kruskal–Wallis tests were
conducted on nonnormally distributed data to determine group
differences. A repeated-samples Friedman’s two-way analysis of
variance was used to compare differences between RMR and
Harris–Benedict, Cunningham (1980 and 1991), and DXApredicted RMR values. Logistic regression was used to determine
if RMR ratio successfully predicted at-risk Triad conditions cited in
the literature (De Souza et al., 2014; Nattiv et al., 2007) including
amenorrhea, body mass index < 18.5 kg/m2, drive for thinness >7,
and low TT3. Low TT3 was determined based on the lowest tertile
of TT3 values within this data set (low TT3 < 1.12 nmol/L), which
captures values lower than the normal range of TT3 values (Morley
et al., 1983), as well as those cited in amenorrheic (Thomson et al.,
1977) and energy-deﬁcient (Loucks & Thuma, 2003; Williams
et al., 1995) women. Calculations of sensitivity and speciﬁcity
(Altman & Bland, 1994) were used to compare RMR ratio determinations to evaluate efﬁcacy of 0.90 ratio cutoff for each prediction method. Grading of sensitivity scores was determined a priori;
acceptable sensitivity was scored as ≥0.80 and good sensitivity was
scored as ≥0.90. Correlations were calculated using Spearman’s
correlation analysis for TT3 and nonnormally distributed RMR
ratios. All statistical analysis was performed in IBM SPSS Statistics
for Windows (version 25.0; IBM Corp., Armonk, NY). Data were
expressed as mean ± SD.

Psychological Questionnaires
Participants completed the Eating Disorder Inventory-2 (Garner,
1991) and Three-Factor Eating Questionnaire-R21 (Bond et al.,
2001; Cappelleri et al., 2009) at screening to assess eating
behaviors.

Blood Sampling and Storage
Blood samples were collected once between 0730 and 1000 hr
during the baseline measurement session for all volunteers.
Volunteers were instructed not to exercise or consume food
within 12 hr prior to blood sampling. Antecubital blood samples
were drawn using a blood collection needle (21 gauge, 19 mm)
and blood collection tubes (BD Vacutainer; Becton, Dickinson
and Company, Franklin Lakes, NJ). Samples were allowed to clot
for 30 min at room temperature (20–24 °C) and then centrifuged
(Eppendorf centrifuge 5804 R; Eppendorf, Hamburg, Germany)
for 15 min at 4 °C. The serum was aliquoted into 2-ml polyethylene storage tubes and frozen at −80 °C until analysis.

Results
Demographics Characteristics
Of the 427 women initially enrolled in the three studies, 210 were
excluded because of a failure to complete baseline study procedures including one-cycle urine collection, DXA scan, and RMR
procedure (Figure 1). Among the remaining 217 women, 73 were
classiﬁed as ovulatory, 76 were classiﬁed as amenorrheic, and 68
were classiﬁed as sMD, which included participants with oligomenorrhea, anovulation, and luteal phase defects.
Demographic characteristics of the participants (n = 217) are
presented in Table 1. The ovulatory group was older compared with
amenorrheic (p < .001) and sMD groups (p < .001). Ovulatory and
sMD groups were similar with respect to body weight, but amenorrheic had lower body weight than sMD (p < .01). The amenorrheic group had lower body mass index (p = .007, p < .001), body
fat percentage (p = .005, p < .001), and fat mass (p = .003, p < .001)
than both ovulatory and sMD groups, respectively.

Serum Hormone Measurements
Total triiodothyronine concentration was analyzed using a
chemiluminescence immunoassay analyzer (Immulite; Siemens
Healthcare, Erlangen, Germany) through competitive immunoassay. Analytical sensitivity for the TT3 assay was 0.54 nmol/L
(35 ng/dl). The intraassay and interassay coefﬁcients of variation
were 8.2% and 10.6%, respectively.

Statistical Analysis
Data screening was conducted prior to statistical analysis in order
to identify whether the data met the assumptions required by

Menstrual Characteristics
Quantiﬁcation of E1G and PdG metabolites in daily urine samples
collected for one complete menstrual cycle or monitoring period
are demonstrated as composite menstrual graphs for each group
(Figure 2). Cycle length for ovulatory (29.6 ± 3.1 days) and
sMD (30.2 ± 6.7 days) groups were comparable. Amenorrheic
participants reported amenorrhea lasting 276 ± 225 days prior to
study participation. Similarly, amenorrheic participants had signiﬁcantly lower estrogen (p < .001) and progesterone (p < .001)
exposure, expressed as area under curve, than both ovulatory
and sMD.
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Table 1

Subject Characteristics

Variables
Subject characteristics
Age (years)
Age of menarche
Gynecological age
Body mass (kg)
Body mass index (kg/m2)
Body fat (%)
Fat mass (kg)
Lean body mass (kg)
Fat-free mass (kg)
Metabolic characteristics
RMR (kcal/day)
Harris–Benedict RMR (kcal/day)
DXA RMR (kcal/day)
Cunningham1980 RMR (kcal/day)
Cunningham1991 RMR (kcal/day)
Harris–Benedict ratio
DXA ratio
Cunningham1980 ratio
Cunningham1991 ratio
EA (kcal/kg fat-free mass/day)
Hormone characteristics
TT3 (nmol/L)
E1G AUC (ng/ml)
PdG AUC (μg/ml)
Psychological characteristics
EDI—Drive for thinness
TFEQ—Cognitive restraint

Ovulatory (n = 73)

Amenorrheic (n = 76)

sMD (n = 68)

p value

24.6 ± 4.6
12.6 ± 1.3
12.1 ± 4.8
59.9 ± 8.9
22.1 ± 2.7
27.4 ± 5.7
16.4 ± 5.4
40.9 ± 5.4
43.4 ± 5.6

21.6 ± 3.3*
13.3 ± 1.5*
8.4 ± 3.6*
56.7 ± 7.0**
20.7 ± 2.2*,**
24.0 ± 5.9*,**
13.6 ± 4.3*,**
40.7 ± 4.7
42.9 ± 4.8

21.7 ± 3.5*
13.1 ± 1.8
8.6 ± 4.0*
60.2 ± 7.0
21.9 ± 1.9
26.4 ± 4.6
15.9 ± 3.9
41.8 ± 4.7
44.2 ± 4.7

<.001
.024
.000
.007
.001
.001
.001
.352
.356

1,234 ± 169
1,410 ± 90
1,282 ± 139
1,400 ± 120
1,307 ± 123
0.88 ± 0.11
0.96 ± 0.10
0.88 ± 0.09
0.94 ± 0.09
33.6 ± 8.8

1,169 ± 175*,**
1,402 ± 78**
1,302 ± 130
1,395 ± 103
1,298 ± 103
0.83 ± 0.10
0.90 ± 0.11*,**
0.84 ± 0.09*
0.90 ± 0.10*
34.6 ± 15

1,236 ± 148
1,436 ± 77
1,310 ± 126
1,420 ± 103
1,324 ± 102
0.86 ± 0.09
0.95 ± 0.10
0.87 ± 0.09
0.94 ± 0.09
35.7 ± 13

.015
.042
.573
.352
.356
.066
.001
.017
.025
.791

1.4 ± 0.28
1,433 ± 697
82.8 ± 38

1.23 ± 0.36*,**
784 ± 566*,**
30.2 ± 23*,**

1.4 ± 0.35
1,419 ± 795
56.9 ± 46*

.004
<.001
<.001

1.6 ± 3.4
7.8 ± 4.8

3.7 ± 4.4*
11.7 ± 4.9*

2.9 ± 4.1*
10.1 ± 5.3

<.001
<.001

Note. Values given in mean ± SD. Cunningham1980, RMR = 500 + 22 (lean body mass); Cunningham1991, RMR = 370 + 21.6 (fat-free mass). Conversion factor between
nmol/L and ng/dl is 0.0153. sMD = subclinical menstrual disturbance; RMR = resting metabolic rate; DXA = dual-energy X-ray absorptiometry; EA = energy availability;
TT3 = total triiodothyronine; E1G = estrone-1-glucuronide; AUC = area under curve; PdG = pregnanediol glucuronide; EDI = Eating Disorder Inventory; TFEQ = ThreeFactor Eating Questionnaire.
*Signiﬁcantly different from ovulatory. **Signiﬁcantly different from sMD. Bold values denote signiﬁcance at p < .05.

Energetic and Psychological Characteristics
Energetic characteristics of the participants (n = 217) are presented
in Table 1. The amenorrheic group had lower measured RMR
compared with ovulatory (p = .036) and sMD (p = .041), a lower
Harris–Benedict RMR than the sMD group (p = .045), and a lower
Cunningham1980 (p = .021) and Cunningham1991 (p = .034) ratios
than the ovulatory group. Additionally, amenorrheic participants
had a lower DXA ratio compared with both the ovulatory (p = .002)
and sMD groups (p = .018). There were no group differences in
energy availability. Each prediction method produced values that
were different from measured RMR (p < .001), and on average,
DXA and Cunningham1991 predicted RMR values were ∼10%
greater than measured RMR, compared with Cunningham1980
and Harris–Benedict RMR values, which were ∼20% greater than
measured RMR. Of the DXA and Cunningham1991 predicted
values, 48.8% and 49.3%, respectively, were within ±100 kcal
of measured RMR, while only 19.4% and 9.7% of Cunningham1980
and Harris–Benedict predicted values were within the same range

(Figure 3). The amenorrheic group had the lowest TT3 hormone
concentrations compared with both the ovulatory (p = .007) and
sMD groups (p = .023). The ovulatory group had a lower drive for
thinness compared with amenorrheic (p < .001) and sMD (p = .030)
groups.

Relationship Between RMR Ratios and Indicators of
Energy Deﬁciency
Logistic regression was performed to determine if RMR ratio
predicted conditions associated with the risk of the Triad (Table 2).
Each prediction equation ratio yielded signiﬁcant regression
models for predicting amenorrhea (Harris–Benedict: p = .013;
DXA: p < .001; Cunningham1980: p = .003; Cunningham1991:
p = .005) and TT3 (all ratios: p < .001). Each regression model
correctly identiﬁed approximately 70% of women with low TT3
and 65% of women with amenorrhea. Each RMR ratio was
positively associated with the hormone marker of energetic status,
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Figure 2 — Composite menstrual proﬁles for ovulatory, amenorrheic, and subclinical menstrual disturbance (sMD) groups. E1G = estrone-1glucuronide; PdG = pregnanediol glucuronide.

TT3 (DXA: r = .453, p < .001; Cunningham1980: r = .444, p < .001;
Cunningham1991: r = .447, p < .001; Harris–Benedict: r = .329,
p < .001).

Harris–Benedict and Cunningham1980 captured 87–90% with low
TT3 concentrations, while DXA and Cunningham1991 both captured
80.3% with low TT3 concentrations (Figure 4).

Sensitivity and Speciﬁcity of RMR Ratio

Discussion

Using TT3 as an indicator of energy deﬁciency, sensitivity and
speciﬁcity were calculated to determine appropriate threshold cutoff
values for RMR ratio. First, a 0.90 ratio cutoff commonly used in
Triad literature was evaluated for the detection of low TT3. Cunningham1980 ratio correctly identiﬁed the most participants (sensitivity:
0.90), but had low speciﬁcity (0.41), and the Harris–Benedict ratio
produced comparable sensitivity (0.87) and speciﬁcity (0.43). DXA
and Cunningham1991 ratio had the lowest sensitivity scores (0.62 and
0.63) but correctly identiﬁed the participants without low TT3
(speciﬁcity: 0.74 and 0.72), at a 0.90 cutoff.
Because DXA and Cunningham1991 values were closer to
measured RMR and the resultant ratio yielded poor sensitivity at
a 0.90 ratio cutoff, additional values (0.80–0.99) were explored to
ﬁnd more appropriate cutoff for these methods. Increasing the RMR
ratio cutoff values to 0.94 for DXA and 0.92 for Cunningham1991
yielded acceptable sensitivity of 0.80 for low TT3 values. Of the
participants characterized as energy deﬁcient using appropriate
RMR ratio thresholds that yielded good-acceptable sensitivity,

This is the ﬁrst paper to demonstrate that RMR ratio using various
prediction equations can be applied to health outcomes that are
directly related to energy deﬁciency, that is, low serum TT3
concentrations and severe menstrual disturbances (amenorrhea)
conﬁrmed by urinary hormone metabolites of ovarian steroids.
We report that each ratio successfully distinguished between the
presence or absence of energy deﬁciency–related conditions in
exercising women, as demonstrated by signiﬁcant logistic regression models for amenorrhea and low TT3. Indeed, all ratios
successfully identiﬁed low TT3, despite similar energy availability
values across groups. This is the ﬁrst investigation to provide
evidence in support of the use of RMR ratio when appropriate
cutoffs are utilized as an alternative to measuring energy availability for the assessment of energetic status in exercising women.
We report that DXA and Cunningham1991 prediction equations produced the closest estimation of measured RMR with
almost 50% of predicted values falling within ±100 kcal in this
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Figure 3 — Comparison of measured and predicted RMR for (a) Harris–Benedict, (b) DXA, (c) Cunningham1980, and (d) Cunningham1991 methods.
Dashed lines represent ±100 kcal from measured RMR for each method. Participants were grouped by TT3 tertile; black squares represent the lowest
tertile, open circles represent the middle tertile, and gray triangles represent the higher tertile. Conversion factor between nmol/L and ng/dl is 0.0153.
RMR = resting metabolic rate; triiodothyronine; DXA = dual-energy X-ray absorptiometry; TT3 = total triiodothyronine.

Table 2

Outcomes of Logistic Regression Analyses Evaluating Predictors of At-Risk Triad Conditions
Harris–Benedict ratio

DXA ratio

At-risk Triad conditions

β

SE

χ

p

β

SE

χ

Amenorrhea
Low BMI (<18.5)
High drive for thinness (>7)
Low TT3 (<1.12 nmol/L)

−3.4
−4.5
−2.4
−7.8

1.4
2.3
1.7
1.7

6.2
3.9
2.1
25.2

.013
.047
.148
<.001

−5.0
−3.4
−1.3
−8.6

1.4
2.1
1.5
1.8

13.7
2.7
0.7
31.9

2

2

Cunningham1980 ratio
p

β

SE

χ

<.001
.097
.400
<.001

−4.6
−4.3
−2.0
−10.9

1.6
2.4
1.8
2.1

8.9
3.0
1.2
36.3

2

Cunningham1991 ratio

p

β

SE

χ2

p

.003
.082
.264
<.001

−4.0
−3.4
−1.7
−10.3

1.5
2.3
1.7
2.0

7.8
2.2
1.0
36.3

.005
.14
.310
<.001

Note. Logistic regression analyses of amenorrhea, low BMI, high drive for thinness, and low TT3. Models that indicate signiﬁcant predictors of the Triad-like conditions are
bolded. Conversion factor between nmol/L and ng/dl is 0.0153. Cunningham1980, RMR = 500 + 22 (lean body mass); Cunningham1991, RMR = 370 + 21.6 (fat-free mass).
DXA = dual-energy X-ray absorptiometry; BMI = body mass index; TT3 = total triiodothyronine; RMR = resting metabolic rate.

population, most of which came from women in the high and mid
TT3 tertile (i.e., energy replete). Interestingly, each method overestimated RMR, particularly when individuals had measured RMR
lower than ∼1,200 kcal/day. A large proportion of the participants
in whom predicted RMR was overestimated (thus yielding a low
RMR ratio) were in the lowest energetic tertile, indicated by levels

of TT3 below 1.12 nmol/L. This ﬁnding indicates that these
prediction methods alone are not as accurate in energy-deﬁcient
women, due to metabolic adaptations leading to metabolic suppression in exercising women.
Despite the differences in predicted RMR, we have demonstrated that the RMR ratio produced by each equation have positive
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Figure 4 — Comparison of RMR ratio grouped by TT3 tertile for (a) Harris–Benedict, (b) DXA, (c) Cunningham1980, and (d) Cunningham1991
methods. Dashed lines represent the ratio cutoff for each method, with values above line categorized as energy replete and values below line categorized as
energy deplete. Black squares represent the lowest tertile, open circles represent the middle tertile, and gray triangles represent the higher tertile.
Conversion factor between nmol/L and ng/dl is 0.0153. RMR = resting metabolic rate; triiodothyronine; TT3 = total triiodothyronine; DXA = dual-energy
X-ray absorptiometry.

associations with TT3. Numerous studies have documented the
suppression of TT3 in amenorrheic (De Souza et al., 2003;
Laughlin & Yen, 1996; Scheid et al., 2009; Vanheest et al., 2014)
and energy- and estrogen-deﬁcient women (De Souza et al., 2008;
Southmayd et al., 2019), as well as in an animal model where a
signiﬁcant decline in circulating TT3 was coincident with the
induction of amenorrhea (Williams et al., 2001). Our ﬁndings
conﬁrmed the previous report that associated DXA RMR ratio
to TT3 (Koehler et al., 2016), and further demonstrates that this
association is also comparable to the Harris–Benedict and
Cunningham ratios.
Although a 0.90 RMR ratio cutoff, originally derived from the
Harris–Benedict prediction equation (De Souza et al., 2007a,
2008), has been used with Cunningham1980 and DXA prediction
equations (Staal et al., 2018), no investigators have determined
whether this universal cutoff value is suitable for all prediction
equations. Our data demonstrate that in exercising women, a 0.90
RMR ratio cutoff yields the highest sensitivity for Cunningham1980
and Harris–Benedict ratio, but not for DXA and Cunningham1991
ratio, which may be attributed to differences in variables included

in these regression equations. Because DXA and Cunningham1991
values were closer in value to measured RMR, a higher ratio cutoff
is required to produce comparable sensitivity to that of Harris–
Benedict and Cunningham1980 ratio. By increasing the ratio cutoff
to 0.92 for Cunningham1991 and 0.94 for DXA ratio, sensitivity
increased to an acceptable level of 0.80, while still being outside the
2–4% for the normal day-to-day variance of RMR measures
(Roffey et al., 2006).
Additionally, our results demonstrate that lean body mass and
fat-free mass should not be used interchangeably within the
Cunningham equations, as these equations generated RMR values
that were signiﬁcantly different from each other. These ﬁndings
indicate that previous researchers may have reported falsely
elevated predicted RMR when substituting fat-free mass into
the 1980 equation, which was originally intended for lean body
mass (Jagim et al., 2018; Staal et al., 2018; ten Haaf & Weijs,
2014; Thompson & Manore, 1996; Tinsley et al., 2019). Importantly, when using fat-free mass with a Cunningham equation, the
1991 equation should be used, but a RMR ratio >0.90 is necessary
for higher sensitivity.
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This study is limited by its cross-sectional nature and remains
to be determined whether there are temporal relationships among
these variables during the actual induction or reversal of menstrual
disturbances. Amenorrheic women may fall across the energetic
spectrum (i.e., could be in energetic recovery but have not fully
recovered menstrual function) (De Souza et al., 2014) and, as such,
may not be an ideal representation of energetic status, and we have
been publishing this message on several occasions (De Souza et al.,
2014, 2019; Southmayd et al., 2017). To address this point, we
included TT3 values to provide a clinically accepted indicator of
energetic status. Although RMR ratio provides an objective
method of energy status estimation without cumbersome measures
used to calculate energy availability, this method is limited by the
need to assess RMR in a laboratory and by the use of DXA. Further
investigation into mobile ﬁeld measures, such as the COSMED
(Rome, Italy) and Breezing (Tempe, AZ) portable metabolism
tracker, need to be further evaluated and may provide a more
accessible option for researchers and clinicians.
Owing to the severity of energy deﬁciency consequences (De
Souza et al., 2007b, 2008, 2014; Nattiv et al., 2007; Williams et al.,
2015) and issues with the current methods of estimating energy
deﬁciency (i.e., energy availability) (Burke et al., 2018; Lieberman
et al., 2018; Williams et al., 2015), our current investigation
suggests the utility of the Harris–Benedict, DXA, and Cunningham
ratio as good indicators of metabolic status. The resources available
to researchers will ultimately determine the prediction method
used. For example, for those without access to DXA technology,
we have demonstrated the validity of the Harris–Benedict and
Cunningham1980 prediction method to identify energetically deﬁcient individuals; for those with access to DXA and accurate
measures of fat-free mass, the DXA and Cunningham1991 methods
provide closer estimations to measured RMR as well as the validity
to identify energetically deﬁcient individuals. However, it should
be noted that prediction equations should be used as intended
(i.e., lean body mass should not be used interchangeably with fatfree mass for Cunningham equations), and a 0.90 ratio cutoff does
not yield good sensitivity across all prediction methods and should
be adjusted according to the method that is being utilized. Together
with signiﬁcant associations to hormone markers of energetic
status, it may be feasible to utilize RMR ratio as an initial screening
tool for energy deﬁciency, until a gold standard is developed and
validated.
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