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Abstract

Background: Body mass index (BMI) is a squared-height power function. Nevertheless, some studies
show a significant exponential weight-height correlation. Objectives: To demonstrate that the
weight-height relationship from 2 to 20 years of age is better expressed by an exponential function.
Design: 5th, 50th and 85th percentile weight-height curves according CDC 2000 Growth Charts. A
theoretical curve was created with the data on the 50th percentiles of weight and height for each age,
equivalent to the 50th percentile of the weight-for-height curve. The statistical analysis was per-
formed applying regression analysis of the curve estimation in the power and exponential models.
Results: The exponential model correlation coefficient is higher than the power model. The expo-
nential model variable (1.9 in boys, 2 in girls) was standardized to 2 to establish the body mass ex-
ponential index (BMEI): weight/exp(2*height). Weight-for-age and exponential height-for-age fif-
tieth percentile curves show a stable age-independent ratio near 2. These ratios are 1.5 and 2.5 for
the 5th and 85th percentiles, respectively. The shape of the well-known curve BMI-for-age is due to
the disparity between a exponential curve and a power curve. Conclusions: An exponential function
expresses the weight-height relationship during growth better than a power function. A BMEI of 2
with limits of 1.5 and 2.5 is useful for screening nutritional status during growth, and the wei-
ght-for-height chart is an ideal substitute for the BMI-for-age chart. The BMI-for-age curve shape and
the disproportional BMI in taller children are mathematical artifacts without biological meanings.
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1. Introduction

The body mass index (BMI), named by Keys in 1972 [1], is the standard screening for nutritional status, mainly
for diagnosis [2]-[5] and for epidemiological follow-ups [6]-[8] of obesity. It is calculated by dividing the weight
(W) by the square of the height (H) according to the ratio given by Quetelet in 1832 [9] [10] only for adults be-
cause, as stated in his publication, “during the development of the individuals of both sexes, we can consider the
square of the weight, at different ages, as proportioned to the fifth power of their stature”. Simplified, this calcu-
lation is the weight divided by the height with an exponent of 2.5 [11]. This difference has not been considered,
and since the year 1991 [2] [12], the nutritional reference for childhood has been the BMI-for-age. The agree-
ment for the normal limits in adults is between 18.5 and 25 kg/m2 [13]. Nevertheless, these limits are inapplica-
ble to children, where the BMI varies according to age on a U shaped line, with the nadir at approximately 6
years of age, further complicated by the lack of consensus and the coexistence of the following four normal lim-
its of BMI-for-age: 5th - 85th percentiles according to the CDC [14], 18.5 - 25 BMI percentile lines at 18 years
of age according to the IOTF [15], £2 SD according to the WHO [16], and 80% - 120% of the 50th percentile
according to others [17].

The BMI has been criticized to the extreme of being considered an obsolete index that underestimates over-
weight [18]. The adiposity rebound of the BMI-for-age is considered a predictor of late obesity; however, it is
unrelated to the moment of body fat increase [19]. An anthropometric study shows that taller children have a
higher BMI and, thus, a higher probability of being diagnosed as obese [20]. Three limitations for the BMI have
been described, namely, it depends on the height, on the leg length, and on the fat and non-fat weight [21].
Another distinctive fact is that the BMI-for-age curve lacks the marked increase in growth during the puberty
growth spurt, a standard feature of the weight and height curves [22].

The BMI is not a perfect measurement in children because it is height-dependent; however, it has been chosen
due to its reproducibility and validity in easily measuring body fat [23]. Other options that have been unable to
displace the BMI as a reference for the nutritional index include weight-for-height relationships such as the
ponderal index (W/H?) [24], the Benn index (W/HP) [25], or the (W-9)/H* index [26].

In a mathematical sense, the BMI is a specific case of the general power function model used to explain allo-
metric growth [27]. Allometric growth was described by Huxley and Teissier in 1936 “to denote growth of a
part at a different rate from that of body as a whole or of a standard”, and assumed that the power function
represented this type of growth best [28]. However, Pasternak and Gianutsos propose that “if both organs (x and
y) are exponential functions of time, the allometric relationship is power. If the organ y is exponential and the
reference organ x is a linear function of time, the allometric relationship is exponential” [29]. Henneberg, in his
anthropological study, also concluded that the exponential function showed a better representation of the weight-
height relationship and presented the exponential W = 2-exp(2-H) equation [30]. The exponential weight-height
relationship has also been demonstrated by other authors either directly [31] [32] or indirectly by applying the
logarithm to the weight to obtain a lineal relationship with the height [33].

The purpose of this study is to demonstrate that the weight-height growth relationship between 2 and 20 years
of age is best expressed with an exponential function, enabling the creation of a more accurate nutritional index
than the BMI. The study is performed by analyzing the data from the CDC 2000 growth chart [14] using a ma-
thematical regression analysis of the curve estimation and a graphic analysis of the curves.

2. Methods

The CDC 2000 growth chart for children and teenagers from 2 to 20 years of age is available at the webpage
cdc.gov/growthcharts and displays the weight-for-age, height-for-age, and BMI-for-age charts, as well as the
weight-for-height chart between 77 and 121 cm, equivalent to the 2 to 5 years of age. The data were gathered
from five national studies from 1963 to 1994 [14].

The final curves represent the 3rd, 5th, 10th, 25th, 50th, 75th, 90th, 95th and 97th percentiles, distributed ac-
cording to age and gender, as well as the 85th percentile in the BMI-for-age and weight-for-height charts. The
85th percentile of the weight-for-age distribution is not shown on the percentile tables and was calculated by ap-
plying the LMS method, as noted on the CDC webpage. The values are available for each month of age between
month 24 and month 240, although this study used 6-month intervals to simplify calculations.

The weight-for-height curves exclude growth stages by being interrupted at 121.5 cm. To include all growth
stages, a theoretical curve was created with the data on the 50th percentiles of weight and height for each age,
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equivalent to the 50th percentile of the weight-for-height curve.
The statistical analysis was performed using the SPSS version 20 statistical package by applying regression
analysis of the curve estimation in the power and exponential models.

3. Results

The 50th percentile values of weight-for-age in relation to the 50th percentile of height-for-age formed an as-
cending curve, on which a regression analysis with a curve estimation of the two models, power and exponen-
tial, was performed. A significant weight-height relationship was obtained for these two models, but a stronger
relationship was obtained for the exponential model (Table 1). In this first analysis, the age variable was not
considered explicitly, although it was implicitly included because the W variable referred to the weight-for-age
and the H variable to the height-for-age. A graphic analysis was presented by visually comparing the age-related
curves.

Before plotting the charts, the equations were modified to match the power model with the BMI and the ex-
ponential model with Henneberg’s proposed equation [30]. This result was achieved by using a standard b1 val-
ue of 2 for all equations (Table 1). The modification was more significant for the power model because bl value
was 2.5; on the exponential model, a 1.9 value was changed only in males. The W/H? ratio was the BMI, and the
W/exp(2H) ratio was termed the body mass exponential index (BMEI).

The subsequent step consisted of comparing the increases with age of W and the functions of H on the charts
(Figure 1). The charts were plotted using two scales corresponding to the vertical axis, with the objective of
maximizing overlap. The W and exp(2H) curves showed an important match on the 2:1 ratio. In contrast, be-
tween W and H” curves the match was lower on the ratio 20:1.

The BMETI oscillates about a value of 2 (Figure 2). Two lines were added to this chart to represent the normal
limits, constructed with the 5th and 85th percentiles over the 50th percentile of H. These lines are also wavy and
close to the values 1.5 and 2.5, respectively. In both charts, a transiently high index is observed at the beginning
of the pubertal growth spurt, at approximately 12 years of age in boys and 10 years of age in girls.

Finally, a theoretical recreation was performed to demonstrate the cause of the shape of the BMI. On a chart,
with the values between 0.7 and 2 on the X-axis representing the height limits in the growth stage, two curves
H? and 2-exp(2H) were traced (Figure 3). The resulting curve from dividing H?/2-exp(2H) formed a similar
BMI-for-age curve, with H = 1 as a minimum.
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Figure 1. Comparison of weight between power and exponential curves. Comparison of 50th weight
percentile with the H> power (left) and the exp(2H) exponential (right) curves of the 50th height per-
centile, with corresponding scales.
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Figure 2. Theoretical curves BMEI for age. Theoretical BMEI curves (W/exp(2H)) for age. The 50th
percentile was used for height. For weight, the 50th, 5th, and 85th percentiles were used as BMEI cen-
tral references and normal theoretical limits between 2 and 20 years of age for each gender.
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Figure 3. Curve of exponential function divided by power function. The resulting curve after dividing
the exponential curve by the power curve for the H values between 0.7 and 2. Upper chart, overlap of
the exponential curve (continuous line) and power curve (discontinuous line). Lower chart, the result
of dividing the two curves.
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Table 1. Results of the curve estimation regression analysis in power and exponential models.

Model Sex R? Constant k bl Equation Ratio W/H* Index®
Potential M 0.985 15.1 2.5 W=kH> k=wW/H>? i=W/H?
Potential F 0.983 153 2.5 W =kH>’ k=W/H>? i=W/H?

Exponential M 0.998 2.3 1.9 W =k-exp(1.9H) k = W/exp(1.9H) i = W/exp(2H)
Exponential F 0.996 2.1 2.0 W =k-exp(2H) k = W/exp(2H) i = W/exp(2H)

*The equation was modified to isolate the constant and show the weight-height relationship. *The variables (b1) were standardized to 2 to consider the
BMI in the power model and an index according to the Henneberg equation [30] in the exponential model. H: height; W: weight.

4. Discussion

This study shows that the weight-height relationship from 2 to 20 years of age is better expressed by an expo-
nential function than by a power function on which the BMI is based. The studied equation, W/exp(2H) is more
accurate than any of the other equations, such as W/Hz, W/H? , or W/HP, in obtaining the nutritional index. The
constant 2:1 proportionality between the weight and the exponential height (Figure 1) allows the value of 2,
with limits of 1.5 and 2.5 equivalent to the 5th and 85th percentiles of weight-for-height, to be used as a fixed
nutritional index without requiring a chart (Figure 2).

This study shows that the peculiar shape of the BMI-for-age chart is a mathematical anomaly. The initial des-
cent observed until 6 years of age and the later ascent is due to a mathematical artifact imitated when dividing an
exponential curve by a power curve (Figure 3). Thus, the theory of the prognosis of obesity in adults related to
the early onset of the rebound BMI is meaningless [34] and is challenged by a recent study that rules out any re-
lation between the adiposity rebound and body fat increase [19]. Another anomaly of the BMI is the dispropor-
tionate BMI in tall children [20]. The division of the exponential curve by the power curve can also explain this
anomaly. As observed in Figure 3, the resulting curve increases more strongly in the higher values due to the
exponential function.

Since Quetelet proposed the W/H? coefficient [9] [10], there has been persistence in using the height power
function to create an anthropometric index of nutritional status. The cubic, however, seems to be a more logical
option, as it considers the volume-equivalent body weight [35]; nonetheless, the square power exhibits a better
weight-height adjustment in adults. This same equation is used in children, even though Quetelet considered that
the growth coefficient should be WH? [9] [10], equivalent to W/H>?. This same value was obtained in this study
(Table 1) and corresponds with the theory that the power should vary between 2 and 3 [35]. However, this de-
bate may be considered unimportant because the adjustment of the exponential function is stronger than any
power.

The exponential weight-height relationship has been previously suggested [29]-[31] without sufficient relev-
ance for the scientific community to consider it as an alternative to the power relationship, perhaps due to the
complexity of the equations and the anthropological or biological orientation in some studies. In 1961, Sargent
[31] published the W = 2.6-exp(1.8H) equation represented in a semilogarithmic chart to be applied to children.
In the year 1963 [32], she published three-stage exponential equations for infancy, childhood, and adulthood in a
semilogarithmic chart from 0.4 to 2 m. The equation for the infancy stage is W = 0.323-exp(4.71H), while in
adults, the equations are gender-related, as W = 12.1-exp(H) for men and W = 9.5-exp(1.08H) for women.
These studies have been further cited as a reference for the normal growth limits, but the exponential equations
have been omitted. The exponential weight-height relationship during growth was also published by Henneberg
in 1989 [30] with a pure anthropological approach and the proposal of a simpler equation, W = 2-exp(2H), that
is used in this study. A paper by Pasternak and Gianutsos in 1969 [29], although oriented to general biology, is
also worth mentioning because they criticized the exclusive use of the power function as an explanation of allo-
metric growth and suggested an exponential function as a more adequate approach when analyzing an exponen-
tial variable in relation to a lineal variable.

The exponential function is peculiar, as it doubles its value at regular intervals and can be demonstrated
without needing mathematical tools such as logarithmic calculation or curve estimation. By example, the curve
published by Leung ef al. in 1996 [17] is a reference curve used in the Hong Kong Health Department that
shows how the weight doubles at 35 cm height intervals in the exponential stage.
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The supremacy of the BMI in nutritional assessment has cornered the weight-for-height charts. The studies
comparing both methods show significant differences that endorse the use of the BMI-for-age as a better method
[37]. However, this difference is an anomaly that results from dividing the exponential weight chart by the pow-
er squared height chart. The weight-for-height charts should be the gold standard of nutritional status on all
growth stages and possibly for adults.

The use of the weight-for-height chart makes the weight-for-age chart obsolete, even inconvenient. This can
be explained through the following example. Perrin et al., in their survey on the use of the BMI [38], raise a hy-
pothetical case of a 10-year-old girl of 130 cm of height (10th percentile) and 40 kg of weight (80th percentile),
both within the normal percentiles, but overweight, as is only shown when observing that the BMI is over the
95th percentile. Overweight status is also shown directly on the weight-for-height chart (Figure 4) and by the
BMEI of 2.97, which is greater than the normal limit of 2.5. Therefore, this result shows the obsolescence of the
weight-for-age chart and the danger of considering a clearly pathological weight as normal. Another example
that shows the superiority of the weight-for-height over the BMI-for-age chart is a forensic case by Davy-Jow et
al. [39], where the authors note that “The CDC website BMI Percentile Calculator for children would not return
a weight-for-height centile because the figure was too far outside expected values” but can be diagnosed directly
in the chart (Figure 4), as in the previous case, and with a BMEI of 1.37, which falls below the normal limit of
1.5.

The BMEI, suggested in this paper as an alternative for BMI, is more complicated to calculate, requiring a
scientific calculator; but, this limitation may be considered attenuated, as it does not require a transfer to a chart.
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Figure 4. Two examples of nutritional disorder. Weight-for-height in two nutritional dis-
order cases presented on a NCHS 1977 chart [40]. A girl 10 years of age who is 40 kg in
weight and 130 cm in height [38] (black diamond) as an example of overweight and a girl 7
years of age who is 16.7 kg in weight and 125 cm in height [39] (black circle) as an exam-
ple of underweight.
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5. Conclusions

A nutritional index that associates the weight and height with an exponential function, such as the BMEI, is
more accurate from 2 to 20 years of age than the BMI or other power function indexs. BMEI of 2, with limits of
1.5 and 2.5, could be used as nutritional index without requiring an age chart.

The BMI-for-age curve shape and the disproportional BMI in taller children are mathematical artifacts with-
out biological meanings.
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