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Abstract

Objective: To cross-validate three predictive set of equations for basal metabolic rate
(BMR) developed by Schofield (Schofield database), Henry (Oxford database) and
Cole (Oxford database) using mean values for age, weight, height and BMR of
published studies.

Design: Literature review of studies published from 1985 to March 2002.

Setting: All studies selected used appropriate methods and followed conditions that
met the criteria established for basal metabolism, were performed in healthy adults,
and were not part of the Schofield or Oxford database.

Subjects: A total of 261 groups of men and women from 175 studies were selected and
categorised in three age groups (18.5-29.9, 30.0—-59.9, = 60 years old) and three body
mass index (BMD groups (normal weight, overweight and obese).

Results: Linear regression and concordance correlation analysis showed that the three
sets of equations had the same association and agreement with measured BMR, across
gender, age, and BMI groups. The agreement of all equations was moderate for men
and poor for women. The lowest mean squared prediction errors (MSPRs) were given
by Henry equations in men and Cole equations in women. Henry and Cole equations
gave lower values than Schofield equations, except for men over 60 years of age.
Henry equations were the most accurate in men. None of the three equations
performed consistently better in women.

Conclusion: These results support the use of Henry equations in men with a wide
range of age and BMI. None of the proposed predictive equations seem to be
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appropriate to estimate BMR in women.

Introduction

Since 1981, the Joint Food and Agricultural Organization/
World Health Organization/United Nations University
(FAO/WHO/UNU) Expert Consultation on Energy and
Protein Requirements recommended expressing energy
expenditure as multiples of basal metabolic rate (BMR)".
The document Energy and Protein Requirements,
published in 1985, reported several predictive equations
for BMR developed by Schofield® ™. However, most BMR
values in the Schofield database were obtained from
European and North American subjects (87%), and several
reports have been published demonstrating that those
equations overestimate BMR, particularly in some ethnic
groups*™®. Henry and Cole’ " have developed new
predictive equations, using a more extensive database
than Schofield (Oxford database). Henry and Cole
equations excluded the Italian subjects, who were over-
represented in the Schofield database (47%) and have
unusually high BMR values. Moreover, 38% of subjects in
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the Oxford database are from developing countries’.
Hence, the Oxford database has a broader geographical
and ethnic representation than the Schofield database.
The purpose of this paper is to cross-validate those three
predictive models (Schofield, Henry and Cole) in adults,
using mean values for age, anthropometry and BMR of
published studies. The analyses were performed in groups
of individuals with a mean body mass index (BMD in the
normal range (18.5-25.0kgm™?). Further analyses were
done including groups of individuals with a mean BMI
over 18.5 (normal weight, overweight, and obese groups).

Methods

A literature review was performed using MEDLINE
database (National Library of Medicine, Bethesda, MD).
The search covered the period from January 1985 to March
2002. The following keywords were used: basal metab-
olism, BMR, or resting metabolic rate, all limited to human
subjects. Additional articles were obtained from the list of
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references of few papers. A total of 2286 articles
were electronically transferred to ProCite 3.1 (Personal
Bibliographic Software, Inc., Michigan), for reference
management.

The exclusion criteria used to select papers for their
analysis were:

1. Non-original papers, published twice or more for the
same individuals. Consequently, I excluded review
papers (320), letters to the editor (40), meta-analysis
and compilations of several studies (18), and studies
based on subjects whose results were published in
other papers (45).

2. Studiesthat were part of the Oxford database (20). None
of the papers were part of the Schofield database, since
those papers were published prior to 1985.

3. Studies where the abstract said that BMR was not
measured, or was measured exclusively in ill or burned
persons, hospitalised or during administration of
anaesthetic (1007).

4. Studies done exclusively on children or adolescents,
obese persons, pregnant women, early post-partum, or
athletes (210).

5. Studies that did not show data separating men from
women, or did not report age, weight, or non-adjusted
BMR of subjects (79).

6. Since the mean value of each age and gender group
was used, it was decided to exclude from analysis
studies with less than 10 individuals of a given age and
gender (252).

7. Methods and environmental and subjects’ conditions
followed to measure BMR were carefully reviewed in
each study to make sure that criteria for BMR were
accomplished. Twenty-seven studies were excluded
due to inappropriate methodology.

Excluding all articles that met any of the above criteria,
plus another 86 articles that were not possible to obtain
by the time the analysis was started, and five studies with
BMR values considered as outliers by the Tukey method
(median * twice the interquantile range)"', a total of 175
studies remained for analysis. Several of those studies
included more than one age and gender group, for
example, men 18-30 and men 30-65. Table 1 summarises
the number of groups of subjects in each gender, age and
BMI category. Underweight groups were not included in
the analysis due to the low number of groups available.
The age groups selected for both sexes are the same used
by Schofield et al. for the development of their predictive
equations (Table 2). All references used in the analysis are
listed in Annex 1.

Predictive equations

The Schofield equations were derived from 7173
individual BMR data (4809 men, 2364 women), 0—100
years of age, from 114 studies published between 1914
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Table 1 Group of subjects in each gender, age and body mass
index (BMI) category

BMI (kgm3)
Normal
Underweight weight Overweight Obese  All

Age (years) <18.5 18.5-25.0 25.1-30.0 >30.0 =18.5
Men

18.0-29.9 5 50 9 2 61

30.0-59.9 0 19 16 9 44

= 60.0 0 8 17 0 25

All 5 77 42 11 130
Women

18.0-29.9 2 49 4 4 57

30.0-59.9 1 38 12 9 59

=60.0 0 7 5 3 15

All 3 94 21 16 131

and 1980 (Table 2)°. Peculiarities of this database are
that 57% of men and 27% of women were from Italy; the
Italian group appears to have a higher BMRkg ' body
weight than any other Caucasian group; most studies used
closed-circuit methods that usually lead to higher BMR
values compared to open-circuit methods; and most of the
studies were done in European and North American
subjects, containing relatively few subjects from develop-
ing countries (13%).

The Henry equations were obtained from 10502
individual BMR values (5794 men, 4708 women), 0—106
years of age, from 166 published (1914-2001) and
unpublished studies (Oxford database)”. The Cole equations
were also developed from this database (Table 2).

The Oxford database included only healthy subjects
(malnourished or sick subjects were excluded), although
overweight and obese subjects were not eliminated. It
considers the Italian subjects of the Schofield database,
although Henry did not include them to derive his
equations. The Oxford and Schofield databases have 4039
data points in common (77 papers). However, 38% of
subjects (4018) in the Oxford database lived in developing
countries. The later database also included 53% of studies
that used open-circuit calorimetry.

The Henry and Schofield equations assumed a linear
association between BMR and weight. It is worth noting
that weight reduces the total variation in BMR by 90-93% in
children 0-3 years of age; however, as age increases, this
total variation explained by weight decreases, being the
lowest in the 30—60-year-old group (36 and 46% for men
and women, respectively, by Schofield’s equations and
51 and 57% by Henry’s equations). Both authors, however,
demonstrated that the inclusion of height in the equation
did not improve its prediction ability significantly.

Cole developed another set of equations only for adults,
18-80 years old, which avoid any discontinuities between
age groups'”. He used the Oxford database, as Henry did,
but he did not exclude the Italian subjects. Cole’s models
predict In BMR using age, In weight and In height as
independent variables, adjusted for differences in mean
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Schofield Henry Cole*

Age (years) n* Equations n* Equations n Equations
Men 4809 5794

0-2.9 162 0.249 x Wt — 0.127 277 0.255 x Wt — 0.141

3.0-9.9 338 0.095 x Wt + 2.110 289 0.0937 x Wt + 2.15

10.0-17.9 734 0.074 x Wt + 2.754 863 0.0769 x Wt + 2.43

18.0-29.9 2879 0.063 x Wt + 2.896 2821 0.0669 X Wt + 2.28 e —0.1631-0.00255xAge+0.4721xIn Wt+0.2952XIn Ht

30.0-59.9 646 0.048 x Wt + 3.653 1010 0.0592 x Wt + 2.48 1207

=60.0 50 0.049 x Wt + 2.459 or

60.0-69.9 270 0.0543 x Wt + 2.37

= 70.0 264 0.0573 x Wt + 2.01 6425 e —0.2630—0.00277xAge+0.4877xIn Wt+0.3367XIn Ht
Women 2364 4708

0-2.9 137 0.244 x Wt — 0.130 215 0.246 x Wt — 0.0965

3.0-9.9 413 0.085 x Wt + 2.033 403 0.0842 x Wt + 2.12

10.0-17.9 575 0.056 x Wt + 2.898 1063 0.0465 x Wt + 3.18

18.0-29.9 829 0.062 x Wt + 2.036 1664 0.0546 x Wt + 2.33

30.0-59.9 372 0.034 x Wt + 3.538 1023 0.0407 x Wt + 2.90 1030 @ ~01934-0.00199xAge-+0.4764xIn W-+0.0194xIn Ht

=60.0 38 0.038 x Wt + 2.755 or

60.0-69.9 185 0.0429 x Wt + 2.39

= 70.0 155 0.0417 X Wt + 2.41 3224 e —0.0713-0.00 209xAge+0.4075xIn Wt+0.3540%In Ht

*Wt — weight (kg); Ht — Height (m).
**Sample size used for development of each regression model.

*First equation (restricted to 18—80 years of age, body mass index (BMI) 18.5-24.9kgm™

2, published after 1950, using open-circuit calorimetry, and

adjusted for study differences in mean BMR) was used in the analysis of subjects with mean BMI between 18.5 and 25.0. Second equation (restricted only
to 18—80 years of age and adjusted for study differences in mean BMR) was used when overweight and obese subjects were included in the analysis.

BMR (also adjusted for age, weight, and height) between
studies. Cole also created models limited to subjects with
normal BMI (18.5-24.9kgm™?), to those same subjects
but from studies published after 1950 and all the above
conditions plus restricted to open-circuit methods. Those
conditions eliminated the Italian subjects, who were
measured by a closed-circuit technique between the years
1936-1942. Cole’s restricted model was applied to the
analysis of a group of subjects with mean BMI between
18.5 and 25.0. The full model was used when overweight
and obese subjects were also included in the analysis.

Analysis

All analyses were done using the mean values for BMR,
age, weight, height, and BMI published in each article.
Results are reported as mean = SD. Linear regression
analysis (to test for precision), concordance correlation (to
test for accuracy)'?, and analysis of variance (to further test
for accuracy) were used to compare predicted BMR by
each set of equations with measured BMR and among each
other. The best model was considered with the lowest
mean squared prediction error (MSPR), a better indicator
of how well the model predicts in another data set than
standard error of the estimate (SEE)".

Results

The first analysis was done in age and gender groups with
a mean BMI between 18.5 and 25.0kgm™* Table 3
contains characteristics of the groups of subjects included
in this analysis. BMR was lower in women that in men.

https://doi.org/10.1079/PHN2005807 Published online by Cambridge University Press

The group of individuals over 60 years of age had a lower
BMR than younger groups.

Linear regression and concordance correlation analysis
revealed that the three sets of predictive equations had the
same association and agreement with measured BMR, across
gender and age groups (Table 4). Overall and stratified by
age, concordance correlation coefficients were between 0.6
and 0.8 in me, meaning that all equations are moderately
precise and accurate to predict BMR. In the case of women,
all predictive equations had a poor association and
agreement with measured BMR, particularly in the 30—
59.9-year-old group (Table 4). The lowest MSPR was given
by Henry’s equations in men and Cole’s equations in women.

BMR values predicted by the three equations, as
expected, were highly correlated (r values between 0.92
and 1.00, Table 4). Schofield and Henry equations for men
and women between 18.0 and 59.9 years old had
correlation coefficients of 1 and their association with
measured BMR were identical. However, the concordance
coefficients between those two equations varied among
0.56 and 0.92, meaning that the association between them
is a straight line, but one equation gives values that under
or overestimate the values of the other. In this case, the
Henry equations showed slightly lower predicted values
than the Schofield equations, except for men over 60 years
of age (Table 5).

Since all predictive equations resulted in the same
precision and accuracy, analysis of variance was
performed to test for accuracy only. Levene’s test was
done to verify for homogeneity of variances, showing that
variances among groups were not different. This condition
allows the use of analysis of variance.
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Table 5 contains the predicted BMR values using the
Schofield, Henry and Cole equations, for each gender and
age group. Overall, there were no differences among
absolute values of measured BMR and predicted BMR by
each method in men and women. However, predicted
BMR by the Schofield equations was higher than predicted
BMR by the Henry equations in men, and by the Henry
and Cole equations in women. The only other difference
found in men was in the 18-29.9-year-old group, where
predicted BMR by the Schofield equations was greater
than measured BMR. Conversely, predicted BMR by the
Henry and Cole equations in women 30-59.9 years old
resulted in lower than measured BMR.

The absolute and relative difference values among
measured BMR and each predictive equation revealed that
the Schofield equations overestimate BMR in men (3.7%),
particularly in the 18-29.9-year-old group (4.6%), and the
Henry equations underestimate BMR in women (1.8%),
particularly in the 30—59.9-year-old group (4.6%, Table 5).
Furthermore, Henry and Cole’s equations gave consist-
ently lower values than the Schofield equations, except for
men over 60 years of age.

A second set of analysis included an overweight and
obese group of subjects, according to their mean BMI
values (25.1-30.0 and >30.0kgm™ 2, respectively). BMR
decreased with age in both men and women (Table 3).
Table 6 shows the linear regression and concordance
correlation analysis when normal, overweight and
obese groups were combined. The addition of the
overweight and obese groups of men did not make any
difference in the association and agreement found in
the group of men with normal mean BMI alone. On the
contrary, the association and agreement improved
significantly when the overweight and obese groups
of women were combined with normal BMI groups
(Table 6 and Fig. 1.

The analysis of variance results when overweight and
obese groups of subjects were included are presented in
Table 5. When the overweight and obese groups of men
were incorporated, the BMR overestimation by the
Schofield equations was more evident and the Henry
and Cole equations persisted as equally accurate. In the
case of women, the BMR underestimation by the Henry
equations in the 30—59.9-year-old age group disappeared
(Table 5). The Henry and Cole equations continued giving
lower values than the Schofield equations, except for men
over 60 years of age.

Figure 2 shows the scatter plots among measured BMR
and predicted BMR by the Schofield, Henry, and Cole
equations in Caucasian (37 groups of men and 40 groups
of women) and non-Caucasian (41 groups of men and 51
groups of women) subjects with BMI between 18.5
and 25.0. Non-Caucasian groups included African,
Amerindian, Caribbean, Indian, Hispanic, Malaysian,
Oriental, and Polynesian. Caucasian groups included
White and Black American. All groups in which ethnicity
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was not reported or various ethnic groups were included,
were not considered here. Non-Caucasians had signifi-
cantly lower BMR values than Caucasians (6.17 = 0.68 and
7.12 * 0.62MJday ' in men, and 5.18 * 0.52 and
5.76 = 0.44 in women, P < 0.01) and non-Caucasian
values corresponded to most of the lowest BMR values
(Fig. 2). Henry’s equations fit better Caucasian and non-
Caucasian groups than the Schofield and Cole equations in
men.

Discussion

The main findings of this validation study were that, in
men, the three sets of equations developed by Schofield,
Henry, and Cole, are equally precise, but the Henry and
Cole equations were more accurate, since Schofield’s
equations tend to overestimate BMR. For simplicity, this
finding diminishes the significance of recommending the
more complex equations developed by Cole, leaving the
Henry equations as the best set of equations for men. This
conclusion is valid for a group of subjects whose mean
BMI classified them as normal weight, overweight, or
obese. The degree of association and SEE were similar to
the association and SEE reported by Schofield and Cole in
their papers”™!°.

In women, the results are not that clear, probably related
to the poor association and agreement found with all
equations validated. As in previous reports™, weight
diminishes the total variation in BMR by 62—66% in men.
In women, however, the total variation in BMR explained
by weight was only 35-43%, and only 10-19% in the 30—
60-year-old group. Apparently this poor association
vanished when overweight and obese groups of subjects
were included in the analysis. However, that circumstance
is probably explained by a leverage effect of the upper
data points corresponding to obese subjects (Fig. 1). More
data is needed on obese women to clarify this point. None
of the proposed predictive equations seem to be
appropriate to estimate BMR from mean population
weight values in women. The logarithmic transformation
used in the Cole equations did not improve the prediction
accuracy and precision.

The results obtained in women may also be accounted
for by a non-linear association between weight and BMR,
or weight not being the main variable that can explain
BMR variation. A logarithmic transformation, as in Cole’s
equations, did not improve the prediction ability of the
model. A suggestion to improve the model is conducting a
piecewise regression’?; in other words, allow the linear
regression line to have a break-point. Observing Fig. 1 in
more detail, it seems that the predicted values for women
overestimated BMR in most cases when BMR was less than
approximately 5.4MJday '. The break-point for the
parameter used in the equations (body weight) can be
determined by examining a scatter plot between BMR
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Fig. 1 Scatter plots among measured and predictive basal metabolic rate by each set of equations (Schofield, Henry and Cole) of group
of subjects with mean body mass index (BMI) over 18.5kgm 2 (includes overweight and obese groups)

and body weight and fitting a locally weighted smoothing
function to the data.

The Henry and Cole equations had a better con-
cordance coefficient than Schofield’s equations with any
of them (confidence intervals do not intersect), probably
because the former equations were generated from the
same database.

A limitation of the study was that the validation exercise
was conducted using mean values for age, anthropometry,
and BMR rather than on individual data, due mainly to lack
of individual data from all studies included in the analysis.
Nevertheless, the use of BMR predictive equations is for

https://doi.org/10.1079/PHN2005807 Published online by Cambridge University Press

the estimation of energy requirements and recommen-
dations, which were developed for their application in
populations?.

Figure 2 shows that most of the non-Caucasian group of
subjects had the lowest BMR values. The previously
reported overestimation of BMR by Schofield’s equations
in several ethnic groups, particularly from developing
regions® ™7, is also demonstrated in men with the present
data.

In conclusion, although there were no differences in
agreement among the three sets of equations, the
accuracy of Henry’s equations was better in men and of
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Fig. 2 Scatter plots among measured basal metabolic rate and Schofield, Henry, and Cole predictive equations for non-Caucasian (con-
tinuous fit line) and Caucasian (dotted fit line) group of subjects with mean body mass index (BMI) between 18.5 and 25.0kgm 2

Schofield’s equations in women. Furthermore, the MSPR
was lowest for Henry’s equations in men and Cole’s
equations in women. These results support the use of
Henry’s equations in men. The inconsistency in women
might be related to the poor association between
predictive and measured BMR.
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