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Abstract

Background—Different waist circumference (WC) measurement sites are used in clinical and
epidemiological settings.

Objectives—To examine differences in WC measurement at four anatomic sites and how each
WC measurement relates to visceral adipose tissue (VAT) and cardiometabolic risk factors in
children.

Methods—371 white and African American children aged 5-18 years had WC measured at four
sites: minimal waist, midpoint between the iliac crest and the lowest rib, superior border of the
iliac crest, and the umbilicus. Abdominal VAT was measured using magnetic resonance imaging,
and cardiometabolic risk factors were defined using NHLBI guidelines. Relationships between
WC sites and VAT and risk factors were explored in each race-by-sex group.

Results—All WC sites were highly correlated (r = 0.97 to 0.99). Differences in absolute mean
WC values existed in all race-by-sex groups, and this affected the prevalence of high WC (=90t
percentile). Values were lowest for minimal waist and highest for umbilicus. Age-controlled
partial correlations between WC and VAT were 0.81 to 0.89 (all p<0.001) and between WC and
cardiometabolic risk factors were —0.24 to —0.41 and 0.19 to 0.52 (all p<0.05).

Conclusions—While the absolute values of WC at four anatomic locations differed, the
relationships between WC values and both VAT and cardiometabolic risk factors were similar
within all race-by-sex groups.

Introduction

Waist circumference (WC) is a simple and inexpensive clinical tool for the assessment of
pediatric adiposity and obesity-related health risks (1). A variety of anatomic landmarks are
used for the measurement of WC (2,3); however it is unclear whether the location of the
measurement site alters the relationship between WC and abdominal adiposity as it relates to
cardiometabolic risk assessment, particularly in children.

A large variation in protocols for the measurement of WC exists with most falling into four
broad categories: the narrowest waist, at the midpoint between the lowest rib and iliac crest,
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immediately above the iliac crest (3) and at the level of the umbilicus. The iliac crest has
been recommended for use in adults (1,4) and children (5) and has been used in large scale
surveillance studies (6,7). The World Health Organization has recommended the use of the
mid-point between the iliac crest and lowest rib (8). A limited number of studies have
documented differences in the absolute values of WC measurements across these common
sites, particularly in females (3,9-16). However, many of these studies were based on adults
(9,12,15), had a low sample prevalence of overweight/obesity (14), or used a single ethnicity
(9,10,13,14,16). Reproducibility has been high across various WC sites (3,9,13) but has not
been investigated in a large pediatric sample. Furthermore, few studies (14,15) have related
WC measurements at different sites to abdominal visceral adipose tissue (VAT), measured
with magnetic resonance imaging (MRI), which is considered to be a gold standard. The
limited evidence with regard to the differences in WC measured at various anatomic sites in
children calls for appropriately powered studies in different ethnic groups. The difference
between the absolute WC measurements at varied anatomical sites could affect the
relationship between WC and VAT and cardiometabolic risk.

The aim of this analysis was to investigate differences in absolute WC measurements
obtained from four commonly used anatomic sites in a biracial sample of children.
Furthermore, we aimed to determine the relationship between each WC and VAT and
cardiometabolic risk factors. The reproducibility of measurements at each site was also
assessed.

Study Sample

Originally, 423 participants (ages 5-18 years) were enrolled in a cross-sectional study of
factors related to abdominal adiposity. Recruitment occurred through study advertisements
as well as through pediatrician’s offices in the Baton Rouge area of Louisiana. Recruitment
efforts attempted to balance the sample across race, sex, and body mass index (BMI)
categories (normal weight, overweight and obese). Thirteen were excluded as their self-
reported race was not white or African American (AA) while 26 participants did not have
MRI, 12 did not have lab work and the VAT of one participant was >3 standard deviations
above the group mean and was excluded. The final sample for this analysis consisted of 371
participants (95 white males, 80 AA males, 83 white females and 113 AA females). Parents/
guardians of the participants provided signed informed consent and the children provided
written assent. All study procedures were approved by the Pennington Biomedical Research
Center Institutional Review Board.

Study Power and Sample Size Calculation

We estimated the sample sizes necessary to detect a difference between the two most
extreme partial correlations between WC and VAT. Based on the literature, we anticipated
our age-controlled partial correlation estimates to be in the range of 0.78-0.95 (17). Our
power analysis corresponded to a one-sample t-test for mean = 0, using standard deviations
for the comparison of two correlated correlations estimated according to Meng (18), and
assuming a correlation of 0.98 between WC across the different measurement sites and
VAT. The target sample size of 400 children was calculated to provide 80% power at effect
sizes (absolute difference between the maximum and minimum correlation coefficients) of
0.05 to 0.10. In a retrospective power analysis, the analytic sample size of 371 children
should provide sufficient power to detect differences of at least 0.08 among the partial
correlations between WC at each of four measurement sites and VAT.
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Anthropometry

Height and weight were measured by staff trained in anthropometry. Height was measured
using a wall-mounted stadiometer after removal of shoes. Weight was measured using a
digital scale after all outer clothing, heavy pocket items and shoes were removed. Height
was recorded twice to the nearest 0.1 cm and weight was recorded twice to the nearest 0.1
kg. A third height or weight measurement was obtained if the first two measurements were
greater than 0.5 cm or 0.5 kg apart respectively with the average of the two (or the two
closest) used in the analysis. Body mass index (BMI) was calculated (weight in kg/height in
m?2).

WC measurements were taken at the following anatomic sites: i) minimal waist (19), ii)
midpoint between the iliac crest and the lowest rib (8), iii) superior border of the iliac crest
(4) and iv) umbilicus (referred to by McCarthy et al. (20)). Specifically, the minimal waist
was visually assessed as the smallest circumference between the lower end of the sternum
(xiphoid process) and the umbilicus. For the midpoint, the iliac crest (upper border of the
ilium on the mid-axillary line) and the inferior border of the lowest rib were palpated and
marked. The distance between the two landmarks was measured and the midpoint was
marked and used for tape measure placement. Participants were asked to expose the areas to
be measured and were requested to stand in an upright position with feet together and arms
relaxed at their sides. Measurements were made at the end of normal expiration with special
attention to ensure that the anthropometric tape lay perpendicular to the long axis of the
body and parallel to the floor. Each measurement was taken by one of three trained
technicians. The measurements were taken twice and recorded to the nearest 0.1 cm with the
average of each of the two (or the two closest) circumferences used in analysis (a third
measurement was obtained if the first two measurements were greater than 0.5 cm apart).

Reliability of WC Measurements

MRI

Inter- and intra-tester reliability for WC measurements at four anatomical sites was assessed
in a subsample of 31 participants (12 white males, 4 AA males, 11 white females and 4 AA
females) using three technicians who measured the majority of the overall sample. As
reliability may differ depending on sex, age and adiposity level, a range of ages (6.8 to 18.3
years) and BMI percentiles (6™ to 99t) were used with 13 participants having a BMI at or
above the Center for Disease Control and Prevention 90th percentile. For inter-tester
reliability, WC measurements were taken on the same participant by two different
technicians on the same visit, and intra-tester reliability was assessed using WC
measurements taken on the same participant by the same technician on an average of 6 days
apart (range 2 to 11 days). Intra-class correlation coefficients for inter-tester reliability were
between 0.989 and 0.999 while intra-tester intra-class correlation coefficients for were
between 0.983 and 0.994 (Table 1). No differences were seen between either of the
reliability scores when the group was stratified by BMI (data not shown).

MRI scans were performed using a General Electric Signa Excite (3.0 Tesla; GE Medical
Systems, Waukesha, WI) scanner. Participants lay motionless on the scanner table and an 8
channel torso-array coil was placed over their chest/abdomen area. A series of scans from
the highest point of the liver to the bottom pole of the right kidney were acquired. Slice
images were analyzed using the Analyze (CNSoftware, Rochester, MN) software package
with each analyzed slice being 28 slices (4.78 cm) apart. VAT area was manually drawn by
one trained technician and the number of pixels was multiplied by voxel width and height
for each individual slice to compute VAT area (cm?). The area from each individual slice
was multiplied by the slice gap (4.78 cm), then multiplied by 0.000001 and finally
multiplied by the voxel depth of that slice. This resulted in a VAT volume for each of the 5
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to 8 slices. These volumes were then summed to calculate total volume of VAT (liters) for
each participant. To test the reliability for quantifying VAT using MRI, the trained
technician re-analyzed a random sub-set of 20 images at the L4-L5 slice (blinded). The
mean coefficient of variation (CV) was 6.63 (SD = 6.35) for VAT area and correlation
between the first and second analysis was 0.97. This CV was within the acceptable limits
based on similar studies of pediatric cohorts (21-23)

Cardiometabolic Risk Factors

Blood pressure was measured using a standard mercury manometer using an appropriately
sized cuff with the participant rested for 5 minutes in a quiet room. The measurement was
taken twice and a third was taken if there was =10 mm/Hg difference. The average
measurement was used in the analysis. Fasting blood samples were obtained from
participants following an overnight fast. Serum triglycerides, high density lipoprotein
cholesterol (HDL-C) and glucose concentrations were obtained from a Beckman Coulter
DXC 600 (Brea, CA), with reagents from Beckman Coulter and Trinity (Fisher Scientific,
Pittsburg, PA). The between-run coefficients of variation were 2.17% for glucose, 1.63% for
triglycerides, and 1.76% for HDL-C. All clinical chemistry assays were conducted by the
Pennington Biomedical Research Center Clinical Chemistry Laboratory which participates
in the lipid standardization program of the Centers for Disease Control and Prevention.

The metabolic syndrome components from the NHLBI Integrated Guidelines were used for
defining cardiometabolic risk (24). Dyslipidemia was defined as HDL-C <45 mg/dL and
triglycerides =275 mg/dL (5-9 year-olds) or =90 mg/dL (10-18 year-olds). Hyperglycemia
was defined as a fasting blood glucose =100 mg/dL. High blood pressure was defined as
having a systolic or diastolic blood pressure =90t percentile (25) for age, sex and height.
The obesity risk factors from these guidelines (i.e. BMI and WC) were not included in
defining metabolic risk. Participants with =2 cardiometabolic risk factors were considered to
have elevated risk.

Statistical Analysis

Results

Differences in absolute mean WC values within each race-by-sex group were explored using
repeated measures ANOVA with Tukey post-hoc tests for multiple comparisons where
appropriate. As VAT volume did not fit a normal distribution, it was log transformed. As
WC increases with age, relationships between WC, logVAT and cardiometabolic risk factors
were explored using Pearson partial correlations, controlling for age. The prevalence of high
WC (=290t percentile) was determined using age- and sex-specific reference data for the
United States (7). IBM SPSS V.20 (IBM Corp, Armonk, NY) was used for ICCs with data
management and all other analyses conducted using SAS V.9.3 (SAS Institute Inc., Cary,
NC).

Participant characteristics, mean WC values for each anatomic site and sample prevalence of
obesity and elevated cardiometabolic risk factors are shown in Table 2. The mean age for
the overall sample was 12.3 (¢3.5) years and the mean BMI was 23.2 (+6.8) kg/m2. All WC
measurement sites were significantly different (p<0.05) from each other for the overall
sample and for white females. For white males and AA females, no significant difference
was found between the sites at the iliac crest and the umbilicus. For AA males, minimal
waist was significantly lower than the other 3 sites. A total of 13.8% of participants had >2
risk factors (19% of white males, 10% of AA males, 16.9% of white females, and 9.7% of
AA females).
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All WC measurement sites were highly correlated with one another within all race-by-sex
groups (r = 0.97 to 0.99). Across the four WC sites, age-controlled correlations between WC
and logVAT for the overall sample were between 0.81 and 0.83 (all p<0.001) and ranged
from 0.81 and 0.89 (all p<0.001) for the race-by-sex groups (Table 3). Age-controlled
correlations between each WC and cardiometabolic risk factors are also shown in Table 3.
The correlations were almost identical across all anatomic sites for each risk factor. The
prevalence of high WC (290" WC percentile for age and sex using the iliac crest site)
differed across the WC measurement sites (Table 4). For males, the prevalence varied from
16.6% to 25.1%, and for females the percentage varied from 24.5% to 38.3%, depending on
WC site.

Discussion

Waist circumference, along with BMI, is a primary tool for measuring adiposity in many
settings (1). Due to the number of anatomic sites for WC measurement that are routinely
used, there is a pressing need for studies that evaluate the different WC protocols in children
against gold-standard measures (11). This is the first study to examine the association
between multiple common waist circumference methodologies with total abdominal VAT in
a biracial sample of children. We identified significant differences in absolute WC values
across the four measurement sites in white and AA children. While differences in absolute
WC between sites led to under- or over-estimation of the prevalence of abdominal obesity
(Table 4), the correlations between WC measured at each site and VAT and with individual
cardiometabolic risk factors were similar (Table 3).

Similar to other studies in children (3,10,11,13,14,16), we found differences in the absolute
WC measurement between the largest and smallest WC measurement for each race-by-sex
group (3.1-6.2 cm). Johnson et a/. (2010) found differences of 11.3 cm between the largest
and smallest site with narrowest waist being the smallest and umbilicus the largest in a
sample of 73 overweight children aged 8-17 years (10). Wang and colleagues (2003) also
reported differences of 1.5 cm in males and 4.5 cm in females between the largest and
smallest sites and again the narrowest or minimal waist was significantly smaller than the
other sites assessed (3).

Similar to other studies in adults (12,14) and children (16), Table 4 illustrates that using a
different WC measurement site can impact the prevalence of high WC (26). The WC
percentiles used were developed using the iliac crest (7) so it is reassuring to see that the
midway, umbilicus and iliac sites all resulted in a similar prevalence, but the minimal WC
resulted in a lower prevalence of abdominal obesity. Given the growing interest in WC as a
marker of obesity-related health risks in children and adolescents, pediatric reference data
have been developed for a number of countries including the U.S. (7), Canada (27), the
United Kingdom (28), and Australia (29). However, comparisons across countries could be
hampered due to the different measurement protocols employed. In the development of
waist percentile scores and reference data in various countries, WC has been measured at the
superior border of the iliac crest,(7,30) the narrowest waist (27,28), the umbilicus (29) and at
the midpoint between the lowest rib and the iliac crest (31-36). If tracking children’s growth
over time, it would be prudent to be consistent in the use of one WC site.

All WC sites correlated similarly to VAT in each race-by-sex group. Bosy-Westphal ef al.
(2010) reported correlations between three WC sites and VAT of a similar magnitude to the
present results (0.65-0.76 in prepubertal children and 0.82—0.87 in pubertal children) (14).
However, the authors indicated differences in correlations in prepubertal boys: VAT and
iliac crest (r = 0.65) was lower than VAT and the midway (r = 0.74) and distal border of the
lowest rib (r = 0.76). Abdominal adiposity, in particular intra-abdominal VAT, is considered
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to be the most dyslipidemic and atherogenic fat depot in the human body (37) and has been
related to elevated triglycerides and fasting insulin and other risk factors in children (38).
Given the expense and the expertise required to measure VAT by imaging techniques,
finding an anthropometric assessment method which can identify at-risk children or those
who require further clinical assessment is warranted. WC has explained a larger proportion
of the variance in VAT in children than BMI (39) so much research has focused on
developing WC protocols. Although WC was moderately correlated with VAT in the present
study (r = 0.81-0.89) WC was more highly correlated with total abdominal adiposity and
abdominal subcutaneous adiposity with correlations between 0.94 and 0.96 (results not
reported).

WC has been linked to cardiometabolic health in children (40), so how each WC site relates
to individual cardiometabolic risk factors is important. In one of the few studies which
included children, Bosy-Westphal et a/. (2010) reported that three WC sites had similar
correlations with blood pressure, triglycerides and HDL-C (14). Conversely, Johnson et a/.
(2010) found the narrowest waist and midpoint provided the most consistent association
with metabolic risk in a sample of overweight children (mean age 12.5 years) (10). We have
reported that each WC site displayed similar relationships to all health variables and this is
unsurprising due to the high correlations between sites that have been reported in adults (41)
and in the present study.

Age, sex and ethnic-specific WC thresholds (measured at the midpoint) for predicting risk
factor clustering (42) as well as age, sex and ethnic-specific WC percentiles (measured at the
iliac crest) based on a representative sample of the US population (7) have been proposed
for children. Differences in absolute WC measurement may affect how these WC values are
interpreted. In a review, the sites of WC measurement did not affect the relationship
between WC, morbidity and mortality in adults (41). This review also identified differences
in the actual practical measurement procedures for the same site in adults (41). Pooling WC
data from studies which have used different protocols may lead to differences in the
prevalence of obesity or weaken the relationships between WC and risk factors or mortality
(14). Because all WC sites correlated well with VAT in this study, choosing a WC site
which is more acceptable to a pediatric population or easier to perform should be
recommended. Bony landmarks are a useful structural guide to aid the measurement but
these can be hard to identify in more overweight children and can lead to embarrassment
(11). Conversely, the identification of two anatomical landmarks is time consuming and
leaves more room for error (3) although the intra- and inter-observer technical errors of
measurement did not differ across the four measurement sites in the present study.

The relatively large and racially diverse sample spanning a large age range is a marked
strength of the present study. The use of MRI to quantify abdominal adiposity allowed for a
robust analysis of the performance of each anatomical WC site. Inter and intra-tester
reliability values were high for all sites and compared well with other studies (3). The
present study used a cross-sectional design, and future studies should consider using a
longitudinal design to identify the best WC thresholds for the prediction of cardiometabolic
risk in these populations.

Conclusions

While a difference of 4.8 cm in the absolute measurements of WC at four commonly used
anatomical locations affected obesity prevalence, the relationships with depot-specific
adiposity and cardiometabolic risk factors were similar regardless of race or sex.
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Table 4

Percentage of participants =90t WC percentile (7) using each of the four waist circumference measurements.

Site Males (n=175)  Females (n=296)  All (n=371)
Minimal 16.6 24.5 20.7
Midway 24.0 34.7 29.6
Iliac 25.1 37.2 315
Umbilicus  25.1 38.3 311

Note: The WC percentiles were developed for age and sex using the iliac crest site(7)
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