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Abstract

Objective: To compare pediatric overweight and obesity prevalence among non-Hispanic White,
Mexican American, and non-Hispanic Black before and after adjusting body mass index (BMI) for
pubertal status, assessed by Tanner stage, in US youth.

Study design: We analyzed cross-sectional anthropometric and pubertal data from NHW, MA,
and NHB youth in the National Health and Nutrition Examination Survey (NHANES) I11. We
developed specialized Tanner stage and chronological age-adjusted models to establish Tanner-
stage adjusted BMI z-scores, which were then used to determine adjusted overweight/obesity
prevalence. We compared pediatric overweight/obesity prevalence before and after pubertal status
adjustment.

Results: Among 3,206 youth aged 8 — 18 years (50% male; 26% NHW, 35% MA, 39% NHB),
adjusting BMI for Tanner stage significantly reduced overweight (males 29% to 21%; females
29% to 17%) and obesity (male 14% to 7%; females 11% to 5%) prevalence across all races/
ethnicities. The obesity prevalence reduction was more pronounced in MA (males 11% reduction;
females 9% reduction) and NHB (males and females 10% reduction) compared with NHW (males
6% reduction; females 5% reduction). Similar patterns were seen in overweight prevalence.

Conclusions: Adjusting for pubertal status reduced the prevalence of overweight/obesity in
NHW, MA, and NHB youth. This suggests that adjusting for puberty incorporates changes
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otherwise not captured when only considering the age of a child. Adjusting BMI for pubertal
status may be important when interpreting a youth’s weight status and consideration for obesity
management, as well as when interpreting pediatric overweight/obesity prevalence data.

Keywords

Pediatric obesity; puberty; growth charts; body mass index; ethnic groups; health care surveys;
epidemiologic methods

The Centers for Disease Control and Prevention (CDC) 2000 growth charts, based on cross-
sectional national health examination surveys, are the main anthropometric assessment for
US youth 2—-20 years old.> A limitation of these growth charts is that they only account for
chronological age and, therefore, do not consider other factors that may affect normal
growth timing and trajectory.

Evidence suggests that pubertal status may impact classification of anthropometric measures
in youth, including height, weight, and body mass index (BM1).2-10 For example, in a cross-
sectional UK study, Gillison et al found that early-maturing youth were five times more
likely to be misclassified as overweight compared with “on-time” maturers.2 Further, studies
from the US, Germany, and Denmark suggest that youth who are tall and/or undergo early
maturity are more likely to have higher BMIs and/or be misclassified as obese.5-2 During
puberty, there are sexually dimorphic increases in bone mineral content, lean body mass, and
adiposity due to increases in gonadal sex steroids.1! “Early” maturers have increased lean
mass and adiposity due to increased androgen and estrogen levels for age, respectively,
which can increase BMI for age when compared with “on-time” maturers.12-14 Therefore,
those experiencing earlier puberty may be more likely misclassified as overweight/obese.

Given the importance of properly categorizing weight status, we sought to test our
hypothesis that incorporating pubertal status into a commonly used chronological age-only
BMI metric decreases overweight/obesity prevalence among US youth. We first developed a
BMI statistical model accounting for both chronological age (CA) and Tanner stage in 8-18
year old US youth in order to develop a Tanner-stage-age BMI (TSA-BMI) metric. We then
examined overweight/obesity prevalence using TSA-BMI, and compared overweight/obesity
prevalence as determined by TSA-BMI with that determined by the commonly used CDC
2000 chronological-age only BMI metric (CA-BMI). As pubertal timing is not congruent
among races/ethnicities,® we compared TSA-BMI with CA-BMI by race/ethnicity.

METHODS

Our study population consisted of US children from the National Health and Nutritional
Examinations Survey 1988-1994 (NHANES I11). NHANES I1l was a complex cross-
sectional survey of 39,695 individuals aged =2 months.1> CDC/National Center for Health
Statistics institutional review board approval and documented consent was obtained from all
participants. We used NHANES 111 because this was the last cycle to include pubertal
assessment by Tanner staging.1® We only included participants aged 8—18 years because this
was the group in which Tanner staging was performed. We excluded pre-pubertal children
(Tanner stage 1) given our interest in pubertal status, and those with missing data from any
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of the following: age, weight, height, sex, and Tanner stage (Figure 1; available at
www.jpeds.com).

Height and weight in NHANES 11, used to determine BMI, were measured following
standardized protocols.® For race/ethnicity, participants were categorized as non-Hispanic
White (NHW), Mexican American (MA), and non-Hispanic Black (NHB) based upon self-
report per NHANES 111 groupings. Overall health was assessed by the question: “Would you
say [your child’s] health is excellent, very good, good, fair, or poor?”

Pubertal status was determined by Marshall-Tanner criteria and evaluated by physicians who
received standardized training.1%17-18 Tanner staging was based on inspection and
comparison with standardized photos of the breast and pubic hair (for girls), and genitalia
and pubic hair (for boys).15 For our analyses, we used breast (for girls) and genitalia (for
boys) assessments because these are better markers of pubertal staging than pubic hair,
which could falsely elevate pubertal status in children with premature adrenarche.® We
defined boys and girls as “early maturers” if their CA was less than US published national

timing estimates for their sex-race/ethnicity population median age at entry into Tanner stage
2_20

We developed a specialized Tanner-stage BMI-for-age (TSA-BMI) metric incorporating
both chronological age and pubertal stage using an extended function of the semi-parametric
Lambda, Mu, Sigma (LMS) approach. We used the LMS method in a GAMLSS
(Generalized Additive Models for Location, Scale, and Shape) technique of growth
modeling to develop specialized age-conditioned growth functions within each Tanner stage.
21-23 This technique ensures that each age and Tanner stage is incorporated into estimations
of maturation-adjusted anthropometric normalized z-scores, and is similar to the approach
used to develop the CDC and World Health Organization growth charts.123 Model
diagnostics were followed to ascertain adequacy of fit per standard protocols.23 With each
fitted function, TSA-BMI z-scores, analogous to US CDC 2000 CA z-scores, were
calculated, as were corresponding TSA-BMI percentile scores. These z-scores were then
used to derive indicators of weight status (overweight/obesity/severe obesity) to calculate
prevalence within each category.

Overweight/obesity status for each participant was defined by a BMI-adjusted z-score =
+1.036 SD for overweight (equal to BMI =85t percentile; age and sex-adjusted), = +1.645
SD for obesity (equal to BMI 295! percentile), and = +1.975 SD for severe obesity (equal to
BMI >1.2 times the 95™ percentile?4). We compared overweight/obesity/severe obesity
prevalence obtained via CA-BMI with that obtained via TSA-BMI across race-ethnicity
using Fieller’s theorem.2°

Descriptive statistics are presented as means and percentages with standard errors (SE). To
control for the three race/ethnicity groups, multiple comparisons of weight status indicators
(overweight/obesity/severe obesity) were conducted at an a of 0.0167 (alpha/3). Confidence
intervals (CI) were set a priori at 98.33% around each point estimate and derived from 5,000
resample bootstrap replications.2> For all other analyses, statistical significance was set at
p<0.05 with complex survey design effects and weighting adjustments as appropriate.
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Analyses were conducted in R 3.6.0 (R Foundation, Vienna, Austria) and SAS 9.4 (SAS
Institute, Cary NC, USA).

We included 3,206 participants aged 8-18 years, Tanner stage 2-5, with complete
anthropometric data in our analysis. Primary descriptive characteristics of the study
population are summarized in Table I. The mean age was 14.3 years and BMI was 21.3
kg/m2. MA youth had a higher BMI compared with NHW and NHB; however, there were no
overall mean race/ethnicity differences (boys: £=.97; girls: p=0.08). Between 4-11% of
participants were “early maturers,” with a higher prevalence in NHB compared with NHW
and MA. The sample was largely in good health (<1% reported “poor health”).

As shown in Figure 2, chronological age- and sex-adjusted (based upon the CDC 2000
growth curves per standard conventions26-27) overweight/obesity prevalence varied greatly
across pubertal stage, race/ethnicity, and sex prior to Tanner-stage-age adjustments. For
example, NHW and MA girls were more likely to be classified as overweight at early
puberty (Tanner 2: 34.9% and 32.8%, respectively) compared with NHB girls (24.3%), and
pubertal (Tanner 5) NHB girls had the highest overweight prevalence (45.7%). MA boys had
higher overweight/obesity prevalence in early to mid-puberty (Tanner 2—4: 39.4-42.2%
overweight, 20.4-25.0% obesity) compared with NHW or NHB boys.

Table 1l summarizes overweight/obesity prevalence by race/ethnicity, comparing
chronological age-only adjusted BMI (CA-BMI) with Tanner-stage-age adjusted BMI (TSA-
BMI). Overall, using TSA-BMI significantly decreased overweight and obesity prevalence
across all races/ethnicities for both sexes. For example, overweight prevalence decreased
from 37.5% in MA boys and 35.8% in MA girls to 20.8% and 18.5%, respectively.
Similarly, obesity prevalence decreased from 15.2% in NHB boys and 17.3% in NHB girls
to 5.4% and 7.2%, respectively. There was no significant difference by race/ethnicity in
severe obesity prevalence when comparing CA-BMI with TSA-BMI; however, sample sizes
were small (zero-10 participants in each group).

To quantify the magnitude of overweight/obesity misclassification by race/ethnicity, we
calculated a percent prevalence-difference of overweight/obesity by subtracting the
prevalence obtained by CA-BMI from that obtained by TSA-BMI (Figure 3). Overall, the
prevalence that overweight/obesity decreased when comparing CA-BMI with TSA-BMI
ranged from 5.1% (for NHW boys with obesity) to 22.5% (for NWB girls with overweight).
The differences in overweight/obesity prevalence between CA-BMI and TSA-BMI were
more pronounced in NHB and MA youth compared with NHW. For example, although
obesity prevalence among NHW girls decreased by 5.1%, obesity prevalence in NHB and
MA girls decreased by 10.1% and 9.1%, respectively.

We found that, prior to Tanner adjustment the BMI curves were disparate among race/
ethnicity, with overall higher BMI z-scores among NHB and MA youth compared with
NHW youth at most ages. However, after Tanner adjustment the BMI curves overall
condensed into similar curves (Figure 4; available at www.jpeds.com). This demonstrates
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that our adjustment corrects for differences that pubertal status has on BMI among race/
ethnicity, indicating that the model performs as intended and, within our cohort, much of the
variability in chronological age-only BMI reference data may due to maturation progression
differences among races/ethnicities.

To demonstrate the clinical utility of our model, Figure 5 shows sample TSA-BMI curves for
Tanner 2 females superimposed on the CDC 2000 curves. This example demonstrates how
the use of our model may avoid misclassifying an “earlier maturing” female as overweight
or a “late maturing” female as underweight (BMI <5t percentile28), when both should have
been classified as normal weight based upon their BMI after considering pubertal status.

DISCUSSION

In a multi-ethnic cross-sectional population of US youth, adjusting BMI for Tanner stage
relative to chronological age resulted in reductions in pediatric overweight/obesity
prevalence. Adjusting BMI for Tanner stage decreased overweight prevalence by 5.3-22.5%
and obesity prevalence by 5.1-11.0%. Reductions in overweight/obesity prevalence were
more pronounced in MA and NHB compared with NHW youth. Although adjusting for
Tanner stage did not reduce severe obesity prevalence, our analysis was limited by small
sample sizes in this category.

Our findings are consistent with prior studies and further elucidate the importance of
considering puberty when determining weight status. Indeed, studies have shown that
standard chronological age-only BMI z-scores may overestimate weight status prevalence if
maturation is unaccounted.>~’ For example, Sorensen and Juul, in a cross-sectional study of
Danish Caucasian youth, found that overweight/obesity prevalence was higher in early
compared with late maturers despite similar body fat percentages.’ Gillison et al, in 9-11
year old UK children, found that adjusting weight for maturational status resulted in 32% of
girls and 15% of boys with overweight being reclassified as normal weight, and 11% of boys
and 8% of girls with obesity were reclassified as overweight.2 However, in this study
maturational status was determined via the Khamis-Roche method, which calculates
predicted adult height from a combination of a child’s height and weight with mid-parental
height,2% and race/ethnicity was not considered due to under-representation.2

There are several biologic factors that may lead to children with earlier puberty having
higher BMIs. Increased androgen production, which occurs at pubertal onset compared with
pre-puberty, is associated with lower leptin levels and higher lean body mass.3%-31 This may
increase weight and, subsequently, BMI in early compared with on-time maturers.
Moreover, increased estrogen, both directly and through aromatization of androgens during
puberty,32 is associated with increased adiposity, which could also increase BMI in early
maturers.13 Finally, studies have shown that overweight/obesity prevalence is higher in those
who are relatively taller for age compared with those with average height or who are shorter.
This may be due to relatively greater adiposity (if caloric intake is more than sufficient to
achieve rapid linear growth, excess could be stored as subcutaneous fat) or lean mass in
taller children.33-34 Such a scenario would occur in children undergoing earlier pubertal
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growth spurts compared with their peers, leading to a higher likelihood of overweight/
obesity misclassification.

It is notable that overweight/obesity prevalence reductions after pubertal status adjustment
were more pronounced in NHB compared with NHW youth. We hypothesize that this may
stem from NHB being more likely to experience earlier puberty. Indeed, in our study the
prevalence of “early maturers” was higher in NHB compared with NHW youth, a finding
supported by previous literature. For example, among US girls, we previously showed that
pubertal onset (defined by increases in luteinizing hormone and inhibin B) was 0.5 years
delayed in NHB versus MA and NHW girls.35 Herman-Giddens et al found that US NHB
boys reached Tanner stages 2—4 genital volume and pubic hair significantly earlier than
NHW.36

We also found that reductions in overweight/obesity prevalence were more pronounced in
MA compared with NHW youth, despite the prevalence of early pubertal onset being similar
between these groups. This may be because MA youth are more likely to be misclassified as
short, and tend to be shorter and heavier for their heights.237 In our previous study
evaluating the effect of Tanner stage adjustment on short/tall stature prevalence, among
“early maturers” MA were 45-60% more likely to be classified as short compared with
NHW and NHB youth; however, after pubertal adjustment there were no significant
differences between the groups in short stature prevalence.3 The fact that misclassification of
short stature appears more pronounced in MA compared with NHB and NHW, in
conjunction with how BMI is calculated (kg/m?), suggests that pubertal status adjustments
could have a greater impact on overweight/obesity prevalence in MA youth compared with
their counterparts.

It is also possible that MA, compared with NHW youth, had greater reductions in
overweight/obesity prevalence despite similar timing of pubertal onset because of
differences in the pattern of developing overweight/obesity by age between these
populations.38 For example, in a study by Ogden et al examining obesity prevalence in US
youth, MA youth had higher obesity prevalence in the 6-11 year old category (MA 25.0%,
NHW 13.6%),38 during which time most youth are pre- or peri-pubertal. However, in the
12-19 year old category, during which time most youth are pubertal or post-pubertal, obesity
prevalence between races/ethnicities was similar (MA 22.8%, NHW 19.6%).38 The fact that
earlier development of obesity in MA youth during pre- and peri-puberty raises the obesity
prevalence in these categories, in conjunction with earlier pubertal progression, may
partially explain why, after adjusting for pubertal status MA youth had more pronounced
reductions in obesity prevalence compared with NHW.

The diagnosis of pediatric obesity accompanies both medical and psychological sequelag,
and is associated with increased healthcare utilization. Per the Endocrine Society, youth
diagnosed with obesity should be prescribed intensive lifestyle interventions including diet
modifications and increased physical activity.3° The American Diabetes Association
recommends type 2 diabetes mellitus (T2DM) testing be considered in youth with
overweight/obesity and one or more risk factors, including certain races/ethnicities
(including MA and NHB).40 Further, medical providers often screen for additional obesity-
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related complications and co-morbidities in youth diagnosed with obesity, including non-
alcoholic fatty liver disease, renal disease, and obstructive sleep apnea. These
recommendations and practices all come with increased cost, both financially*1=42 and in
time. Further, a diagnosis of obesity may be associated with weight stigma and
discrimination.#3 On the contrary, if a child or adolescent is not diagnosed with obesity
when they indeed have this, opportunities for earlier intervention and prevention of
complications may be missed. Therefore, accurate overweight/obesity diagnoses are
imperative.

Although our results suggest that, after adjusting for pubertal status overweight/obesity
prevalence decreases, they do not suggest that US overweight/obesity prevalence is
decreasing or otherwise not alarming. Prior investigations on US overweight/obesity
prevalence did not apply our adjustment and, therefore, comparisons cannot be properly
ascertained. Further, we do not know if or how adjusting for Tanner staging affects
prevalence of other aspects of the metabolic syndrome, including hyperglycemia,
hyperlipidemia, and hypertension. Indeed, T2DM prevalence among youth continues to
increase.*4

Our study has limitations. First, our results are based on NHANES Il1 data, which occurred
between 1988-1994. This was towards the beginning of the obesity epidemic, and largely
pre-dated the significant rise in pediatric severe obesity.38 Therefore, we could not
adequately assess if pubertal status reduces pediatric severe obesity prevalence due to
sample size limitations. We utilized NHANES 111 because this was the last cycle to
incorporate Tanner staging and more contemporaneous NHANES samples were not
available.

It is unclear how these results apply to other races/ethnicities. Moreover, as our results were
based on cross-sectional data, we could not determine temporality of relationships within
individuals. Analyses of longitudinal data incorporating age, anthropometric variables, and
pubertal status would allow for improved modeling than can be ascertained through cross-
sectional studies. Future NHANES cycles and/or large-scale multi-ethnic longitudinal
studies should include Tanner stage assessments. This is even more important in light of
more recent NHANES cycles including body composition measures via techniques such as
dual x-ray absorptiometry and bioelectrical impedance,18 which may differentially reflect
metabolic status and cardiometabolic risk compared with BMI measures, and may become
more useful in the clinical setting when such techniques become more widespread in clinical
practice.*>-46 Along these lines, including pubertal assessments into more primary care and
weight management provider visits, where such body composition assessments may be
adopted more often, could lead to the development of more robust longitudinal data
registries to explore this.

Finally, it is important to note that creation of the CDC 2000 growth charts excluded weights
from NHANES II1 participants =6 years old to avoid an upward shift in weight- and BMI-
for-age curves due to rising overweight prevalence, thereby under-classifying overweight/
obesity status.4” Because of this, our curves utilizing NHANES 111 participants may not
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align completely with CDC 2000 BMI curves and may be biased towards higher weight
categories.

Adjusting for pubertal status appears to have a more profound impact on decreasing
overweight/obesity prevalence among NHB and MA youth compared with NHW, likely due
to differences in pubertal onset timing and patterns of weight gain between these race/ethnic
groups. Pubertal adjustments may be important when interpreting overweight/obesity
prevalence data. When considering an adolescent’s weight status in the clinical setting, it is
also be important to account for pubertal status.
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ABBREVIATIONS
BMI Body mass index
CA-BMI Chronological age adjusted body mass index
CDC Centers for Disease Control and Prevention
Cl Confidence interval
NHANES National Health and Nutrition Examination Survey
SD Standard deviation
SE Standard error
T2DM Type 2 diabetes mellitus
TSA-BMI Tanner stage adjusted body mass index
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Sample Size Exclusion Criteria

33,994 Participated in NHANES Il

> 22,871 Age < 2 or 2 18 Years Old

11,123 Participants

v

6,021 Not Eligible for Tanner Staging”

5,102 Participants

i > 943 Tanner Stage 1

4,159 Participants

953 Incomplete Anthropometric Data or
A other Race/Ethnicity*

\ 4

3,206 Participants in Final Analysis

Figure 1:
Study cohort flow diagram.

* Taner stage only perfomed in participants ages 2 through 18 years old
t Analysis limited to non-Hispanic black due to sample size limitations
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OVERWEIGHT (BMI 85TH to < 95TH PERCENTILE) OBESE (BMI 2 95TH PERCENTILE)

Figure 2:
Numbers correspond to the percent prevalence in each category. The prevalence of

overweight and obesity shown in this figure is chronological age- and sex-adjusted per the
CDC 2000 growth charts per standard conventions.

BMI = body mass index; NHW = non-Hispanic White; MA = Mexican American; NHB =
non-Hispanic Black

* Pubertal status categorized as early (Tanner stage 2), mid (Tanner stage 3—4), and pubertal
(Tanner stage 5)
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)il

MA

Obese

Numbers correspond to the percent prevalence difference that was calculated by substracting

the prevalence obtained from chronological age-only adjusted BMI (CA-BMI) from that
obtained by chronological and Tanner stage-adjusted BMI (TSA-BMI) in each category.

NHW = non-Hispanic White, MA = Mexican American; NHB = non-Hispanic Black
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Figure 4:

BMI z-score, SD

FEMALES
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Chronalogical age-only Adjusted BMI (CA-8MI)
Non-Hispanic White

Mexican American

Non-Hispanic Black

Chronological age and Tanner stage adjusted BMI (TSA-BMI)
Non-Hispanic White

Mexican Ametican

Nan-Hespanic Black

This figure illustrates that, after adjusting for Tanner stage, BMI growth curves condense
into similar curves. This suggests that adjusting BMI for Tanner stage corrects differences
that pubertal status has on BMI among various races/ethnicities and much of the variability
in current BMI-for-age reference data may be due to maturational progression differences

across race/ethnicity.

BMI =body mass index; SD=standard deviation; NHW= non-Hispanic White, MA =
Mexican American; NHB = non-Hispanic Black
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Patient 1: cpcas™

Age = 8.25y, Tanner |l
BMI = 20.2

CcDC 50
----------------------- Tanner II, 50t
Patient 2: CDC 5th
Age = 13.0y, Tanner Il
_______ BMI = 14.8 a
/_’_:;:’—’;:’/ R < Tanner Il, 5t
8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0 16.0
Age (Years)

Figure 5:
a) As an example of the clinical utility of our model, this figure depicts the TSA-BMI curves

for Tanner stage 11 females (red dashed lines) superimposed on the CDC 2000 curves (black
lines). Adjusting BMI by pubertal stage may allow a provider to avoid misclassifying an
“early maturing” child as having a BMI in the overweight/obese category, or a “late
maturing” child as having a BMI in the underweight category, when both actually have
BMis in the normal weight category after pubertal status is considered.

b) Patient 1 (symbol: blue dot) is an 8.25 year old “earlier maturing” Tanner stage Il female.
She would be considered overweight according to the CDC 2000 BMI-for-age charts with a
sex- and age-adjusted BMI =85t percentile. However, after adjusting for pubertal stage
(TSA-BMI), her BMI is in the normal range.

¢) Patient 2 (symbol: green dot) is a 13.0 year old “late maturing” Tanner stage Il female.
She would be considered underweight according to the CDC 2000 BMI-for-age charts with
a sex- and age-adjusted BMI <5t percentile. However, after adjusting for pubertal stage
(TSA-BMI), her BMI is in the normal range.

BMI = body mass index; TSA-BMI = Tanner stage adjusted body mass index; y = years

J Pedliatr. Author manuscript; available in PMC 2022 April 01.
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