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INTRODUCTION

Quetelet, in his 1835 classic treatise Sur l’homme et le développement de se facultés, ou Essai de physique sociale, first
made the observation that weight increases in adults of normal
build in proportion to the square of height (1, 2). More than a
century later, Keys and his colleagues, while evaluating weightheight indexes as measures of adiposity, identified Quetelet’s
index (weight/height2) as having the highest correlations with
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skinfold and body density measurements (3). Body mass index
(BMI), as Keys referred to weight/height2, has since been extensively studied as a phenotypic marker of adiposity in children and
adults (4 –17).
The classic studies of Quetelet (1, 2) and Keys et al (3) provide
the foundation for applying BMI as an optimum weight-height
index of adiposity. The evolved concepts include 3 main mathematical constructs, the first of which is that weight scales to
height2 and thus weight/height2 (ie, BMI) is independent of
height (6, 11). Several early studies support the validity of this
assumption (11), although there is some variability in the exponent or power of height above and below 2 (11–13, 15, 18).
Others argued on the basis of the work of Benn (6) that the power
of height should be population specific (13, 14), and this suggestion was incorporated into what became known as the Benn
Index (weight/height␤, with ␤ population specific). The sources
of variation in observed powers when weight is scaled to height
remain unknown.
A second related tenet of the BMI model, although one rarely
studied, is that adipose tissue also scales to the square of height.
Unless weight and adipose tissue scale to the same power of
height, short and tall subjects will differ in adiposity. The question of the stature dependency of adiposity has not been rigorously examined (6, 19), although Garrow and Webster (9) were
unable to find a significant association between height and percentage fat in a small cohort of women.
A third and important feature of the BMI model is that adiposity, which is defined as adipose tissue mass/weight, is maximally correlated with weight/height␤ when ␤ is equal to 2. Keys
et al (3) and others (7, 12, 15) examined powers of height in
addition to 2 and largely confirmed that 2 was the nearest integer
providing maximal correlations with measures of adiposity.
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ABSTRACT
Background: Although Quetelet first reported in 1835 that adult
weight scales to the square of stature, limited or no information is
available on how anatomical body compartments, including adipose
tissue (AT), scale to height.
Objective: We examined the critical underlying assumptions of
adiposity– body mass index (BMI) relations and extended these
analyses to major anatomical compartments: skeletal muscle (SM),
bone, residual mass, weight (ATѿSMѿbone), AT-free mass, and
organs (liver, brain).
Design: This was a cross-sectional analysis of 2 body-composition
databases: one including magnetic resonance imaging and dualenergy X-ray absorptiometry (DXA) estimates of evaluated components in adults (total n ҃ 411; organs ҃ 76) and the other a larger
DXA database (n ҃ 1346) that included related estimates of fat,
fat-free mass, and bone mineral mass.
Results: Weight, primary lean components (SM, residual mass,
AT-free mass, and fat-free mass), and liver scaled to height with
powers of 앒2 (all P 쏝 0.001); bone and bone mineral mass scaled to
height with powers 쏜2 (2.31–2.48), and the fraction of weight as
bone mineral mass was significantly (P 쏝 0.001) correlated with
height in women. AT scaled weakly to height with powers of 앒2, and
adiposity was independent of height. Brain mass scaled to height
with a power of 0.83 (P ҃ 0.04) in men and nonsignificantly in
women; the fraction of weight as brain was inversely related to
height in women (P ҃ 0.002).
Conclusions: These observations suggest that short and tall subjects
with equivalent BMIs have similar but not identical body composition, provide new insights into earlier BMI-related observations and
thus establish a foundation for height-normalized indexes, and create
an analytic framework for future studies.
Am J Clin Nutr 2007;
86:82–91.

BMI AND BODY COMPOSITION

Although adiposity is of central interest in relation to BMI,
other compartments of importance also contribute to how weight
scales to height. Moreover, there is an implicit but not well
articulated assumption that subjects of the same BMI but who
differ in height have the same relative amount of skeletal muscle,
bone, and components other than adipose tissue. This theory
states that short and tall subjects of equivalent BMI have identical
fractional body composition (ie, component weight/body
weight), not just adiposity. Accordingly, in the current study, we
critically examined the scaling of anatomical body compartments to height with the aim of clarifying prevailing questions
related to the now widely applied phenotypic measure, BMI.
SUBJECTS AND METHODS

Therefore,

Component/weight ⫽ ␣1/␣2height␤1Ҁ␤2

(5)

When ␤1 and b2 are equal (ie, the component and body weight
scale the same to height), the value of ␤ is 0 and a non-zero
number raised to the power of zero equals 1. Thus, there will be
no association between component fractional mass and height if
the difference between ␤1 and ␤2 is at or near zero. If the difference between ␤1 and ␤2 in Equation 5 is not zero, the fractional component mass will scale positively or negatively to
height, possibly significantly. If a component and weight scale
differently to height, short and tall subjects will not have the same
body composition.
Maximal associations

Experimental design and rationale
Allometric models

y ⫽ ␣ ⫻ x ␤

(1)

where y is body weight or component mass, x is height, ␤ is the
scaling exponent or power, ␣ is the proportionality constant, and
 is a multiplicative error term (11, 16, 17). When converted to
logarithmic form, the allometric equation can be solved as

logey ⫽ loge␣ ⫹ ␤logex ⫹ loge

(2)

According to Quetelet, ␤ in Equations 1 and 2 for weight (y)
scaled to height (x) is equal to 2. When weight (or component)/
height␤ is plotted against height, the correlation will be nonsignificant when ␤ is derived in the population under study as
emphasized by Benn (6). If ␤ is assumed to be 2 as in BMI and
the actual value differs from 2, there exists the possibility of bias
in adjusted weights or component mass. Dividing weight or component mass by height2 when ␤ ⫽ 2 may over- or under-correct
for between-individual differences in stature. In addition to
weight, there is growing interest in expressing body-composition
results in the form of height-normalized indexes, ie, component/
height2 (20, 21), although there has been little examination of
how these selected components actually scale to height.
In addition to Equation 2, the value of ␤ and a related error term
can also be estimated by using an approach suggested by Benn
(6). Flegal (18) showed close agreement between the 2 methods
and we also confirmed nearly identical results for both methods
in the present study. Accordingly, we provide estimates for ␤ in
the results only for the log-log approach as stated in Equation 2.
A common practice is to express component mass as a fraction
or percentage of weight. The background for the analysis of the
second question is formulated on the ratio of component mass to
weight, each of which scale individually to height:

Component ⫽ ␣1height␤1
␤2

(3)
(4)

What is the power (␤) of height in the ratio weight/height␤ that
maximizes the component’s correlation with adiposity and muscularity? Adiposity is generally defined as the amount of adipose
tissue or fat present relative to body weight. A similar definition
applies to muscularity. The basis of this third question is formulated on the studies of Keys et al (3), who were the first of many
to examine the correlations between adiposity (adipose tissue or
fat mass/weight) and weight/height␤, with ␤ ҃ 2 in BMI. In
exploring this question, we established the optimum values of ␤
for adiposity and muscularity because of their clinical and research relevance. The approach suggested by Benn (6) and Larsson et al (12) was applied, in which R2 values are generated for
the regressions of component/weight on weight/height␤ for varying values of ␤. The resulting data can then be used to plot R2
(variance) values versus ␤ for the component of interest, and
visual inspection is then used to select the ␤ value or values
associated with the maximum correlation.
Subjects and measurements
The 3 questions were examined by using data from healthy
normal-weight and obese adults of varying ethnicity collected
across multiple studies at the New York Obesity Research Center. The first evaluated database (NY-1) included subjects with
whole-body magnetic resonance imaging (MRI) (22, 23) and
dual-energy X-ray absorptiometry (DXA) studies (22–24). The
developed anatomical body-composition model for all subjects
included 4 major body compartments: adipose tissue, skeletal
muscle, bone, and residual mass. Residual mass, the difference
between weight and the other 3 measured components, includes
high-metabolic-rate tissues and organs such as liver, brain, heart,
and kidneys (23). Bone mass was estimated from DXAmeasured bone mineral mass (22, 23), and estimates of adipose
tissue, skeletal muscle, and residual mass were provided by MRI
(22, 23, 25).
In addition, a subset of the subjects evaluated in the NY-1
studies completed separate imaging procedures for estimation of
2 residual mass components, brain and liver, by use of the methods reported by Gallagher et al (23). Adipose-tissue-free mass
(ATFM) was calculated as the difference between weight and
adipose tissue mass. This group is referred to as the NY-1A
subgroup of the larger NY-1 database in subsequent presentations.
The second database (NY-2) included healthy adult subjects
evaluated solely by DXA for total body fat, fat-free mass (FFM),
and bone mineral mass (8, 22–24). Fat and FFM as measured by

Downloaded from www.ajcn.org by guest on June 6, 2011

Existing databases were used to examine 3 questions, the first
2 of which were: How do weight and major anatomical and
closely related molecular-level body compartments scale to
height in healthy adults? When expressed as a fraction of body
mass, are these compartments independent of height? The scaling of weight and each component to height, used to examine
these 2 questions, was evaluated by using the traditional allometric model

Weight ⫽ ␣2height
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TABLE 1
Subject characteristics of the NY-1 and NY-2 database groups1
NY-1

Age (y)
Weight (kg)
Height (cm)
BMI (kg/m2)
1
2

NY-1A

NY-2

Men
(n ҃ 178)

Women
(n ҃ 233)

Men
(n ҃ 19)

Women
(n ҃ 57)

Men
(n ҃ 581)

Women
(n ҃ 765)

49.8 앐 15.8
80.6 앐 12.4
1.77 앐 0.07
25.7 앐 3.6

44.9 앐 17.4
68.7 앐 15.0
1.62 앐 0.07
26.1 앐 5.4

48.9 앐 21.1
78.1 앐 10.1
1.79 앐 0.08
24.3 앐 2.5

39.4 앐 18.22
65.4 앐 16.0
1.63 앐 0.07
24.7 앐 5.5

44.8 앐 7.7
76.8 앐 12.4
1.74 앐 0.08
25.3 앐 3.4

47.9 앐 18.0
65.0 앐 11.5
1.62 앐 0.07
24.9 앐 14.1

All values are x 앐 SD. The databases are described in Subjects and Methods.
Significantly different from the NY-1 females, P ҃ 0.03. (There were no other significant differences between the NY-1 and NY-1A groups.)

Statistical methods
Baseline subject demographic characteristics are reported as
means and SDs. The statistical analyses were carried out by using
SPSS (SPSS for WINDOWS, version 11.5; SPSS Inc, Chicago,
IL).
The allometric model coefficients in Equation 2, ␣ and ␤, were
derived by using least-squares multiple linear regression analysis
and log-transformed data with weight or component mass set as
the dependent variable and height and potentially age as independent variables. Values for log ␣ and ␤ along with R and SEE
values for each developed regression model are presented in the
Results. Student’s t tests were used to compare values of ␤ for the
height predictor variable in regression models compared with the
reference ␤ value of 2.0. In expanded analyses, we also developed regression models with height alone as an independent
variable within discrete age groups in the large NY-2 database.
These results were concordant with the pooled group analyses
and are not presented.
Review of data in the first series of allometric analyses indicated that 2 components consistently scaled to height differently
from weight, namely, bone and brain. Accordingly, we specifically examined the correlations between bone/weight and brain/
weight with height. These analyses were carried out by multiple
regression analysis. None of the other component/weight associations with height were statistically significant.
We regressed the fractions of weight as adipose tissue and
skeletal muscle against body weight/height␤ by using simple
linear regression analysis or a second-order polynomial, depending on the established data structure. Values of ␤ were systematically varied from 0 to 3 in increments of 0.5 following preliminary analyses. Benn (6) and Larsson et al’s (12) method was

used to establish values of ␤ that maximally correlated with
adiposity and muscularity.

RESULTS

Baseline group characteristics
The baseline demographic information for the study groups is
summarized in Table 1. The 2 groups, NY-1 and NY-2, collectively had 1757 subjects, 759 men and 998 women (NY-1, 411;
NY-1A, 76; NY-2, 1346). The groups ranged in mean age from
39.4 to 49.8 y and in BMI from 24.3 to 26.1. The NY-1A subgroup included 76 subjects, 19 men and 57 women, who did not
differ significantly in mean BMI from the main NY-1 group. The
NY-1 and NY-1A men did not differ in age, whereas the NY-1
women were significantly older (P ҃ 0.03) than their NY-1A
counterparts.
Allometric analyses
We present both the NY-1 and the NY-2 results in parallel,
starting with weight-stature relations and then advancing to each
of the evaluated body compartments. The regression model results presented in this section are summarized in Table 2 for the
NY-1 and NY-2 groups. The associations of weight and each
component with height, fitted with univariate regression models,
are presented in Figure 1 and Figure 2 for NY-1 men and
women, respectively. The corresponding scatter plots for NY-2
men and women are presented in Figure 3.
Body weight
Weight scaled with respective powers of height (앐 SEE) minimally below and above 2 in the NY-1 and NY-2 men (1.78 앐
0.25 and 1.86 앐 0.13) and women (2.17 앐 0.27 and 2.17 앐 0.14),
with all 4 models highly significant (all P 쏝 0.001). None of these
respective powers differed significantly from 2.0. Age was a
significant positive predictor of weight, after control for height,
in all 4 regression models. BMI (ie, weight/height2) and weight/
height raised to the respective actual powers (ie, 1.78 –2.17) were
also independent of height in the male and female groups.
Lean compartments
Skeletal muscle mass
Skeletal muscle mass scaled to height with powers of 1.98 앐
0.27 and 2.08 앐 0.20 in the NY-1 men and women (Table 2; both
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DXA are the molecular body-composition level counterparts of
the anatomical level components adipose tissue and ATFM (22).
Bone mass in the NY-1 group was also derived from DXAmeasured bone mineral mass, and the 2 differed only by a constant (22, 23). Evaluation of the NY-2 database was prompted by
findings in the smaller NY-1 database that suggested the appropriateness of confirming fat and bone mineral scaling to height in
a much larger and more diverse database.
Both databases included subjects with a minimum BMI (in
kg/m2) of 18.5 and a maximum BMI of 35; the latter cutoff was
due to MRI and DXA size limitations. Subjects in all databases
were aged 쏜 18 y with no imposed maximum age. Body weight
and height in all subjects were measured with a calibrated digital
scale and stadiometer, respectively.
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TABLE 2
Body composition–stature associations of the NY-1 and NY-2 database groups1
Men

Women

Model2

Weight (kg)
NY-1
NY-2
AT, NY-1 (kg)
Fat, NY-2 (kg)
ATFM, NY-1 (kg)
FFM, NY-2 (kg)
SM, NY-1 (kg)
Bone, NY-1 (kg)
Mo, NY-2 (kg)
RM, NY-1 (kg)
Brain, NY-1 (kg)
Liver, NY-1 (kg)

Model2

Ht

Age

Int

SEE

R

Mass

Ht

Age

1.78
1.86
1.76
1.89
2.09
1.86
1.98
2.424
2.315
2.22
0.835
2.65

0.07
0.11
0.35
0.47
NS
Ҁ0.04
Ҁ0.11
Ҁ0.06
Ҁ0.12
0.13
NS
NS

Ҁ5.08
Ҁ5.72
Ҁ7.65
Ҁ8.39
Ҁ6.77
Ҁ5.55
Ҁ6.33
Ҁ9.88
Ҁ10.50
Ҁ9.10
Ҁ3.83
Ҁ13.2

0.14
0.16
0.41
0.38
0.10
0.11
0.14
0.12
0.13
0.14
0.07
0.15

0.48
0.45
0.34
0.43
0.64
0.63
0.54
0.65
0.68
0.60
0.466
0.608

80.6 앐 12.43
76.8 앐 12.4
17.3 앐 7.5
15.9 앐 7.7
63.3 앐 8.3
60.9 앐 9.0
33.6 앐 5.5
11.6 앐 1.7
3.1 앐 0.5
18.1 앐 3.1
1.59 앐 0.12
1.71 앐 0.30

2.17
2.17
2.15
2.58
2.20
2.05
2.08
2.485
2.385
2.13
Ҁ0.001
2.10

0.19
0.05
0.54
0.63
NS
Ҁ0.08
NS
Ҁ0.06
Ҁ0.04
0.09
NS
NS

Int

SEE

Ҁ7.52
0.18
Ҁ7.06
0.13
Ҁ9.89
0.41
Ҁ13.03
0.47
Ҁ7.45 Ҁ0.11
Ҁ6.16
0.10
Ҁ7.55
0.14
Ҁ10.26
0.12
Ҁ11.03
0.12
Ҁ8.56
0.17
0.31
0.10
Ҁ10.40
0.19

R

Mass

0.52
0.57
0.47
0.46
0.65
0.72
0.56
0.70
0.69
0.48
0.0037
0.43

68.7 앐 15.0
65.0 앐 11.5
23.8 앐 11.1
21.4 앐 8.4
44.9 앐 7.0
43.5 앐 5.9
20.5 앐 3.5
8.7 앐 1.4
2.3 앐 0.4
14.9 앐 3.3
1.36 앐 0.14
1.43 앐 0.32

P ҃ NS versus a power of 2.0), respectively. Age was a significant negative predictor of skeletal muscle mass after control for
height in the men but not the women. Both models were highly
significant in the men (R ҃ 0.54, P 쏝 0.001) and women (R ҃
0.56, P 쏝 0.001).
Bone mass
Bone mass scaled to height with powers of 2.42 앐 0.24 and
2.48 앐 0.17 in NY-1 men and women (Table 2), respectively.
Bone mineral mass also scaled significantly to height in the NY-2
men and women (Table 2) with respective powers of 2.31 앐 0.12
and 2.38 앐 0.12. All 4 of the ␤ values were significantly (P 쏝
0.05) or borderline significantly (NY-1 men, P ҃ 0.09) 쏜 2.0.
Age added significantly to the 4 regression models with negative
coefficients in both men and women.
Among weight and all evaluated body compartments, the
highest R values (0.65– 0.70) tended to be for the bone-stature
associations (Table 2). The values of ␤ for bone scaled to height
were consistently among the highest observed across weight and
the multiple evaluated body compartments.
Residual mass
Residual mass scaled to height with powers of 2.22 앐 0.28 and
2.13 앐 0.28 in the NY-1 men and women (Table 2; both P ҃ NS
versus a power of 2.0), respectively. Age was a positive significant predictor of residual mass after control for height, and both
models were highly significant in the men (R ҃ 0.60, P 쏝 0.001)
and women (R ҃ 0.48, P 쏝 0.001).
The regression models for the 2 residual mass components,
liver and brain, are summarized in Table 2, and scatter plots are
presented in Figure 4. Liver mass scaled to height with powers
of 2.65 앐 0.85 and 2.10 앐 0.61 in men and women (both P ҃ NS

versus a power of 2.0), respectively. The models were statistically significant in the men (R ҃ 0.60, P ҃ 0.005) and women
(R ҃ 0.43, P 쏝 0.001) and did not include age as a covariate.
Unlike the other evaluated lean components, brain mass scaled
weakly to height in the men (r ҃ 0.46, P ҃ 0.04) with a power of
0.83 앐 0.39 (P 쏝 0.05 versus a power of 2.0) and nonsignificantly (r ҃ 0.003, P ҃ NS) in the women (Figure 4).
ATFM and FFM
The composite lean compartment, ATFM, scaled to height
with powers of 2.09 앐 0.19 and 2.20 앐 0.17 in the NY-1 men and
women (Table 2), respectively. Neither model, which were both
statistically significant, included age as a predictor variable. The
similar compartment, FFM, scaled to height with respective
powers of 1.86 앐 0.10 and 2.05 앐 0.09 in the NY-2 men and
women. Age was a small-magnitude, but statistically significant
predictor variable in both models. All ATFM and FFM models
were highly significant (P 쏝 0.001), with R values ranging from
0.64 to 0.69; none of the ␤ values differed significantly from 2.0.
Adipose tissue
Adipose tissue scaled to height with a power of 1.76 앐 0.75 in
the NY-1 men and 2.15 앐 0.60 in the women with age a significant covariate in both models (Table 2). Fat mass also scaled
significantly to height in the NY-2 men and women with respective powers of 1.86 앐 0.47 and 2.17 앐 0.33, but only after adding
age to the models (Table 2). The allometric fat mass models were
the only nonsignificant univariate correlations observed across
the NY-2 group, as presented in Figure 3 for male and female
subjects.
The 4 AT and fat mass models of the NY-1 and NY-2 groups
had the lowest R values and largest SEEs among the allometric
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1
The databases are described in Subjects and Methods. AT, adipose tissue; ATFM, adipose-tissue-free mass; FFM, fat-free mass; Ht, height; int, intercept;
Mo, bone mineral mass; RM, residual mass; SM, skeletal muscle. Sample sizes for total AT, SM, bone, and RM: 178 males and 233 females in NY-1; sample
sizes for brain and liver: 19 males and 57 females in NY-1A. Regression models were based on the allometric formula y ҃ ␣ 䡠 x␤, and are solved as logey ҃
loge␣ ѿ ␤logex ѿ log e. The regression models were developed by using SPSS (SPSS for WINDOWS, version 11.5; SPSS Inc, Chicago, IL).
2
Ht and Age are the respective values for ␤ (slopes) in equation 2, whereas Int corresponds to log ␣.
3
x 앐 SD (all such values).
4,5
Power of height vs a power of 2.0: 4P ҃ 0.09, 5P 쏝 0.05. All other powers of height reported in the table were not significantly different from a power
of 2.0; the power of height in the model for brain in women was not statistically significant.
6–8
P values for the model: 6P ҃ 0.04, 7P ҃ NS, 8P ҃ 0.005. (All other models were P 쏝 0.001.)
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FIGURE 1. Weight and body composition versus height of men in the NY-1 database group. The plotted data were fit with univariate power functions (SPSS
for WINDOWS, version 11.5; SPSS Inc, Chicago, IL) that are provided in each panel of the figure. The models are of the form, y ҃ ␣ ҂ x␤, where y is body
weight or component mass, x is height, ␤ is the scaling exponent or power, ␣ is the proportionality constant, and  is a multiplicative error term. All regression
models in the figure are P 쏝 0.05; the regression models including age as a covariate in addition to height are presented in Table 2. AT, adipose tissue; ATFM,
adipose-tissue-free mass; SM, skeletal muscle mass; RM, residual mass.

models for components evaluated in the 2 respective groups.
None of the observed ␤ values for height in the AT and fat
prediction models differed significantly from 2.0.
Stature-dependence of fractional mass
Inspection of the univariate plots in Figures 1-3 and Table 2
indicate that most components scaled to height with powers
similar to that of weight. Thus, according to Equation 5, their
fractional mass will not correlate significantly with height. The
association between liver/weight and height was not statistically
significant in the NY-1A men even though liver scaled to height
with a power of 2.65. After an initial screen of the remaining data,
only bone and brain justified further analyses.
The fractions of weight as bone and bone mineral mass were
not significantly correlated with height in either group of men.
The association between fractional bone mass and height in the
NY-1 women was borderline significant alone (P ҃ 0.07), but
significance was no longer present when age was added to the
regression model. The fraction of weight as bone mineral was

significantly correlated with height in the NY-2 women, even
after adding age and age2 as predictor variables in a multiple
regression analysis model (model R2 ҃ 0.36; height covariate,
P 쏝 0.001). The fraction of weight as brain showed a trend or was
significantly inversely correlated with stature in the men (P ҃
0.07) and women (P ҃ 0.002), respectively (Figure 4).
Maximal correlations
The associations between component/weight and weight/
height␤ were systematically examined for adipose tissue and
skeletal muscle mass. The maximal correlations, expressed as R2,
between adipose tissue or fat/weight with weight/height␤ and the
corresponding plots for skeletal muscle (Figure 5) were observed for values of ␤ in the range of 2–2.5. These ranges of
maximal correlation were similar in men and women. These
results are similar to those of Benn (6), who suggested the relatively flat ranges comprising peak correlations indicated only
small differences in the value of selecting indexes with powers
just above or below 2.
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FIGURE 2. Weight and body composition versus height of women in the NY-1 database group. The plotted data were fit with univariate power functions
(SPSS for WINDOWS, version 11.5; SPSS Inc, Chicago, IL) that are provided in each panel of the figure. The models are of the form, y ҃ ␣ ҂ x␤, where y
is body weight or component mass, x is height, ␤ is the scaling exponent or power, ␣ is the proportionality constant, and  is a multiplicative error term. All
regression models in the figure are P 쏝 0.05; the regression models including age as a covariate in addition to height are presented in Table 2. AT, adipose tissue;
ATFM, adipose-tissue-free mass; SM, skeletal muscle mass; RM, residual mass.

DISCUSSION

The present study is one of the first comprehensive examinations of anatomical body-composition scaling to stature in adults.
Our observations strongly support those of Quetelet (1, 2) and
many others (3–19, 26) that weight scales approximately to stature squared. We extended these classic observations by showing
that other components, with the exception of brain and bone, also
scale to height with powers approximating 2 as the nearest integer. Moreover, we confirmed (12) and extended earlier observations by showing that maximal correlations between adiposity
and muscularity (ie, component mass/weight) and weight/
height␤ are present when ␤ has values of 앒2–2.5. After appropriately adjusting for height, including adjustment as weight/
height2, the short and tall subjects in our sample had similar
anatomical body composition, except for brain mass and to a
lesser extent bone mass.
Although our samples were relatively small, as noted, we
detected 2 “deviations” from the “␤ ҃ 2” rule. First, we observed

consistently higher ␤ values that differed significantly from 2.0
for the scaling of bone to height compared with the other evaluated components. A significantly higher fraction of weight as
bone in tall subjects was, however, only observed in the relatively
large NY-2 female sample. Tall subjects are heavier than short
subjects because weight increases as height2. Bone scales to
weight in mammals with ␤ ҃ 앒1.05–1.1, and Galileo was the
first of many to draw attention to the relations between mammalian body size and bone structure/mass (27). Galileo advanced
the concept that maintenance of the same relative bone strength,
resistance to elastic buckling, bending, and torsion across animals differing by orders of magnitude in body mass requires
proportionally thicker bones. The observation that mammalian
skeletal mass scales to weight with powers greater than one is
seen as consistent with this theory (28). Weight and bone in our
subjects respectively scaled to height앑2 and height앑2.3, a small
difference but one that is consistent with observations in mammals as a whole.
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FIGURE 3. Weight and body composition versus height of men and women in the NY-2 database group. The plotted data were fit with univariate power
functions (SPSS for WINDOWS, version 11.5; SPSS Inc, Chicago, IL) that are provided in each panel of the figure. The models are of the form, y ҃ ␣ ҂ x␤,
where y is body weight or component mass, x is height, ␤ is the scaling exponent or power, ␣ is the proportionality constant, and  is a multiplicative error term.
All regression models are P 쏝 0.05 except for the fat mass models, which were nonsignificant. FFM, fat-free mass; Mo, bone mineral mass.

Second, we observed that brain mass scales to height with ␤
values substantially 쏝2 and, at least in the women, the fraction of
body weight as brain was significantly inversely related to stature. Cadaver studies generally report absent or small but statistically significant correlations between autopsy brain weight and
height (29 –31). Recent imaging studies, including those by Koh
et al (32), Nopoulos et al (33), Chung et al (34), and others,
largely support the cadaver studies with overall nonsignificant or
weak correlations observed between brain volume and height.
The reviewed earlier studies are thus consistent with our findings, which sharply contrast the relations between height and
organ-tissue mass for brain compared with skeletal muscle, bone,
and organs such as liver.
Our study results relate to a large anthropology and evolutionary biology literature that examines the relations between body
size, brain mass, and performance, both mental and physical (28,
35–39). Achieving greater body size without compromising
muscularity and not being encumbered by the greater energy
demands of a proportionally increased brain mass must be a
critical adaptive feature of Homo sapiens. Because brain has a
very high mass-specific metabolic rate (ie, 240 kcal/kg versus 4.5
kcal/kg in adipose tissue), the possibility exists that massspecific energy requirements (ie, kcal/kg weight) are lower in tall
subjects than in their shorter counterparts.

Functional model of Quetelet’s index
The empirical findings of the present study suggest an anatomical and related functional basis for Quetelet’s index, which
is now referred to as BMI. If stature is viewed as a dynamic
process with “growth” from a small to large height, there is an
essential requirement for greater structural and related functional
support, including bone and skeletal muscle. We observed that
bone and skeletal muscle scaled consistently to height with high
R values, low SEEs, and with powers at or very near 2. This lean
tissue growth with increasing stature would require a similar
expansion of metabolically supportive tissues encompassed by
residual mass and its related components, such as liver. Our
model, assembled from the observed study results, thus suggests
that structural and metabolic lean tissue compartments grow in
unison with greater stature. This hypothesis is consistent with the
observation that both ATFM and FFM also scaled approximately
as stature squared.
Unlike the major lean tissues, adipose tissue scaled less consistently to height with high SEEs and low R values. This observation is consistent with the plasticity of adipose tissue as an
energy storage compartment that can vary widely in mass with
nutritional status, thus potentially obscuring associations with
stature. Greater height with larger body size and metabolic
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requirements would optimally include an appropriate subcutaneous adipose tissue insulation layer and energy stores, and this
hypothesis provides one explanation for why adipose tissue and
fat mass might in theory scale to height with powers similar to
those of lean tissues.
The observations of the present study thus suggest the existence of a lean tissue “core” that scales consistently and strongly
to height with a power not significantly different from 2.0. The
corresponding associations for adipose tissue and fat mass are
weaker, although ␤ values also did not differ significantly from
2.0. Thus, small differences between populations in adiposity,
muscularity, and potentially secular effects may combine to introduce some variability in ␤ values around a mean of 2 for
weight scaled to height. More focused studies including appropriate methods in specific populations may elucidate the basis for
racial and geographic differences in the relations between adiposity and BMI.
Clinical applications
The results of the present study provide support for the
suggestion of Van Itallie et al (20) to normalize fat and FFM
for height2 as a means of adjusting the mass of these components for between-subject differences in stature. Our findings,
with the aforementioned provisos, suggest that skeletal muscle, bone, ATFM, FFM, and potentially liver mass also scale
approximately as the square of height. Pending the study of
larger and more representative samples, it thus seems reasonable that creating indexes of these and related components to

height2 would allow for body-composition comparisons between subjects or groups differing in height. This approach
has been proposed for left ventricular mass measured by echocardiography, which appears to scale in adults as height2.13
(40), which is similar to our observations for other nonneural
lean tissues.
Study limitations
Although our sample of subjects evaluated with MRI overall
was large given the expense and complexity of whole-body studies, we still lacked adequate power to detect small differences in
component scaling to height. To some extent, our larger NY-2
subject database compensated for this limitation with lower
SEEs for major component ␤ estimates (6). Our sample for brain
and liver mass estimates was even smaller, which highlights the
need to extend our exploratory observations to larger populations, particularly to groups differing in age and race (41). We did
not consider more advanced questions, such as the effect on
scaling of relative leg length and other skeletal proportions. Our
study was limited to adults with BMIs between 18.5 and 35, and
consideration should be given to subjects outside of this range.
Advancing our studies to children and adolescents would also
provide new insights into Quetelet’s rule when applied to persons
other than adults (42). Quetelet noted that his height2 rule was
generally applicable across the life span, except during the first
year of life and the pubertal period (1).
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FIGURE 4. Brain and liver mass (upper panels) and their fractions of weight (lower panels) versus height of the men and women in the NY-1A database
group. The plotted data for brain and liver mass versus height (upper panels) were fit with univariate power functions (SPSS for WINDOWS, version 11.5; SPSS
Inc, Chicago, IL) that are provided in each panel of the figure. The models are of the form, y ҃ ␣ ҂ x␤, where y is body weight or component mass, x is height,
␤ is the scaling exponent or power, ␣ is the proportionality constant, and  is a multiplicative error term. Organ mass expressed as a fraction of body weight
(BW) is plotted against height in the lower panels of the figure and include the corresponding linear regression models. Brain mass versus height: men P ҃ 0.04
and women P ҃ NS; liver mass versus height: men P ҃ 0.005 and women P 쏝 0.001. Fraction of weight as brain versus height: men P ҃ 0.07; women, P ҃
0.002. Fraction of weight as liver: P ҃ NS in men and women.
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Conclusions
The results of the present study suggest that weight, skeletal
muscle, adipose tissue, ATFM, and FFM all scale to height with
powers of 2 as the nearest whole integer. These observations
indicate that corresponding height-normalized indexes are also
independent of height, as are both adiposity and muscularity.
Moreover, adiposity and muscularity maximally correlate with
weight/height␤ when ␤ is 앒2. These observations provide strong
support for the application of BMI and height-normalized bodycomposition indexes as stature-independent measures of relative
adipose tissue and skeletal muscle mass.
The observations were less clear for bone, which scaled to
height with powers minimally but consistently higher than those
observed for weight scaled to height. Taller subjects, notably
women, thus may have a larger fractional bone mass than their
shorter counterparts. The scaling functions were less ambiguous
for brain mass, which scaled to height with powers far 쏝2, again
mainly in women. Our findings tentatively indicate that in proportion to weight, taller subjects have a smaller brain mass, a
finding that has implications related to human energy requirements (23). Subjects of the same BMI but who differ in stature
thus have similar but not identical body composition. These
collective observations have broad-reaching implications for the
study of human biology and to the clinical application of BMI as
a surrogate measure of human body composition.
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Erratum
Heymsfield SB, Gallagher D, Mayer L, Beetsch J, Pietrobelli A. Scaling of human body composition to stature:
new insights into body mass index. Am J Clin Nutr 2007;86:82–91.
Figures 1 and 2 are reversed. The charts shown in Figure 1 actually depict data for women, not men. Similarly,
the charts in Figure 2 actually depict data for men, not women. The title for Figure 1 should therefore read as
follows: “Weight and body composition versus height of women in the NY-1 database group.” The title for
Figure 2 should read as follows: “Weight and body composition versus height of men in the NY-1 database
group.” In addition, on page 84, the third sentence of the subsection “Allometric analyses” should read as follows:
“The associations of weight and each component with height, fitted with univariate regression models, are
presented in Figure 1 and Figure 2 for NY-1 women and men, respectively.”

Erratum

On page 1602, the second sentence of the “Design” section of the abstract should read as follows: “Meal
replacements contained 33 g protein from GMP-enriched whey protein isolate (GMP-WPI) or skim milk powder
(SMP) and 954 kJ/sachet.” A similar error occurred in the second sentence of the first full paragraph in the “Study
design and methodology” subsection of the “Subjects and Methods” section (page 1603). That sentence should
read as follows: “Both contained 33 g of protein and 954 kJ per pack.”
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Keogh JB, Clifton P. The effect of meal replacements high in glycomacropeptide on weight loss and markers of
cardiovascular disease risk. Am J Clin Nutr 2008;87:1602–5.

ERRATA
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Erratum
Wang J, Wang Y, Wang Z, et al. Vitamin A equivalence of spirulina ␤-carotene in Chinese adults as assessed
by using a stable-isotope reference method. Am J Clin Nutr 2008;87:1730 –7.
In the Conclusion section of the abstract (page 1730), the wording “1 mg retinyl acetate” is incorrect and should
be replaced with “1 mg retinol.”
In the fourth sentence of the first paragraph of the Discussion section (page 1735), the wording “37% of the
intake recommended in China” is incorrect and should be replaced with “37% of the actual intake by Chinese
men.”
In Figure 2 (page 1734), the x axis label is incorrect. The x axis label should read “Ion mass-to-charge ratio.” The
corrected figure appears below.
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