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Predictions significantly underestimate the RMR in male 
heavyweight endurance athletes but not in females. In ath-
letes with a high fat-free mass, prediction equations might 
therefore not be applicable to estimate energy require-
ments. Instead, measurement of the resting energy expen-
diture or specific prediction equations might be needed for 
the individual heavyweight athlete. 

 Copyright © 2011 S. Karger AG, Basel 

 Introduction 

 To estimate the energy demands of an individual, 
knowledge of physical activity-related energy expendi-
ture and the individual’s resting metabolic rate (RMR) is 
required. While physical activity-related energy expendi-
ture is the most variable factor of total energy expendi-
ture, the RMR is its largest component  [1] . To estimate the 
RMR, several different prediction equations have been 
developed  [2] . However, there is no standard prediction 
equation that fits all individuals, and the characteristics 
of a population need to be considered  [3, 4] . 

  One characteristic affecting energy expenditure is the 
fat-free mass (FFM), which accounts for about 50–80% of 
the individual variability in RMR  [1, 5] . However, RMR in 
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 Abstract 

  Background:  Athletes may differ in their resting metabolic 
rate (RMR) from the general population. However, to esti-
mate the RMR in athletes, prediction equations that have not 
been validated in athletes are often used. The purpose of this 
study was therefore to verify the applicability of commonly 
used RMR predictions for use in athletes.  Methods:  The RMR 
was measured by indirect calorimetry in 17 highly trained 
rowers and canoeists of the German national teams (BMI 24 
 8  2 kg/m2, fat-free mass 69  8  15 kg). In addition, the RMR 
was predicted using Cunningham (CUN) and Harris-Benedict 
(HB) equations. A two-way repeated measures ANOVA was 
calculated to test for differences between predicted and 
measured RMR ( �  = 0.05). The root mean square percentage 
error (RMSPE) was calculated and the Bland-Altman proce-
dure was used to quantify the bias for each prediction.  Re-

sults:  Prediction equations significantly underestimated the 
RMR in males (p  !  0.001). The RMSPE was calculated to be 
18.4% (CUN) and 20.9% (HB) in the entire group. The bias was 
133 kcal/24 h for CUN and 202 kcal/24 h for HB.  Conclusions:  
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individuals of the same FFM may vary by approximately 
3 MJ/day (about 715 kcal/24 h), which suggests that addi-
tional components substantially influence the RMR  [6] . 
For example, Illner et al.  [7]  reported that metabolically 
active organs contribute considerably to the RMR. In ad-
dition, the RMR might be influenced by exercise-induced 
activation of the sympathetic nervous system  [8] . Thus, 
besides chronic, exercise-induced changes in body com-
position, the RMR might be modulated by regular physi-
cal activity itself  [1] . Currently, prediction equations de-
veloped by Cunningham  [9]  and Harris and Benedict  [10]  
are recommended by the American College of Sports 
Medicine (ACSM) to estimate the RMR in athletes  [11] . 
Cunningham’s prediction model (CUN) comprises FFM; 
thus, differences in body composition between athletes 
and nonathletes are considered. In contrast, the predic-
tion equations by Harris and Benedict (HB) do not in-
clude FFM, but do include total body weight and gender. 
As shown by Thompson and Manore  [12] , the Cunning-
ham equation is highly accurate in endurance athletes. 
However, anthropometric data such as height, weight, and 
FFM may considerably differ in elite athletes, depending 
on the kind of sport  [13] , and thus affect the applicability 
of commonly used RMR prediction equations. For exam-
ple, elite heavyweight rowers have been shown to have a 
significantly larger total body mass and FFM compared to 
nonathletes  [14] . Neither HB nor CUN were developed for 
the athletic population; rather, they were developed in 
healthy untrained subjects (CUN, n = 223) and adults and 
a small number of infants (HB,  n = 241). In addition, HB 
and CUN were developed in 1918 and 1980, respectively 
 [9, 15] . In the meantime, many prediction equations have 
become available, and some of them might be regarded as 
more appropriate. For example, de Lorenzo et al.  [16]  have 
established an RMR prediction equation for male athletes. 
Nevertheless, ACSM recommends the Harris-Benedict or 
Cunningham equation, though they have not been devel-
oped for the athletic population and the accuracy of RMR 
prediction models has not been tested in this specific ath-
letic population with a very high FFM. Thus, the applica-
bility of both the Cunningham equation and the Harris-
Benedict equation in athletes with a very high FFM is 
questionable.

  Therefore, the purpose of this study was to evaluate 
the applicability of commonly used RMR prediction 
equations in highly trained, heavyweight endurance ath-
letes. It was hypothesized that prediction equations which 
do not consider body composition and were not devel-
oped for use in athletes will substantially bias the RMR 
in individuals with a remarkably high FFM.

  Materials and Methods 

 Participants 
 Seventeen highly trained rowing (3 males and 5 females) and 

canoe racing (5 males and 4 females) athletes of the German na-
tional teams were enrolled into this study (age 23  8  4 years, BMI 
24  8  2 kg/m2, FFM 72  8  14 kg). The average number of training 
sessions per week was 15.9  8  3.6 for males and 18.3  8  2.9 for fe-
males. Detailed subjects’ characteristics are shown in  table 1 .

  Individuals who were smokers or persons diagnosed with 
hypo- or hyperthyroidism  [17]  were excluded from the study to 
avoid possible influences on the RMR. All participants were en-
couraged to keep their usual eating habits during the 2 weeks be-
fore the study. Additionally, participants were asked about weight 
changes during the last 2 months before the start of the study. 
Weight changes had to be less than  8 4.5 kg  [18]  to avoid effects 
of restrained eating  [19, 20]  or overnutrition  [21]  when measuring 
the RMR; otherwise volunteers were excluded from the study. A 
total of 19 athletes volunteered to participate in the study, 17 of 
which were finally included. All participants gave written in-
formed consent after the study had been approved by the local 
ethics committee.

  Study Design 
 The study was conducted in a cross-sectional design. Ahead of 

experimental procedures, inclusion criteria were verified by 
phone calls using a checklist. Participants visited the laboratory 
on two separate days. On the first day a medical check including 
a fasting blood sample for analysis of thyroid-stimulating hor-
mone, ferritin, and blood counts to identify subjects with iron 
deficiency or endocrinal disturbances was conducted. The blood 
parameters of all participants were within reference values. Med-
ical prescriptions were checked during anamnesis by a physician, 
and no medications that influence the RMR were reported. Six 
out of 8 females reported contraceptive use, which means RMR 
variance due to the menstrual cycle is negligible in these partici-
pants  [22] . Therefore, the menstrual state of female athletes was 
not controlled for in measuring the RMR. To characterize the fit-
ness level of the athletes, the maximum oxygen consumption 
(VO 2max ) was measured during an incremental treadmill test as 
described elsewhere  [23] . On the second day, the RMR was mea-
sured and anthropometric data were collected. All tests were per-

Table 1.  Participants’ characteristics

Females Males

Age, years 23.383.0 23.085.0
Weight, kg 69.3811.0 92.9810.0*
Height, kg 175.087.0 193.087.0*
BMI 22.582.0 25.082.0
Body fat, % 18.584.0 12.782.0
FFM, kg 56.187.0 81.088.0*
Duration of training, min/day 152.0841.0 133.0888
VO2max, ml/min/kg 43.082.5 57.084.5

D ata are presented as means 8 SD. 
* Significantly different from females.
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formed within 12 weeks to avoid seasonal variance of the RMR as 
described by others  [24] .

  Anthropometric Measurements 
 Participants arrived between 6:   00 and 7:   30 a.m. at the labora-

tory and rested for 10 min in a sitting position before the RMR 
was measured. Anthropometric measurements (body height, 
body weight, and skin fold thickness) were conducted in a fasted 
state ( 6 12 h) with the subjects wearing underwear. Skin fold 
thickness was measured by the same experienced examiner, and 
the coefficient of variance (CV) was calculated to be 4.6% in a 
previous pilot study. Body fat was estimated via the 10-site skin 
fold method of Parizkova and Buzkova  [25]  using a Lange caliper 
(DKSH Ltd., Zürich, Switzerland). The FFM was calculated from 
the whole body mass and the body fat mass.

  RMR Measurements 
 All participants were instructed to minimize movement after 

awaking and before calorimetry, and they were asked to refrain 
from alcohol  [26]  or caffeine consumption  [27, 28]  and vigorous 
exercise the day before RMR measurements  [1] . Low-intensity 
training was allowed the day before calorimetry as interruption of 
habitual training by cessation of exercise may substantially affect 
the RMR in highly trained individuals  [29] . The RMR was mea-
sured the morning after a restful night’s sleep in a silent room with 
an ambient temperature of 22–25   °   C while the participants rested 
in a supine position  [4] . The experimental conditions were exactly 
standardized for each subject by means of a checklist. The gas ex-
change was measured for 30.9  8  4 min using a face mask device 
(ZAN 600 CPET; nSpire Health Group, Oberthulba, Germany). 
Calibrations of flow and gas analyzers were performed before each 
measurement using a 1-liter syringe, room air (20.94 vol% O 2  and 
0.04 vol% CO 2 ), and a standard gas (15.90  8  0.32 vol% O 2  and 4.99 
 8  0.10 vol% CO 2 ; Air Liquid, Krefeld, Germany). Breath-by-
breath measurements were conducted using an amperometric sol-
id electrolyte sensor for oxygen measurement and an infrared sen-
sor for CO 2  measurements. The oxygen uptake (VO 2 ) and respira-
tory exchange ratio were analyzed within the last 20 min of the 
resting period and during a minimum of 5 consecutive minutes in 
steady-state conditions. Steady-state was defined as intervals 
where the average minute oxygen consumption (VO 2 ) and carbon 
dioxide production (VCO 2 ) changes by  ! 10% and the average re-
spiratory exchange ratio changes by  ! 5%  [30] . The RMR was de-
termined using the Weir equation  [31] . Using these standardized 
RMR measurement procedures, the CV was calculated to be 2.1% 
in a pilot test-retest study in our laboratory.

  RMR Predictions 
 For each subject, the RMR was predicted using standard equa-

tions by Cunningham  [9]  and Harris and Benedict  [10]  as stated 
below:

  Cunningham: 
 RMR (kcal/24 h) = 500 + 22  !  FFM (kg)

  Harris and Benedict: 
 Females: RMR (kcal/24 h) = 655.96 + 1.850  !  H (cm) + 
9.563  !  BW (kg) – 4.676  !  A (years)
  Males: RMR (kcal/24 h) = 66.473 + 5.003  !  H (cm) + 
13.752  !  BW (kg) – 6.755  !  A (years),

  where BW = body weight; H = height, and A = age. 

 Data Analysis 
 Data were analyzed for the entire group and with respect to 

gender and presented as means  8  standard deviation (SD). As a 
normal distribution was present for all dependent variables (Sha-
piro-Wilk test), parametric tests were chosen. To estimate the rel-
ative difference between predicted and measured RMR, the root 
mean square percentage error (RMSPE) was calculated for each 
equation. Two-factorial ANOVA with repeated measures was 
used to test for statistically significant differences between pre-
dicted and measured RMR (factor 1: result of measurement or 
prediction; factor 2: gender). For post hoc comparisons, the Schef-
fé test was used. p  !  0.05 for the  � -error was considered signifi-
cant. The Bland-Altman procedure was used to identify the bias 
and to evaluate the precision of the prediction equations  [32, 33] . 
The bias was calculated as the mean difference between a predic-
tion equation and the measurement. The SD of the mean (the 
range within which 95% of the differences between the prediction 
and the measurement will lie) served to evaluate the precision of 
a prediction equation (95% limits of agreement; LOA). A regres-
sion analysis was performed to identify a proportional bias  [34] .

  Results 

 For females, the predicted RMR using either CUN 
(1,734  8  147 kcal/24 h, p = 0.831) or HB (1,737  8  200 
kcal/24 h, p = 0.818) tended to be higher than the mea-
sured RMR (1,577  8  253 kcal/24 h or 28.2  8  4.0 kcal/kg 
FFM/24 h) but was not statistically different from the 
measured RMR. In males, the predicted RMR was sig-
nificantly lower for both CUN (2,260  8  181 kcal/24 h, 
 p = 0.005) and HB (2,133  8  188 kcal/24 h, p  !  0.001) com-
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  Fig. 1.  Measured (calorimetry) and predicted (CUN and HB) 
RMR in males and females. * Results are significantly different 
from calorimetry. 
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pared to the measured RMR (2,675  8  526 kcal/24 h or 
32.8  8  4.0 kcal/kg FFM/24 h).

  In general, prediction equations significantly underes-
timated the RMR in males (p  !  0.001 for both prediction 
equations) but not in females (p  1  0.05;  fig. 1 ). The Bland-
Altman analysis indicated that prediction equations un-
derestimate the RMR at high values ( fig. 2 ,  3 ).

  Cunningham Equation 
 The Cunningham equation significantly underesti-

mated the RMR in males (p = 0.005) but not in females 
 (p = 0.580). The RMSPE for the entire group was 18.4%, 
and it was 19.8% for males and 17.0% females, respective-

ly. The mean difference between CUN and the measure-
ments was 133 kcal/24 h. The LOA ranged from –697 
kcal/24 h to 964 kcal/24 h ( fig. 2 ).

  Harris-Benedict Equation 
 Using the Harris-Benedict equation, the RMR in 

males was significantly underestimated (p  !  0.001). No 
difference between the measured and predicted RMR 
was observed in female athletes (p = 0.559). The RMSPE 
for the entire group was 20.9%, and it was 21.5% for males 
and 20.4% females, respectively. The bias was calculated 
as 202 kcal/24 h, and the LOA were –721 kcal/24 h and 
1,124 kcal/24 h ( fig. 3 ).
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  Discussion 

 The study was conducted to assess the applicability of 
commonly used RMR prediction equations in highly 
trained, heavyweight endurance athletes. In general, 
prediction equations significantly underestimated the 
RMR in male athletes, whereas no differences between 
measured and predicted RMR were observed in female 
athletes. This effect might be attributed to the remark-
able size of the FFM in male elite rowers and canoeists in 
the present study (81.0  8  8.0 kg FFM and 12.7  8  2.0% 
body fat for males and 56.1  8  7.0 kg FFM and 18.5  8  
4.0% body fat for females). The observed total body 
weight of 92.9  8  10 kg and average FFM of 81.0  8  8 kg 
in male participants is much higher than FFM reported 
in other RMR measurement studies where the mean 
FFM typically ranges from 38 to 62 kg in sedentary or 
moderately active individuals  [26, 35, 36] . In contrast, 
both the total body weight and the FFM in female ath-
letes were not obviously higher compared to values in the 
literature. As previously shown, the prediction error is 
higher when the FFM is either decreased or elevated. 
Mueller et al.  [35]  reported that commonly used RMR 
prediction equations are biased in both obese and under-
weight subjects, with underestimation at high RMR and 
overestimation at low RMR. Therefore, RMR equations 
used to predict the RMR in athletes should consider an-
thropometric differences between the general popula-
tion and athletes.

  A bias ranging from 133 kcal/24 h (CUN) to 202 
kcal/24 h (HB) was observed when the RMR was pre-
dicted in athletes. The question of what is an acceptable 
bias needs to be evaluated from a practical perspective 
and cannot be answered solely by using statistical mea-
sures  [32] . An underestimation of 133–202 kcal/day 
seems to be negligible in theory but may be of practical 
importance if an athlete tries to gain weight with a com-
bined schedule of exercise training and a fine-tuned diet 
sheet.

  For example, if the RMR is underestimated by 200 
kcal/24 h as observed in HB, the individual’s energy re-
quirement will be underestimated by approximately 
360–460 kcal/day as the physical activity level (which 
serves to calculate total energy requirement from the 
RMR as RMR  !  physical activity level) ranges from 1.8–
2.3 in highly trained athletes, which might be of impor-
tance during dietary counseling of the individual  [11] . A 
daily caloric deficiency of 460 kcal would result in a 
monthly body weight loss of approximately 1.5–1.8 kg if 
not corrected by an increased dietary intake, for example 

with an additional large cereal bowl with milk or two 
stuffed rolls. 

  However, a high but consistent bias would be a minor 
concern if the SD of the mean difference between the 
measurement and the prediction is small (i.e. a narrow 
range of the 95% LOA). In this case, predictions may be 
adjusted by subtracting the bias  [32] . Nevertheless, the 
LOA are high in both prediction equations, indicating 
that relevant over- or underestimation of the RMR may 
occur in the individual. In addition, the proportional 
bias observed in the tested prediction equations indi-
cates that underestimation of the RMR is more likely to 
occur at high RMR. Results of the present study indicate 
an obvious proportional bias with underestimation of 
the RMR in athletes with a high RMR and overestima-
tion of the RMR in athletes with a low RMR. However, 
a proportional bias in Bland-Altman plots may also be 
an artifact of the plotting procedure, and regression 
analysis is needed to identify a proportional bias  [34] . 
When performing a regression analysis, the slope for 
both prediction equations tested against calorimetry is 
not close to 1 and the intercept is not close to zero, indi-
cating that the proportional bias observed in athletes is 
veritable.

  As FFM accounts for up to 80% of the RMR  [1, 5]  it 
may be suggested that underestimation occurs in indi-
viduals with a high FFM and low body fat content. This 
may also explain why in males (12.7  8  2.0% body fat) 
prediction equations underestimated the RMR while in 
females (18.5  8  4.0% body fat) no statistical significant 
difference between measured and predicted RMR was 
observed. It may be concluded that in athletes with a low 
body fat percentage the RMR may be significantly un-
derestimated when using CUN or HB to estimate the 
RMR.

  However, it needs to be emphasized that the athletic 
population presented in this study consisted of elite row-
ing and canoeing athletes of the German national teams 
with a large body size and FFM. In other athletic popula-
tions where the body size and FFM do not differ from 
those of the general population, differences in predicted 
and measured RMR might be negligible in the daily rou-
tine of sports nutrition. 

  Conclusion 

 The predicted RMR in heavyweight endurance ath-
letes are significantly biased by approximately 150–200 
kcal/24 h when standard equations suggested by the 
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ACSM are used  [11] . The mean difference between mea-
sured and predicted RMR was higher at high values
of measurement, indicating that underestimation of
the RMR is more likely to occur at high RMR. In athletes 

with a high FFM, prediction equations might there-
fore not be applicable to estimate energy requirements. 
Instead, measurement of the resting energy expenditure 
might be needed in the individual heavyweight athlete.
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