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Background: In adults, anthropometric measures of cen-
tral adiposity, such as waist-height ratio (WHtR) and waist 
circumference (WC), are more strongly associated with cardio-
metabolic risks than BMI.
Methods: To provide similar quantitative tools for North 
American children, we created smoothed centile charts and 
LMS tables for WHtR and WC based on data from the US 
National Health and Nutrition Survey, cycle III (NHANES III, N = 
11,930 aged 2–24 y 1988–1994).
results: Applying these reference charts to subsequent 
NHANES survey cycles, 1999–2012) demonstrated a signifi-
cant mean increase in both Z-scores of approximately 0.30 
SD. In measuring the strength of the association between 
anthropometric measures and cardio-metabolic risk fac-
tors, a unit change in Z-scores for WHtR, WC, and BMI signifi-
cantly increased the odds of an adverse outcome in all cases 
(1.18–2.03, P < 0.0001). Z-scores for both measures of central 
adiposity were significantly more strongly associated with car-
dio-metabolic comorbidities than BMI-Z.
conclusion: Since Z-scores permit standardized com-
parisons across ages and genders, they are useful measures of 
central adiposity in both clinical or research settings. By provid-
ing LMS tables for children and adolescents based on North 
American reference data, we hope to provide quantitative 
tools for the study of obesity and its complications.

With increasing prevalence of obesity at younger ages, 
anthropometric measures other than BMI have been 

proposed as predictors for the development of cardio-meta-
bolic risks, such as diabetes and hyperlipidemia. In particu-
lar, a waist-height ratio (WHtR) > 0.5 has been shown to be a 
stronger predictor than BMI at all ages, presumably because 
the former is a better direct measure of central adiposity (1–3). 
Nevertheless, this “one-size-fits all” approach to WHtR ignores 
the natural variation of this measure with age and gender in 
children and adolescents.

In younger subjects, waist circumference (WC) has also 
been shown to be at least as strong a predictor as BMI for 

metabolic complications (4,5). Although several groups have 
applied the LMS model to create smoothed centile charts for 
waist-circumference in North American children and ado-
lescents (6–8), none published tables of LMS parameters 
needed to calculate Z-score or exact centiles in subsequent 
studies. In addition to dissimilarities between populations, 
there were also differences in measurement techniques: 
Although both Statistics Canada and NHANES recommend 
a validated protocol for measuring WC at the level of the iliac 
crest in the mid-axillary line (9), reference data from outside 
North America are often based on different choices for the 
physical landmarks used to measure WC (see Discussion for 
details).

Our primary objective was to apply the LMS method to cre-
ate gender-specific reference growth charts for both WHtR 
and WC in children aged 5–19 y of age in the North American 
NHANES III cohort (1988–1994), a North American reference 
population that predates much of the recent increase in obe-
sity prevalence. The LMS method is currently the most com-
mon method for creating growth references, used by both the 
Centers for Disease Control and Prevention (CDC) and the 
World Health Organization (WHO). The method summarizes 
growth data in terms of three parametric curves, where the L 
curve captures the skewness of the distribution, the M curve 
represents its median, and the S curve describes the coefficient 
of variation. Once fitted, age and gender-specific LMS tables 
are used to calculate Z-scores and centiles. Secondary objec-
tives included examining the evolution of both WC and WHtR 
Z-scores in subsequent biennial NHANES surveys A-G (1999–
2012) and evaluating the utility of these Z-scores as predictors 
of metabolic comorbidities.

RESULTS
Our reference growth charts for WC and waist-height ratio vs 
age are based on data from the NHANES III survey 1988–1994, 
part of an ongoing National Health and Nutrition Survey for 
both children and adults. Data were available for 6,140 females 
and 5,790 males aged 2–24 y from NHANES III (1988–1994). 
For testing these curves, an additional 10,018 females and 
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10,227 males aged 5–19 y were available from subsequent 
biennial NHANES cycles A-G (1999–2012).

Figure 1 shows considerable variation in both WC and 
WHtR with age and gender. Moreover, in panels c,d (WHtR vs. 
age), the dotted horizontal line marks the 0.5 ratio associated 

with adverse outcomes in adult studies, which fails to track any 
particular pediatric centile. For both measures, the asymme-
try in centile curves on either side of the median speaks to a 
rightward skew in their distributions, which the LMS model 
is designed to accommodate. For this reason, the reference 

Figure 1. (a,b) Smoothed waist circumference centiles (girls and boys, 5–19 y). (c,d) Smoothed waist-height ratio centiles (girls and boys, 5–19 y). 
Smoothed centiles were fitted to reference data for each gender using the LMS model. The dotted line in panels c,d marks the empiric cut-off of WHtR = 
0.5 for comparison with specific pediatric centiles.
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table 1. LMS parameters for waist circumference and waist-height ratio (5–19 y)

Age

Waist circumference Waist-height

Boys Girls Boys Girls

L M (cm) S L M S     L M S L M S

5 −2.96 52.3 0.080 −2.52 52.3 0.090 −2.88 0.483 0.078 −2.16 0.486 0.087

6 −3.07 54.2 0.087 −2.53 54.2 0.097 −2.91 0.474 0.084 −2.13 0.477 0.094

7 −3.14 56.1 0.093 −2.53 56.2 0.103 −2.94 0.466 0.091 −2.09 0.470 0.100

8 −3.20 58.1 0.099 −2.51 58.2 0.109 −2.97 0.460 0.096 −2.06 0.464 0.106

9 −3.23 60.0 0.104 −2.48 60.2 0.115 −2.99 0.454 0.101 −2.03 0.459 0.112

10 −3.23 62.0 0.109 −2.44 62.2 0.120 −3.01 0.450 0.106 −2.01 0.456 0.117

11 −3.21 64.0 0.113 −2.40 64.2 0.124 −3.02 0.447 0.110 −2.00 0.454 0.121

12 −3.17 66.0 0.117 −2.35 66.2 0.128 −3.02 0.444 0.114 −2.00 0.453 0.125

13 −3.11 68.0 0.119 −2.29 68.2 0.132 −3.00 0.443 0.116 −2.00 0.454 0.129

14 −3.03 69.9 0.122 −2.22 70.1 0.135 −2.97 0.443 0.118 −2.01 0.455 0.132

15 −2.94 71.9 0.123 −2.15 71.9 0.138 −2.93 0.443 0.120 −2.02 0.457 0.135

16 −2.83 73.8 0.125 −2.07 73.6 0.141 −2.87 0.444 0.121 −2.03 0.460 0.137

17 −2.71 75.6 0.126 −1.98 75.3 0.144 −2.80 0.446 0.122 −2.03 0.464 0.139

18 −2.58 77.5 0.127 −1.87 77.0 0.147 −2.73 0.448 0.122 −2.03 0.468 0.142

19 −2.43 79.3 0.128 −1.76 78.6 0.150 −2.66 0.451 0.123 −2.02 0.472 0.144

More detailed tables with monthly intervals are available in the electronic supplement.
L, skew; M, median; S, coefficient of variation.
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charts were supplemented with the LMS parameters in Table 1, 
which can be used to calculate exact centiles and Z-scores 
for each physical measure. A more granular tabulation with 
monthly intervals is provided in the electronic supplement 
for researchers and providers of electronic medical records 
(Supplementary Table S1 online).

Figure 2 graphically displays a shift in mean WC Z-scores 
as a function of age since NHANES III. For clarity, cycles A-C 
(1999–2004) and D-G (2005–2012) were pooled. There was a 
noticeable shift at all ages compared to the NHANES III refer-
ence (1988–1994). A comparable shift was observed in mean 
WHtR Z-score over time (not shown).

In Table 2, the unadjusted mean Z-scores have moved 
by 0.33–0.35 SD since the reference period, which was not 
changed by adjustment for gender and race-ethnicity. Further 
heterogeneity was seen with adjustment, since the mean score 
for Black children was significantly lower than for White chil-
dren, while the mean score for Mexican-American children 
was higher. Only one interaction term achieved statistical sig-
nificance, with female subjects in later NHANES cycles show-
ing a small increase (ΔZ = 0.1, P < 0.001) in WHtR-Z and a 
similar trend for WC-Z (ΔZ = 0.06, P = 0.07), indicating that 
the increase over time was greater in girls than boys. No sig-
nificant differences were noted in mean scores between early 
(1999–2004) and later (2005–2012) survey eras (see Figure 2).

For subjects studied between 1999 and 2012, Table 3 sum-
marizes the odds ratios (OR) for an adverse metabolic out-
come (as defined in Methods) associated with a unit increase 
in Z-scores for WC, WHtR, or BMI. All ORs differ signifi-
cantly from the null, with 95% CI’s that do not cross 1. In all 
cases, WC-Z and WHtR-Z are more strongly associated with 
metabolic risk factors than BMI-Z. From the formal pairwise 
comparisons, we see that the WHtR-Z outperforms BMI-Z for 
abnormal total cholesterol (TC), low-density lipoprotein cho-
lesterol (LDL), high-density lipoprotein cholesterol (HDL), 
and triglycerides (TG), P < 0.05; and WC-Z is superior to BMI 
as a predictor for abnormal HDL and TG. Compared to BMI, 

WC and WHtR are both stronger predictors of elevated gly-
cated hemoglobin levels, but the pair-wise differences do not 
achieve statistical significance.

Figure 2. Mean waist circumference Z-scores over time. Waist circumfer-
ence Z scores were calculated based on NHANES III reference curves and 
smoothed using penalized regression splines: NHANES III (solid line), 
NHANES A-C (dashed line), and NHANES D-G (dotted line). Gray shading 
denotes the corresponding 95% confidence intervals. Biennial NHANES 
cycles A-G (1999–2012) did not differ significantly from each other (not 
shown).
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table 2. Mean change in Z-scores (95% CI) by NHANES era (NHANES III 
1988–1994 vs cycles A-G 1999–2012) unadjusted for other covariates 
or with regression adjustment for gender and race-ethnicity

Covariate

Outcome

WC-Z WHtR-Z

Unadjusted

Era A-G 0.33* (0.30–0.36) 0.35* (0.32–0.38)

Adjusted

Main effects

Era A-G 0.34* (0.28–0.40) 0.31* (0.25–0.37)

Gender-F 0.00 (−0.04–0.05) 0.01 (−0.04–0.05)

Race-Black −0.08* (−0.14–−0.02) −0.19* (−0.25–-0.13)

Race-Mexican 0.18* (0.12–0.24) 0.33* (−0.27–0.39)

Race-Other −0.16** (−0.28–−0.04) −0.07 (−0.19–0.05)

Interactions

Gender:Era 0.06 (0.00–0.11) 0.10* (0.05–0.16)

Black:Era −0.07 (−0.14–0.00) −0.02 (−0.09–0.05)

Mexican:Era 0.00 (−0.08–0.07) −0.01 (−0.08–0.06)

Other:Era 0.08 (−0.05–0.21) 0.07 (−0.06–0.20)

Reference categories are NHANES era = NHANES III, race-ethnicity = White, and 
gender = M.
No significant differences were noted in mean scores between early (1999–2004) and 
later (2005–2012) survey eras (not shown).
CI, confidence interval; WC-Z, waist circumference Z-score; WHtR-Z, waist-height ratio 
Z-score.
*P ≤ 0.001; **P = 0.01–0.05.

table 3. Odds ratios (OR) and 95% confidence intervals for an 
adverse metabolic outcome corresponding to a unit increase in 
Z-scores

Outcome Z-score Odds ratio 95% CI

Total cholesterol Waist-height 1.32*, ‡ 1.26–1.38

BMI 1.18*, † 1.14–1.22

Waist 1.25* 1.19–1.31

LDL cholesterol Waist-height 1.38*, ‡ 1.27–1.51

BMI 1.21*, † 1.14–1.29

Waist 1.33* 1.21–1.45

HDL cholesterol Waist-height 1.97*, ‡ 1.89–2.06

BMI 1.53*, †, ** 1.48–1.57

Waist 2.03*,‡ 1.94–2.13

Glycated hemoglobin Waist-height 1.40* 1.14–1.74

BMI 1.32* 1.14–1.52

Waist 1.42* 1.13–1.78

Triglycerides Waist-height 1.68*, ‡ 1.57–1.78

BMI 1.36*, †, ** 1.30–1.42

Waist 1.61*, ‡ 1.51–1.71

All ORs are significantly different from 1 (*P < 0.0001 vs. null hypothesis). Pairwise 
comparisons are marked by †P < 0.05 vs. OR for waist-height ratio Z, ‡P < 0.05 vs. OR for 
BMI Z, **P < 0.05 vs. OR for waist circumference Z.
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As suggested by these results, these three Z-scores are not 
necessarily concordant. In NHANES cycles A-G (N = 20,245), 
BMI-Z was generally higher than the corresponding waist-
based measures. Between WC-Z and BMI-Z, the mean (±SD) 
within-subject difference was −0.44 ± 0.68 (Pearson correlation 
r1 = 0.89). In contrast, the mean difference between WHtR-Z 
and BMI-Z was - 0.60 ± 0.71 (r2 = 0.88). The two measures of 
central adiposity were more consistent, with a mean difference 
(WHtR-Z - WC-Z) of 0.15 ± 0.42 with a correlation r3 = 0.92.

Our LMS tables are based on North American reference 
data and a standardized measurement protocol. In Figure 3, 
we see how the median WC in our NHANES III cohort com-
pares to the corresponding centile in other studies, reflecting 
differences in both reference populations and measurement 
techniques.

DISCUSSION
Given the variation in both WHtR and WC across ages and 
genders, the primary goal of this study was to produce LMS 
tables based on North American data so that clinicians and 
investigators can easily calculate Z-scores and exact centiles 
for both anthropometric measures of central adiposity. In 

addition to their role in epidemiologic studies of obesity and 
cardiovascular risk, growth charts are familiar tools that are 
easily applied by health-care workers in a clinic setting for both 
screening and longitudinal follow-up of individual patients.

For adults, a recent meta-analysis of over 300,000 subjects of 
both genders and varied ethnicities (10) concluded that WHtR 
and WC were better screening tools for cardio-metabolic risk 
factors than BMI, presumably because they better reflect cen-
tral adiposity than BMI (weight/height2), which can be dis-
torted by nonfat mass (e.g., muscle) and visceral adiposity. 
WHtR may be a particularly powerful instrument in specific 
ethnic groups, like South Asians, where BMI and WC have 
relatively poorer sensitivity and specificity (11).

Although BMI is the standard measure of overweight and 
obesity in children and adolescents (12–15), large cross- 
sectional population surveys, such as NHANES and the 
Bogalusa Heart Study, have demonstrated the superiority of 
WHtR over BMI for identifiying cardiovascular disease (CVD) 
risk factors in children (12–15). WC has also been proposed 
as an alternate measure, with performance at least comparable 
to BMI (5,6). Smaller prospective pediatric series (4) have also 
confirmed the prognostic value of WC at age 8 y as a predictor 
of future CVD risk-factor clustering.

Unlike adult studies, the thresholds of concern have been 
less clearly defined for children and adolescents. Following 
adult conventions, a simple cut-off of 0.5 or 0.6 for WHtR has 
been proposed (1–3,16,17), an approach that ignores the varia-
tion in WHtR with age and gender seen in Figure 1. To our 
knowledge, neither growth charts nor LMS tables have previ-
ously been reported for pediatric WHtR despite the observed 
variation in expected values with age and gender.

More work has been done to define normal age- and gender-
specific WC. In fact, several sets of pediatric WC growth charts 
(i.e., smoothed centile plots) have been produced with North 
American data (Katzmarzyk Fitness Canada Survey, Cook et al. 
NHANES data, Katzmarzyk Bogalusa, Fernandez NHANES 
III). Unfortunately, none of these reports included LMS tables 
for calculating Z-scores and centiles in subsequent studies. 
Nevertheless, LMS tables are available for WC in children in 
the UK (18), Australia (19), the Netherlands (20), and Germany 
(21,22). In addition to focusing on specific age ranges (e.g., 11–
18 y), these charts also differ nontrivially in the measurement 
technique used to evaluate WC, e.g., at the level of the umbilicus 
(19), at the narrowest point between the costal margin and the 
iliac crest (20–22), mid-way between the costal margin and the 
iliac crest (18), or at the level of the iliac crest in the mid-axillary 
line, the last consistently applied across NHANES cycles (23). 
Given the extent of the variation in normal WCs across studies 
(Figure 3), practitioners should take care to align their clini-
cal measurement methods with those actually used to create 
their reference charts. This is particularly true given systematic 
differences in WC obtained by the various methods, with the 
NHANES protocol yielding consistently higher measurements 
in cross-over studies on the same subjects aged 3–79 y (9).

Even when WC growth charts have been available, appropri-
ate levels of concern remain unclear. At least one cross-sectional 

Figure 3. Median waist circumference (WC, cm) as a function of age (a =  
female, b = male). NHANES III (solid line) is compared to alternative refer-
ence populations from the UK (18 •), Australia (19 ◦), the Netherlands (20 +), 
and Germany (21 ◇; 22 ▲). Much of the observed variation is due to differ-
ences in the technique used to identify landmarks to measure WC (9), e.g. 
at the level of the umbilicus (19), at the narrowest point between the costal 
margin and the iliac crest (20–22), mid-way between the costal margin and 
the iliac crest (18), or at the level of the iliac crest in the mid-axillary line, the 
latter applied consistently across NHANES cycles (23).
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report from the Bogalusa Heart Study included pediatric per-
centile cut-offs chosen on the basis of their association with 
adverse CVD risk factors (5), with percentiles of risk ranging 
from the 50th–57th for WC, depending on race and gender. 
Through comparison with BMI criteria, investigators in the 
UK (24) and Australia (4) defined overweight and obesity as 
WC values exceeding age- and gender-specific 91st or 98th 
percentile values. Cook et al. have suggested that cut-offs be 
defined by aligning adult levels of concern (102 cm in males 
and 88 cm in females – (6)) with pediatric centiles at age 19 
y. For the NHANES III reference data presented here, these 
cut-offs would correspond to the 93rd and 75th percentiles, 
respectively. Were we to adopt a similar approach to WHtR, 
the adult threshold of 0.5 corresponds to the 65th percentile 
in girls and the 77th percentile in boys in Figure 1c,d. These 
definitions are similar to those adopted by the WHO to define 
overweight in children aged 2–19 y as the 85th percentile for 
BMI, which aligns at age 19 y with the adult definition at a 
BMI of 25 kg/m2 (13). Clearly, all such criteria are provisional, 
pending definitive prospective trials to examine the associa-
tion between specific centiles and long-term cardiovascular 
outcomes.

Although Z-scores provide a meaningful comparison of WC 
across ages and genders and are particularly well-suited for inter-
vention trials, few studies have adopted this approach  (4,24). 
Z-scores are also useful for quantitative comparisons when per-
centile scores cluster near or above the 99th percentile, since such 
scores are otherwise difficult to distinguish. Moreover, Garnett 
(4) reported CVD risk-factor associations with Z-scores based 
on the 1985 Australian Health and Fitness Survey (ages 7–15 
y), but the LMS tables used for these calculations were based 
on data collected using a different methodology (measurement 
at the umbilicus) than NHANES. Clearly, careful adherence to 
a standardized measurement protocol is a prerequisite to using 
these charts, and the NHANES measurement protocol, based 
on easily identifiable physical landmarks, represents a long-
standing North American standard (23).

The primary aim of the current study was to tabulate LMS 
parameters for both WC and WHtR, which might be used to 
calculate Z-scores and exact centiles based on North American 
norms and to provide quantitative tools for evaluation of both 
measures of central adiposity in growing children. We deliber-
ately selected data from NHANES III (1988–1994) to create these 
reference charts for the same reason that WHO 2007 (NCHS, 
1963–1975) and CDC 2000 (NCHS, 1963–1994) growth ref-
erence charts for ages 5–19 y excluded more recent data to 
minimize the impact of the North American obesity epidemic 
(7,13,14,25). Like the WHO and CDC charts for school-aged 
children, these norms are also presented as a growth reference 
rather than a prescriptive growth standard, intended to be used 
as a yardstick for measuring change (13). In this light, Figure 2 
and Table 2 clearly demonstrate a mean shift of 0.30–0.35 SD 
since NHANES III despite application of a consistent measure-
ment technique by trained NHANES staff. Similar trends have 
been reported by others (16,17,24). We must therefore assume 
that this represents a real shift in the population distribution. 

The results in Table 2 also illustrate additional heterogeneity, 
particularly with regards to ethnicity, with lower scores in Black 
children and higher scores in Mexican-American children. 
Since South Asians may also differ in propensity to cardio-
metabolic complications (11), it is perhaps unfortunate that the 
race-ethnicity data in the NHANES surveys do not permit fur-
ther parsing of these distinctions, though Asian ethnic origin 
was added with the most recent NHANES cycle.

In our exploratory analysis of the association of anthropo-
metric measures with cardio-metabolic risk factors in subse-
quent NHANES survey cycles, Table 3 confirms that a unit 
change in all three Z-scores significantly increased the odds for 
all adverse metabolic outcomes (P < 0.0001). Both WHtR and 
WC were consistently more strongly associated with abnor-
mal metabolic profiles than BMI. It is intriguing that ORs for 
WHtR-Z were significantly higher (P < 0.05) than for BMI-Z 
for 4/4 adverse lipid measurements (TC, LDL, HDL, and TG), 
and the ORs for WC-Z were significantly higher for HDL and 
TG. Since the odds ratios in Table 3 were largely unaffected by 
additional adjustment for sex and race-ethnicity (not shown), 
we might further infer that these Z-scores capture the impact 
of central adiposity on CVD risk across genders and races. Due 
to sample size and age restrictions imposed by the NHANES 
subsampling protocol (e.g., no fasting specimens below age 
12 y), these results should only be considered exploratory. 
Nevertheless, our findings are consistent with the results of 
adult studies (10,11).

Morandi et al. (26) have recently commented on the poor 
receiver operator characteristics associated with all anthropo-
metric measures in pediatric metabolic syndrome, citing areas 
under the receiver operator characteristics curve (AUC) of 
0.55–0.70. Here, too, the best AUC (for HDL < 40 mg/dl) was 
0.694 (95% CI 0.682–0.706, not shown), which is significantly 
better than chance agreement (AUC = 0.5), but of questionable 
value as a screening test. Nevertheless, prospective evaluation 
of predictive ability will be needed to further assess their clini-
cal utility (4,6,18,24,27), particularly since childhood adiposity 
tracks into adulthood (28), and WC and BMI at age 8 y predict 
subsequent clustering of CVD risk factors (4).

In adopting the National Cholesterol Education Panel cut-
points to define metabolic comorbidities, we recognize that 
alternate definitions are also possible (see ref. (29)). For exam-
ple, the AAP Committee on Nutrition (30) recommended a 
low HDL cut-point of 35 mg/dl, which decreases the number 
of adverse outcomes from N = 2,861 to 1,108 and increases 
the strength of the association with WHtR-Z (OR = 2.17, CI = 
2.04–2.32) and WC-Z (OR = 2.23, CI = 2.08–2.39).

Strengths and Limitations
The strengths of this study are the robust sample size, the stan-
dardized NHANES anthropometric measurement protocol, 
the quality of the (NHANES III) reference data, and the appli-
cation of a well-accepted statistical methodology in the LMS 
model for skewed distributions. Weaknesses reflect the lack of 
longitudinal or prospective data, as well as the relative paucity 
of biochemistry results for younger children. Consequently, 
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the tests of association between anthropometric measures of 
central adiposity and adverse metabolic outcomes (Table 3) 
should only be considered exploratory. As with conventional 
growth charts, lack of concurrent data on pubertal stage may 
also blur important clinical distinctions (12,13).

Conclusions
In adults, anthropometric measures of central adiposity, such 
as WHtR and WC, are more strongly associated than BMI with 
adverse cardio-metabolic outcomes. Given systematic varia-
tions in these measures across ages and genders, LMS tables 
for calculating Z-scores and centiles based on North American 
reference data are needed to make quantitative comparisons, 
but are not readily available in published form. By choosing 
NHANES III as a reference population, our tables minimize the 
impact of the North American obesity epidemic, seen here as 
a shift of 0.30–0.35 SD in both Z-scores between NHANES III 
and subsequent survey cycles. Moreover, these norms are based 
on well-established measurement methods applied consistently 
over time. In cross-sectional analyses, we see that WHtR-Z and 
WC-Z are more strongly associated than BMI-Z with abnormal 
lipid profiles in children and adolescents in the NHANES data-
base. We therefore hope that other investigators will be able to 
apply these quantitative tools in longitudinal studies of obesity 
and its complications in children and adolescents.

METHODS
Anthropometric Data
Reference data were available for age, height, WC, and race-ethnicity 
for 6,140 females and 5,790 males aged 2–24 y from the US National 
Health and Nutrition Survey, cycle III (NHANES III, 1988–1994). 
NHANES III was deliberately designed to be “fairly-close to self- 
weighting nationally” (31), i.e., nationally representative for the 
non-institutionalized US population. Beginning with NHANES III 
and continuing through subsequent biennial cycles (NHANES A-G, 
1999–2012), anthropometric measurements were collected using a 
standardized measurement protocol (23): In brief, calibrated stadi-
ometer heights were measured to the nearest 0.1 cm by trained staff. 
A snug tape measure was used to measure WC to the closest 0.1 cm 
after palpating and marking the iliac crests in the mid-axillary lines 
while subjects placed their hands on their opposite shoulders. Since 
data were not consistently collected across NHANES cycles, race-
ethnicity categories were pooled as European-American (White), 
African-American (Black), Mexican American (Mex), and Other 
(7). Ethics approval was obtained from the Health Research Ethics 
Board of the University of Manitoba’s Faculty of Medicine for the 
use of anonymous data from an existing database for epidemiologic 
investigations.

LMS Model
Centiles were fitted to gender-specific reference data for WC and 
WHtR using the LMS model with LMS Chartmaker Pro 2.5.4 to fit 
smoothed L (skew), M (median), and S (coefficient of variation) 
curves (32–34): For a given physical measure y, the corresponding 
Z-score is then given by z = ((y/M)L−1)/(LS), with recommended 
modifications for Z-scores outside the range −3 to +3 (35). This 
formula is inverted to yield centile y as a function of Z-score in 
y = M (1+LSz)(1/L), L ≠ 0. The LMS model assumes that after a 
Box-Cox power transformation, the data at each age are normally 
distributed; hence, the normal cumulative distribution function 
may be used to convert Z-scores into corresponding percentile 
curves (e.g., with a Gaussian distribution, z = −3, −2, −1, 0, 1, 2, 
and 3  corresponds roughly to percentiles 0.1, 3, 15, 50, 85, 97, 
and 99.9)

Statistical Methods
In R (36), tabulated LMS parameters were used to calculate WC 
and WHtR Z-scores and centiles for 27,255 subjects aged 5–19 y 
in NHANES III (N = 7,010) and biennial cycles A-G (N = 20,245, 
1999–2012). Published WHO LMS parameters were used calculate 
corresponding BMI Z-scores, based on their core NHANES dataset 
for school aged children (1963–1975) (13).

To graphically compare mean Z-scores by age and NHANES cycle, 
individual Z scores were plotted vs. age and smoothed using qua-
dratically penalized (thin plate) regression splines, with smoothing 
degrees of freedom selected by generalized cross-validation.

Linear regression was used to assess the mean change in Z-scores 
by NHANES cycle with and without adjustment for covariates gen-
der (M, F) and race-ethnicity (White, Black, Mexican-American, and 
Other). Reference categories were NHANES cycle = NHANES III, 
race-ethnicity = White, and gender = M.

Metabolic Outcomes
To assess the utility of WC and WHtR Z-scores as predictors of 
metabolic and cardiovascular complications in an out-of-sample 
validation dataset, laboratory data were pooled and merged with 
anthropometric measures for all subjects aged 5–19 y in NHANES 
cycles A-G (1999–2012), with details available in the individual 
 survey manuals (37). Data were available for total cholesterol (TC, 
N = 17,591, ages 6–19 y), high-density lipoprotein cholesterol 
(HDL, N = 17,585, aged 6–19 y), low-density lipoprotein choles-
terol (LDL, N = 6,195, aged 12–19 y fasting), triglycerides (TG, N 
= 6,818, aged 12–19 y fasting), and glycated hemoglobin (GH, N 
= 9,063, aged 6–19 y). For each of these measures, abnormal cut-
points were defined by the National Cholesterol Education Panel 
(38) criteria as TC ≥ 200 mg/dl (N = 1,944 cases), LDL ≥ 130 mg/dl 
(N = 541 cases), HDL < 40 mg/dl (N = 2,861 cases), TG ≥ 100 mg/
dl for 0–9 y or ≥ 130 mg/dl for 10–19 y (N = 1,249 cases). Following 
current NHANES guidelines, a glycated hemoglobin ≥ 6.5% was 
classified as diabetes in all surveys (N = 90 cases). For each out-
come, logistic regression was used to calculate the odds ratios cor-
responding to a unit change in Z-scores for WC, WHtR, or BMI.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at 
http://www.nature.com/pr
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