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Age- and height-dependent bias
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children and adolescents
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Background: Precision in evaluating underweight and overweight status among
children and adolescents is paramount for averting health and developmental
issues. Existing standards for these assessments have faced scrutiny regarding
their validity. This study investigates the age and height dependencies within the
international standards set by the International Obesity Task Force (IOTF), relying
on body mass index (BMI), and contrasts them with Japanese standards utilizing
the percentage of overweight (POW).

Method: We scrutinized a comprehensive database comprising 7,863,520
children aged 5-17 years, sourced from the School Health Statistics Research
initiative conducted by Japan’s Ministry of Education, Culture, Sports, Science,
and Technology. Employing the quantile regression method, we dissected the
structure of weight-for-height distributions across different ages and sexes,
quantifying the potentially biased assessments of underweight and overweight
status by conventional criteria.

Results:  Applying |OFT criteria for underweight assessment revealed
pronounced height dependence in males aged 11-13 and females aged
10-11. Notably, a discernible bias emerged, wherein children in the lower 25th
percentile were classified as underweight five times more frequently than those
in the upper 25th percentile. Similarly, the overweight assessment displayed
robust height dependence in males aged 8-11 and females aged 7-10, with
children in the lower 25th percentile for height deemed obese four or five
times more frequently than their counterparts in the upper 25th percentile.
Furthermore, using the Japanese POW criteria for assessment revealed
significant age dependence in addition to considerably underestimating the
percentage of underweight and overweight cases under the age of seven.
However, the height dependence for the POW criterion was smaller than the
BMI criterion, and the difference between height classes was less than 3-fold.

Conclusion: Our findings underscore the intricacies of age-dependent changes
in body composition during the growth process in children, emphasizing the
absence of gold standards for assessing underweight and overweight. Careful
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Quantile regression with g = 0.1
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FIGURE 1

Illustration of quantile regression analysis for a weight-for-height distribution. (A) Using observed weight and height data, this analysis estimates a
curve (solid red line) through the gth quantile point of the weight distribution for each height. (B) The gth quantile curve (solid red line) can be
estimated by applying the asymmetric weights to the residuals from a fitted curve and minimizing the sum of weighted absolute residuals. In the case
of g = 0.1, the negative residuals result in a nine times larger weight (i.e., 1 — g = 0.9) than the positive ones (i.e., g = 0.1).
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FIGURE 2

Relation between centiles of weight distributions by height strata and quantile regression line of weight-for-height distributions for the specific case
of 11-year-old females. (A) Weight distributions by height strata. Triangles, circles, and squares denote each distribution’s 10th, 50th, and 90th
percentiles, respectively, for each height strata. (B) Quantile regression curves (solid red lines) using the cubic function for weight-for-height
distributions. Triangles, circles, and squares denote each distribution’s 10th, 50th, and 90th percentiles by height strata, respectively, shown in (A).

the lower 25th percentile for height were identified as obese four or
five times more frequently than their counterparts in the upper 25th
percentile. In 9-year-old males (Figure 3E) and 6-year-old females
(Figure 3K), the tall subgroup exhibited an eightfold percentage of
grade 2 thinness than the short subgroup. Comparable distinctions
were noted among males and females across various age brackets,
albeit with reduced magnitude. The height dependence illustrated
in Figure 3 remained consistent throughout the years spanning
2008-2019.

On the contrary, POW-based assessment exhibited significant
age dependence. However, variation in the percentage of
underweight and obese cases across height subgroups was
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limited to less than threefold. The outcomes of the POW-
based assessment revealed remarkably low percentages of thin
and obese individuals at age 5 (Figures3C, F, I, L), which
contradicts the findings from the evaluation of the IOFT
criteria. Regarding underweight assessment, the percentage for
11-year-old males was ten times higher than that for 5-year-
old males (Figure3C), with comparable disparities observed
between 12-year-old females and 5-year-old females (Figure 3I).
Consistent age dependence was observed throughout the period
2008-2019. Thus, this age-related pattern may indicate cutoff
positions rather than accurately representing the percentage of
underweight individuals.
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FIGURE 3

IOFT cutoffs for obesity in females. (L) POW cutoffs for obesity in females.

Age and height dependence of the percentages of underweight and overweight children and adolescents, based on anthropomorphic data spanning
2018. (A) IOFT cutoffs for grade | thinness in males. (B) IOFT cutoffs for grade Il thinness in males. (C) POW cutoffs for underweight in males. (D) IOFT
cutoffs for overweight in males. (E) IOFT cutoffs for obesity in males. (F) POW cutoffs for obesity in males. (G) IOFT cutoffs for grade | thinness in
females. (H) IOFT cutoffs for grade Il thinness in females. (I) POW cutoffs for underweight in females. (J) IOFT cutoffs for overweight in females. (K)
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Establishing BMI-based criteria for thinness and fatness in
children and adolescents involves considering the tail probability
of BMI within specific sex and age cohorts (42, 81). This enables
the identification of potential anomalies in weight and height
combinations with low observation probability. To validate this
approach, we computed the BMI distribution by sex and age,
delineating cutoffs for grade 1 and grade 2 thinness, overweight,
and obese, as illustrated in Figure 4. The corresponding tail
probabilities (percentages) for these cutoffs were also determined.
In Figure 4, the upper-tail probability for obese cutoffs ranged from
1.5-3.5% for males and 1.4-2.2% for females, while the overweight
cutoffs varied from 7.1-15.7% for males and 9.3-12.3% for females.
Both sexes exhibited a consistent upper-tail probability of about
2% for obese cutoffs and around 10% for overweight cutoffs.
The thinness assessment showed a lower-tail probability of about
10% and 2% for grade 1 thinness and grade 2 thinness cutoffs,
respectively, in both males and females.

We also examined the POW distribution categorized by sex and
age, outlining the cutoffs for underweight and obesity, as illustrated
in Figure 5. While the age dependence of the POW distribution may
seem inconspicuous initially, a closer inspection reveals significant
variations in tail probabilities across age groups. We observed
that, for males, the upper-tail probability of obesity ranged
from 2.7-11.8%, and thinness exhibited a lower-tail probability
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spanning 0.4-3.3%. In females, the upper-tail probability of obesity
varied from 2.7-9.2%, while thinness demonstrated a lower-tail
probability ranging from 0.5-4.2%. Notably, the assessment based
on the constant cutoff of POW revealed a strong age dependence
in tail probability, unveiling a pronounced asymmetry in the
assessment of underweight and obese status.

We scrutinized the weight-for-height distribution across sexes
and age brackets to unravel the intricate relationship between
age and height within traditional standards. As illustrated in
Figure 6 (see also Supplementary Figures S1-526), we employed
quantile regression to derive weight percentile curves, comparing
with conventional cutoffs for thinness and fatness assessment. In
Figure 6B, the gray shaded areas delineate the height distribution’s
50%, 90%, and 99% central regions for 17-year-old males. The
proximity and parallelism between centile and cutoff curves
signify minimal height dependence in the assessment process. This
examination sheds light on the nuanced interplay of height and age
within conventional standards, adding depth to our understanding
of weight-for-height dynamics.

In the two bottom right panels of Figures7, 8, we observe
that centile and cutoff curves exhibit near-parallel alignment for
males and females aged 17. However, for other age groups, a
pronounced height dependence of the cutoff becomes evident.
The obese cutoff intersects multiple percentile curves within
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FIGURE 4
Upper- and lower-tail probabilities (percent) corresponding to IOTF cutoffs by sex and age. The values (%) in each panel denote the percentiles of
each BMI distribution corresponding to the cutoffs. We analyzed data spanning 2008-2019.

the 80-99.5% range in the left panels showcasing IOFT cutoffs
for 5-year-old and 9-year-old males in Figure7 and females
in Figure 8. This observation highlights a substantial height-
dependent variation in the cutoff for these specific age groups.
The POW criteria revealed shortcomings requiring attention,
particularly in children under seven. One notable concern is the
nonlinearity, represented by a curved shape, observed on the obese
side of the centile curves (Figures 7, 8). This curvature introduces a
height-dependent bias to the POW cutoft. Additionally, the cutofts
for underweight status fall below the 0.5% curve, indicating an
excessively low threshold that warrants adjustment. Addressing
these issues is crucial for refining the accuracy and reliability of
the POW criteria, especially in assessing children under the age
of seven.

3.2 Age dependence of 10th and 90th
centiles in weight-for-height distribution

When assessing thinness in young children, recommended
cutoffs for weight-for-height distribution, irrespective of age,
have been proposed. Notably, the National Center for Health
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Statistics/ WHO weight-for-height reference (82) is among such
references. We critically examined the applicability of weight-for-
height-based assessments for thinness in children aged 5-17. In
Figures 9A-D, the 10th and 90th centile boundaries depict the
range encompassing 2.5-97.5% of height at each age, providing
a comprehensive visualization of the thinness assessment across
different age groups.

As illustrated in Figures 9A, B, the 90th centile curves linked to
obesity reveal a clear dependence on age and height. Consequently,
relying solely on age-independent weight-for-height relationships
for assessing obesity becomes impractical. In contrast, the 10th
centile curve associated with thinness exhibits an age-independent
structure, particularly noticeable in males under 14 and females
under 12, as illustrated in Figures 9C, D. Further insight from
Figures 9C, D suggests that the growth process in children can be
categorized into at least two distinct phases. The initial growth
phase is characterized by a uniform cutoff boundary independent
of age. Specifically, the 10th centile curves for males aged 5-13
and females aged 5-11 converge into a single curve. The solid lines
represent an approximate curve derived from a cubic function for
the 10th centile of the weight-for-height distribution in males aged
5-13 (Figure 9C) and females aged 5-11 (Figure 9D), providing a
clear visualization of these distinct growth phases. The estimated
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FIGURE 5

Upper- and lower-tail probabilities (percent) corresponding to Japan’'s POW cutoffs by sex and age. The values (%) in each panel denote the
percentiles of each POW distribution corresponding to the cutoffs. We analyzed data spanning 2008-2019.
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function of the 10th centile cutoff for males was provided by and for females was provided by

w = 18.94h> — 24.00h* + 14.89h + 3.74, 3 w = 15.82h% — 18.01h% + 12.93h + 2.95, (4)

~
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analyzed data spanning 2008—-2019.
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FIGURE 7

Comparison of centile curves of weight-for-height distribution and cutoff curves based on the BMI-based IOFT and POW criteria for males. We

where w in Equations 3 and 4 represents body weight in kilograms
(kg) and h represents height in meters (m). In the younger age
groups, the cutoff obtained from the age-independent weight-for-
height distribution (depicted by bottom dotted lines in Figures 9A,
B) closely paralleled that established from the 10th centiles across
each age bracket (depicted by bottom solid black line in Figures 9A,
B). This alignment underscores the viability of using the lower
centile of the weight-for-height distribution as an alternative
method to delineate the cutoff within each cohort, specifically for
males aged 5-13 and females aged 5-11.

The emergence of a second growth phase became noticeable in
males aged 14 and older and females aged 12 and older. As depicted
in Figures 9C, D, centile curves displayed a discernible upward
shift within these age groups, indicating a dynamic progression.
Consequently, the absence of a universally applicable cutoff curve
independent of age became evident. The transition from the initial
to the subsequent growth phases of the 10th centile curves might
be attributed to the onset of secondary sexual characteristics in
adolescence. Notably, as opposed to males, the 10th centile curves
for females aged 16 and 17 exhibited striking similarity (lines
overlap in Figures 9C, D), suggesting a near cessation of physical
growth in females by age 16.

Suppose we consider using the rarity criterion based on the
combination of weight and height to evaluate thinness and fatness;
in that case, alternative assessment methods can be devised instead
of relying solely on a BMI-based approach. For instance, the
percentile position of a child could be quantitatively determined
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by plotting the measured weight and height on the centile curve
space depicted in Figure 6 (refer to Supplementary Figures S1-S26;
quick charts for the clinical assessment of thinness and obesity by
sex and age). These graphical representations can assist clinicians
and public health professionals determine a child’s percentile
position by graphing the measured weight and height on the centile
curve space.

4 Discussion

Traditional assessments of thinness, underweight, overweight,
and obesity have conventionally relied on the likelihood of
weight/height combinations in the general population. In simpler
terms, if a weight was observed with a perceived low likelihood
of coexisting at a particular height, it prompted further scrutiny.
This criterion lays the groundwork for the well-established BMI
standard cutoffs for adults, a validity our analysis confirms for
17-year-olds approaching adulthood in both sexes. However, our
quantile regression examination based on the IOFT criteria for
underweight assessment unveiled marked height dependence in
males aged 11-13 and females aged 10-11. Notably, a distinct
bias surfaced at these specific ages, where children in the lower
25th percentile for height were classified as underweight five times
more frequently than those in the upper 25th percentile. The
overweight assessment also exhibited robust height dependence
in males aged 8-11 and females aged 7-10. Children in the
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lower 25th percentile for height were deemed obese four or
five times more frequently than their counterparts in the upper
25th percentile. Our findings highlight the complexities of age-
dependent changes in body composition during the growth
process in children, emphasizing the absence of gold standards for
assessing underweight and overweight individuals in children and
adolescents. Careful judgment is crucial in cases of short or tall
stature at the same age.

A notable issue with the POW criterion is its ambiguous
rationale: the POW distribution is age-dependent, making it
impractical to use a constant value independent of age as the cutoff.
The observed underestimation of the POW criteria, particularly
in children seven and younger, is deemed unacceptable compared
to the international BMI criteria assessment results. Therefore,
at the very least, the POW cutoff should be modified to include
age-dependent cutoffs to enhance its accuracy and relevance.
The School Health Statistics Survey in Japan previously assumed
that the weight-for-height distribution, categorized by sex and
age, could be represented by a bivariate normal distribution,
a regression line fitted to data within its 95% probability
elliptic region modeled the standard weight-for-height relationship.
However, our analysis—as depicted in Figures 7, 8—reveal that
the weight-for-height distribution does not conform to a bivariate
normal distribution for most children of both sexes. The standard
weight-height relationship also exhibits a downward convex curve
as age decreases. This challenges the mathematical expectation that
all centile curves should be straight and parallel if a bivariate normal
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distribution approximates them (see Supplementary Figures S1—
S$26).

Underestimating the prevalence of underweight and obesity
is particularly pronounced in individuals who are stunted or
have shorter stature, and disparities in height due to geographical
and ethnic variations further exacerbate this issue (83-89). The
prevalence of stunting in children is alarmingly high, reaching 32%
in Africa, 24% in Asia, and 11% in Latin America (90). Stunting is
linked to severe adverse effects on child health and development,
encompassing an elevated risk of morbidity, mortality, cognitive
deficits, and potential long-term risk of metabolic syndrome in
adulthood (91-95). The WHO has set an ambitious goal to
reduce by 2025 the number of stunted children by 40% (96).
However, this target may face formidable challenges, particularly
in regions like sub-Saharan Africa, where the projected decrease
in stunting prevalence is a mere 6% (from 38% to 32%) by
2025, with the actual number of stunted children expected to
remain unchanged (97). On the opposite end of the spectrum,
childhood obesity has reached epidemic proportions in developed
countries, with 25% of US children being overweight and 11%
classified as obese (98-100). Disturbingly, a notable 70% of
obese adolescents are at risk of transitioning into obese adults
(101, 102). The upward trajectory of childhood obesity has been
consistent in developed nations since 1971 (98). Notably, obesity is
linked to no less adverse outcomes in adulthood (103-105). This
suggests that policies incorporating even slight discrepancies in
the assessment of underweight and overweight status will affect a
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significant number of children and adolescents. To avoid this, it is
crucial to accurately assess underweight and overweight status in
children and adolescents with short stature. Assessing underweight
and overweight status in childhood and adolescence is vital to
surveillance and prevention efforts. The present study provides a
framework that underscores the importance of considering age,
height dependence, and variations when making such assessments.

Improving growth and nutritional status during childhood and
adolescence can positively influence current and future generations’
wellbeing. Precise estimation of the malnutrition burden at a
population scale is vital for guiding interventions and assessing
progress over time. Although we commonly use international
standards like those set by the IOTE incorporating metrics
such as BMI and POW in the case of Japan—both of which
rely on weight-for-height relationship, there is a notable risk of
arriving at misguided conclusions about adolescent prevalence
estimates if the underlying methodological limitations of the
indicators and references are not thoroughly considered. Notably,
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the present findings highlight a paradox in utilizing the weight-for-
height relationship for assessing thinness and fatness in children
and adolescents. The extremities of the weight distribution,
representing individuals at the highest nutritional or clinical
intervention risk, face the greatest potential for misclassification,
especially during periods of rapid growth. Our results underscore
the need for heightened caution in assessing significantly lighter
and heavier individuals during the rapid growth phases of children
and adolescents. We advocate against using a universally applicable
metric for all ages and heights in this population; instead, a more
stratified approach is warranted, considering the individual’s height
relative to their age.

Finally, the BMI criteria outlined by the WHO or the Centers
for Disease Control and Prevention (CDC) exhibit slight variations
in value compared to the criteria used by the International Obesity
Task Force (IOTF) in our study. These discrepancies lead to
minor parallel shifts of the criterion curve in the weight-for-
height distribution, as illustrated in Figures 7, 8. Consequently, any
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criterion derived from BMI is subject to similar biases as those
discussed in this study.

In conclusion, we advocate for a discerning approach when
employing anthropometric indicators, such as weight and height,
to classify growth and nutritional status during childhood and
adolescence. Stressing the importance of a broader perspective,
we call for systematically collecting and considering information
beyond anthropometry in policy and program decision-making.
While recognizing limitations, we do not advocate for the
outright dismissal of the IOTF or POW cutoffs. While the global
nutrition community grapples with challenges, encompassing
malnutrition in underdeveloped and developing nations and the
obesity epidemic in developed nations, striving for a single
international growth reference capturing universal childhood and
adolescent growth patterns may not be prudent. We encourage
nutrition researchers to prioritize exploring improved methods
for assessing underweight and overweight status, particularly
considering the age and height dependence of weight distributions
in diverse populations.
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