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Abstract

Background: Childhood metabolic syndrome (MetS) is associated with insulin resistance and increased risk for
later development of type 2 diabetes (T2DM) and cardiovascular disease (CVD). In using MetS severity z-
scores, our objective was to assess longitudinal associations in MetS severity, fasting insulin levels as a sign of
insulin resistance and risk for T2DM, and uric acid levels as a biomarker of oxidative stress leading to CVD.
Methods: We used linear regression to analyze longitudinal data from 285 white and black participants from the
Bogalusa Heart Study evaluated at baseline at ages 5—19 and as young adults after a mean of 12.0 years follow-
up. We assessed correlations between childhood MetS severity and young-adult MetS severity, fasting insulin,
and uric acid levels, both overall and by sex- and racial subgroups.

Results: Overall, childhood MetS z-scores were positively associated with young-adult MetS z-scores (r=0.52),
insulin (r=0.34), and uric acid (r=0.28) (all P<0.001). These associations were consistent across all sex- and
racial subgroups, except for young adult uric acid in white males in which childhood MetS-z was not associated
(r=0.15, P=0.243). There was a strong cross-sectional association of young-adult MetS z-scores with insulin
(r=0.70) and uric acid (r=0.57) (both P <0.001), which was consistent for all sex- and racial subgroups.
Conclusions: These positive longitudinal correlations between childhood MetS z-scores and markers of later
insulin resistance and oxidative stress suggest long-term durability of risk for CVD and T2DM. This suggests
potential for MetS severity to serve as an indicator to monitor for future risk of T2DM and CVD.

Keywords: metabolic syndrome, cardiovascular disease, type 2 diabetes, insulin resistance, oxidative stress, risk

Introduction

THE CHILDHOOD OBESITY epidemic is widespread, with
the World Health Organization (WHO) reporting that in
2013 more than 42 million children were overweight and
obese around the world." Obesity, particularly central or
abdominal obesity, is a major risk factor for the metabolic
syndrome (MetS), which is associated with insulin resis-
tance and results in increased risk of cardiovascular dis-
ease (CVD) and type 2 diabetes (T2DM).7* MetS appears
to have underpinnings of cellular dysfunction, systemic in-
flammation, and oxidative stress.>®

MetS is classically defined in criteria such as those of the
National Cholesterol Education Program (NCEP) Adult

Treatment Panel I (ATP-III), by the presence of three or
more of the following abnormalities: increased waist cir-
cumference, elevated blood pressures, elevated triglyceride
levels, low HDL, and increased fasting glucose levels.’
These criteria have been adapted for use in pediatrics by
replacing waist circumference with BMI z-score® and ad-
justing cutoff values for the other components to be more
appropriate for levels seen among adolescents.” However,
these traditional MetS criteria have limitations both in
known racial/ethnic discrepancies'®'? and in providing only
a binary estimate of the presence of MetS.

We developed a MetS-severity z-score using confirma-
tory factor analysis on cross-sectional data from adolescents
from the National Health and Nutrition Examination Survey
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(NHANES) to give differential weighting to the various
components and additionally address variations in rates of
MetS between different sexes and races/ethnicities.'> As a
marker of disease risk, adolescent MetS severity z-scores
were associated with later CVD'*!5 and diabetes'>'® as
adults. In cross-sectional studies, this adolescent MetS z-
score was correlated with markers of CVD and diabetes
risk,'>1771 as well as with markers associated with the
processes underlying MetS, including C-reactive protein as
a marker of inflammation and uric acid as a marker of ox-
idative stress."* However, prior assessments have been lim-
ited in assessing these longitudinal relationships by sex- and
racial/ethnic subgroup and in assessment of longitudinal
measures of MetS and its underlying pathophysiology. Our
goal in the current study was to assess longitudinal associ-
ations between childhood MetS severity z-scores and future
young-adult levels of MetS severity (as an assessment of the
score’s durability over time) and levels of fasting insulin and
uric acid (as markers of insulin resistance and underlying
oxidative stress), both overall and on a sex- and race-specific
basis. We hypothesized that we would see temporal associ-
ations of childhood MetS with later markers and that these
relations would be similar in subpopulations of sex and race.

Methods & Statistical Analysis

Participants were evaluated as part of the Bogalusa Heart
Study, a longitudinal cohort of individuals in the area
surrounding Bogalusa, Louisiana. Assessments occurred
between September 1973 and December 1996, with seven
cross-sectional surveys of children and adolescents (aged
5-19 years) and a follow-up survey as young adults (aged
18-38 years), who had participated earlier as children and
remained accessible. Enrollment was performed on a rolling
basis, and for the current study, the baseline visit was defined
as being the first in which all MetS components were present.
Participants with missing data regarding MetS components,
either in childhood/adolescence (defined for this analysis as
age 5-19 years) or young adulthood, were excluded from the
analysis.

Before assessment, participants were instructed to fast for
12 hrs before the visit, with compliance ascertained the
morning of the examination. Height and weight were mea-
sured twice to within 0.1 cm and within 0.1 kg, respectively,
and the mean values were used to calculate BMI. Replicate
blood pressure measurements were obtained on the right
arm of the participants in a relaxed sitting position. Arm
measurements, length and circumference, were made during
the examination to ensure proper cuff size. Systolic and
diastolic blood pressure levels were obtained on the right
arm of the participants in a relaxed sitting position using
mercury sphygmomanometers. Blood pressure levels were
reported as the mean of six replicate readings, taken by each
of two randomly assigned and trained observers blinded to
each other’s readings. Lipid and glucose measurements were
assessed from frozen serum samples in childhood and young
adulthood,20 and insulin®' and uric acid®> were assessed in
young adults. We obtained data through the BioLINC of the
National Heart, Lung and Blood Institute (https://biolincc
.nhlbi.nih.gov/home).

MetS z-scores were calculated using sex and race-specific
algorithms using participants’ systolic blood pressure, tri-
glycerides, HDL, fasting glucose, and a measure of adiposity,
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BMI z-score, and waist circumference among adolescents
and young adults, respectively. Methods for derivation of
the scores were previously described (http://mets.health-
outcomes-policy.ufl.edu/calculator/).'®!* These formulae
were derived from US nationally-representative data from
non-Hispanic white, non-Hispanic black, and Hispanic
adolescents aged 12-19 years and adults aged 20-64 years
participating in NHANES 1999-2010, using confirmatory
factor analysis on sex- and racial/ethnic subgroups to
produce differential weights for the five MetS components
based on how MetS was manifest in each group. Separate
formulae were derived among adolescents and adults. The
presence of MetS as a dichotomous variable was defined
for adults by the National Cholesterol Education Program’s
Adult Treatment Panel III (NCEP ATP-IH)7 criteria and for
adolescents as adaptation of criteria.” Participants were
classified as having ATP-III MetS if they had =3 of the
following abnormalities: BMI z-score =1.645, fasting glu-
cose 2100 mg/dL, fasting triglycerides =110 mg/dL, HDL
<40 mg/dL for men or <50 mg/dL for women, and systolic
or diastolic blood pressure exceeding the 90th percentile
for height, age, and sex.?®> Diabetes was determined by
fasting glucose >125 mg/dL.

Statistics

Fasting insulin levels were adjusted on a natural log scale
to normalize the values for comparison. Homeostasis model
of insulin resistance (HOMA-IR) was calculated as HOMA-
IR =(fasting insulin x fasting glucose)/405.>* Pearson’s r
correlations were calculated to assess the degree of linear
association between childhood and young-adult values.
Linear associations between childhood MetS z-scores and
young-adult MetS z-scores, natural log of fasting insulin
levels [In(insulin)], and serum uric acid levels were simi-
larly assessed. Correlations were also calculated to evalu-
ate linear associations between young adult MetS z-scores
and In(insulin), as well as uric acid levels. Statistical signif-
icance was set to a=0.05. Data were also analyzed by sex
and race/ethnicity, organized into subpopulations of white
males, white females, black males, and black females. As a
sensitivity analysis we evaluated correlations between
factors among those with follow-up =5 years.

Results

We analyzed data from 285 participants of the Bogalusa
Heart Study with MetS z-scores calculated at baseline and
follow-up (Table 1). Of these, 188 individuals were white,
and the other 97 were black. One hundred eleven partici-
pants, 38.9%, were men. Participants’ ages ranged from 5 to
19 years with a mean of 13.3+2.9 years. Sixty eight par-
ticipants were ages 5—11 years at baseline, while the other
217 participants were ages 12—19 years. Ages at follow-up
ranged from 20 to 37 years with a mean of 25.3 +4.9 years.
The number of years to follow-up time ranged from 2 to
21 years with a mean of 12.0 years. No children or ado-
lescents had diabetes at presentation, while 5 had developed
diabetes by follow-up as young adults.

MetS by traditional criteria over time

We evaluated the durability of MetS over time according
to traditional ATP-III criteria by comparing the prevalence
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TABLE 1. PARTICIPANT CHARACTERISTICS (N=285)
Adult follow-up
Child visit Visit
Age 13.3+£29 25.3+49
Male 111 (38.9%) 111 (38.9%)
White 188 (66.0%) 188 (66.0%)
ATP-IIT MetS 9 (3.2%) 40 (14.0%)
Income
<$15,000 — 111 (38.9%)
$15,001-$30,000 — 71 (24.9%)
>$30,000 — 68 (23.9%)
Unknown — 35 (12.3%)
MetS z-score —-0.3+£0.7 —0.6£0.9
Glucose 86.9+7.8 79.6x£11.9
HDL 50.0x11.2 473+£119
(In) Triglycerides 42+04 4.5+0.6
SBP 105.4%£10.5 111.2%£10.0
BMI-Z 04+1.2 —
Waist circumference — 86.4+£17.2
Uric acid — 46%1.5
n=280
Insulin — 13.9+14.1
n=274
HOMA-IR 29433
n=274

of MetS at baseline in childhood versus presence at follow-
up (Table 2). The prevalence of ATP-III MetS increased
between childhood and adulthood, being present in only 9
participants at baseline and 40 at follow-up. There was
notable lack of durability, in that three of the nine with MetS
at baseline no longer had MetS at follow-up. Overall in our
study of 285 patients, the sensitivity of baseline ATP-III
MetS in predicting early young adult MetS is 15.0%, while
the specificity was 98.8%.

MetS severity over time
MetS severity in childhood was low, with a mean of

—0.310.7 (Table 1). MetS severity in young adulthood was

TABLE 2. ATP-III METS PREVALENCE BETWEEN
CHILDHOOD AND YOUNG ADULTS

Childhood
Young adult
MetS
ATP-I11 z-scores ATP-I11
MetS? Mean MetS
status n (%) (95% CI) status n (%)
No 245 (86.0) -0.42 No 242 (98.8%)
(=0.50 to —0.33)

Yes 3(1.2)

Yes 40 (14.0) 0.35 No 34 (85.0)
(0.15-0.55)
Yes 6 (15.09

Presence of ATP-III MetS according to presence of >3 of the
following abnormalities: BMI z-score >1.645, fasting glucose
=100 mg/dL, fasting triglycerides =110mg/dL, HDL <40mg/dL
for males and <50 for females, and systolic or diastolic blood
pressure exceeding the 90th percentile for height, age, and sex.

PSpecificity of childhood ATP-III at predicting young adult ATP-III.

“Sensitivity of childhood ATP-III at predicting young adult ATP-III.
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very low —0.6%£0.9. These low MetS z-scores in young
adulthood are likely due to the participants’ relatively young
age of 20-37, whereas the z-score itself is based on US
adults age of 20-65 years, including older individuals with
age-related increases in metabolic abnormalities. Childhood
MetS z-scores were positively correlated with MetS z-scores
as young adults (r=0.522, P<0.001) (Fig. 1). This was true
for all sex- and racial subgroups, which ranged in r’s from
0.404 for black females to 0.726 for black males, all P<0.01
(Table 3). Because these MetS z-scores were originally
derived among adolescents aged 12-19 years, whereas the
analytic cohort is composed of children aged 5-19 years, we
also evaluated correlation between childhood MetS Z and
young adult MetS Z for children aged 5-11 years to assess
the validity of these scores in this age group. This r was
0.537, P<0.0001, demonstrating long-term validity, even in
this younger age group.

MetS severity versus insulin and uric acid

Childhood MetS severity z-scores correlated positively
with natural-log-transformed levels of young adult fasting
insulin (r=0.338, P<0.0001) (Fig. 1). This relationship
was very consistent across sex- and racial subgroups; cor-
relations ranged from 0.331 to 0.381 (all P <0.05) (Table 3).
Not surprisingly, cross-sectional association of young
adult MetS with young adult insulin was much higher than
for childhood MetS with young adult insulin (0.700,
P <0.0001). This association between young adult MetS
and insulin was very consistent across sex- and racial sub-
groups, with correlations ranging from 0.715 to 0.770 (all
P <0.0001). Results were similar in evaluating HOMA-IR
(Fig. 1 and Table 3).

Childhood MetS z-scores were significantly correlated with
young adult levels of uric acid (r=0.283; P<0.0001) (Fig. 1).
In comparing subpopulations organized by sex and race, the
same relationship held true that childhood MetS z-scores were
positively correlated with young adult uric acid levels, and
these correlations were statistically significant for all groups
except for white males (Table 3). As expected, cross-sectional
correlation between young adult MetS severity and uric acid
was relatively higher (r=0.565, P<0.0001) compared to
longitudinal correlation; this correlation was weakest in white
males (r=0.428, P=0.0003) and strongest in black males
(r=0.708, P<0.0001) (Table 3).

In sensitivity analyses, none of the long-term associations
between MetS severity (childhood or young-adult) and
young adult levels of insulin, HOMA-IR, or uric acid was
affected by restricting the analysis to those with =5 years
follow-up interval (data not shown).

Discussion

While childhood MetS as assessed using classical criteria
has been established to be correlated with future CVD and
T2DM,*® we found, as has been previously reported,”°
that there was overall low durability of ATP-III MetS be-
tween childhood and young adulthood, with 33% of indi-
viduals with childhood MetS (n=9) reverting to no-MetS
(n=3) over an interval of 12 years. By contrast, we found
a relatively high correlation of a MetS severity z-score
between childhood and young adulthood in this biracial
cohort—as had been suggested previously for individual
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components27 and ATP-III MetS criteria.® Furthermore,
MetS z-scores were correlated with future levels of surrogate
markers of processes associated with MetS, including fasting
levels of insulin as a surrogate of insulin resistance and uric
acid as a biomarker of oxidative stress. This study was par-
ticularly unique in demonstrating (1) long-term associations
between childhood MetS and later oxidative stress, (2) long-
term associations between childhood MetS z-scores among
children aged 5-11 years, for which the MetS z-score was not
previously validated, and (3) the strength of associations by
sex- and racial subgroup. These long-term connections sug-
gest either shared persistent underpinnings of obesity and
unhealthy lifestyle practices and/or genetic tendencies toward
insulin resistance, oxidative stress, and MetS. Whichever be
the cause of these connections, we noticed not surprisingly
that adult MetS severity, in cross-sectional analysis, was even
more closely linked. Overall, these data support a durable
state of elevated MetS severity and other pathophysiological
processes between childhood and young adulthood, suggest-
ing utility in screening for MetS severity during childhood

to trigger earlier intervention and prevention of CVD and
T2DM.

In considering the strength of associations between fac-
tors, it is perhaps not surprising that the strongest association
was between childhood MetS severity and young adult MetS
severity, suggesting that whatever processes drive the ab-
normalities in MetS may be similar within individuals and
persist over time.® The next strongest longitudinal asso-
ciation was between childhood MetS and future fasting
insulin, as we had noted in a prior cohort.' Since its original
description, MetS has been associated with insulin re-
sistance.?® This concept is further confirmed by the strong
cross-sectional association between young adult MetS se-
verity scores and insulin. The longitudinal associations be-
tween childhood MetS severity and young adult uric acid
were the weakest as were the young adult cross-sectional
association with uric acid,® potentially underscoring either
that not all elevations in uric acid are related to oxidative
stress or that oxidative stress is one of the multiple processes
that contribute to MetS."”
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TABLE 3. CHILDHOOD AND YOUNG ADULT CORRELATIONS WITH YOUNG ADULT:
METS, INSULIN, AND URIC AcCID BY SEX AND RACE
Overall White males White females Black males Black females
Childhood MetS z-score®
MetS z-score N=285 N=68 N=120 N=43 N=54
0.522 0.436 0.541 0.726 0.404
P <0.0001 P=0.0002 P <0.0001 P <0.0001 P=0.0024
N=274 N=66 N=114 N=42 N=52
0.338 0.356 0.331 0.334 0.381
P<0.0001 P=0.0033 P=0.0003 P=0.0304 P=0.0053
N=274 N=66 N=114 N=42 N=52
0.268 0.453 0.349 0.304 0.183
P<0.0001 P=0.0001 P=0.0001 P=0.0500 P=0.1950
N=280 N=67 N=119 N=40 N=54
0.283 0.145 0.351 0.544 0.312
P<0.0001 P=0.2432 P <0.0001 P=0.0003 P=0.0215
Young adult MetS z-score”
N=274 N=66 N=114 N=42 N=52
0.7000 0.741 0.770 0.715 0.729
P<0.0001 P <0.0001 P <0.0001 P <0.0001 P <0.0001
N=274 N=066 N=114 N=42 N=52
0.557 0.665 0.723 0.686 0.558
P<0.0001 P <0.0001 P <0.0001 P <0.0001 P <0.0001
N=280 N=67 N=119 N=40 N=54
0.565 0.428 0.646 0.708 0.5000
P<0.0001 P=0.0003 P <0.0001 P <0.0001 P=0.0001

“Longitudinal correlations between childhood MetS z-scores and young adult z-scores, natural-log-transformation of fasting insulin
levels, and uric acid levels with results shown in r values by subgroups of sex and race/ethnicity.

Cross-sectional correlations between young adult z-scores and natural-log-transformation of fasting insulin levels, as well as uric acid
levels with results shown in r values by subgroups of sex and race/ethnicity.

HOMA-IR, homeostasis model of insulin resistance.

The MetS severity z-scores that we used were derived by
sex and racial subgroup because of prior data suggesting
differences in how MetS manifests in various popula-
tions.**>" In particular, non-Hispanic black males are clas-
sified as having MetS at a lower rate compared to other
subgroups®? despite having high risk for T2DM>* and death
from CVD*—two outcomes heavily associated with MetS.
In analyzing the data by sex and race in the current study,
childhood MetS z-scores were significantly correlated with
young adult MetS in each of the sex- and racial subgroups,
with the highest degree of association interestingly being
among black males. Among the four sex- and racial sub-
groups, there was a remarkable homogeneity of strength of
association of longitudinal associations of childhood MetS
severity and later insulin (all groups with »’s around 0.35)
and of cross-sectional associations of young adult MetS
severity and insulin (all groups with r’s around 0.72). This
supports the theory that the MetS severity score operates
similarly as an estimate of underlying insulin resistance for
each group.

We did notice a difference by sex- and racial subgroup
in correlations between MetS severity and uric acid with
significant longitudinal associations among white females,
black males, and black females. By contrast, among white
males, uric acid levels were poorly correlated with child-
hood MetS z-scores and less associated with adult MetS
z-scores compared to those of the other subgroups. This was
in some ways surprising because in a prior cross-sectional
study using NHANES data, we found that while white male
adolescents had the highest levels of uric acid of all sex- and

racial subgroups, they also had the tightest link between
ATP-III MetS and uric acid.'” Another study showed a
relative lower degree of correlation between uric acid levels
and MetS-associated variables for non-Hispanic white fe-
males compared to that of non-Hispanic white males.*®
However, we had not previously evaluated linear associa-
tions between MetS severity z-scores on a sex- and race/
ethnicity basis and will need to evaluate this more closely in
other cohorts to assess whether this lower association among
white males and uric acid levels is seen elsewhere.
Limitations to these analyses include study exclusion
criteria. We lacked childhood HDL cholesterol levels
among a large majority of Bogalusa Heart Study partici-
pants, limiting our ability to assess childhood MetS severity
to a relatively small analytic sample. However, we did not
note overall differences in associations with adult MetS
severity scores, insulin levels, or uric acid levels among
those with and without childhood HDL measures, sug-
gesting that the lack of HDL measures did not affect these
relationships. In addition, we lacked data regarding use of
medications that may have affected fasting insulin, lipids,
or inflammatory processes at the time of collecting blood
samples during follow-up and may have influenced the re-
lationships that we noted. Finally, we were unable to de-
termine whether incident diabetes between childhood and
adulthood (n=5) reflected Type 1 or Type 2 diabetes. While
we assume these diabetes cases to have been predominantly
Type 2 in nature, we note that any cases of Type 1 diabetes
by adulthood may bias us against finding associations between
young childhood MetS z-scores and adult MetS z-scores, as
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we would not have necessarily expected high childhood
MetS z-scores among individuals who later developed
autoimmune Type 1 diabetes. However, this study also had
several strengths, including longitudinal follow-up with a
mean of 12.0 years of a biracial cohort with data on cur-
rent metabolic states.

In conclusion, we found persistent longitudinal correla-
tions between childhood MetS severity and later measures
of insulin resistance and oxidative stress. These data and
others support the potential for childhood MetS z-scores to
be used as an indicator for future risk of atherosclerotic
disease and T2DM. Future longitudinal studies should in-
clude determination of thresholds of metabolic risk based on
childhood MetS severity and assessment of whether lifestyle
changes and/or medication use among individuals with
higher childhood MetS z-scores alter their long-term CVD
and T2DM risk profile.
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