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Abstract

Background and Objectives—The presence of metabolic syndrome (MetS) in childhood is a
significant risk factor for later cardiovascular disease (CVD). Recent data showed temporal
decreases in a sex- and race/ethnicity-specific MetS severity z-score among U.S. adolescents. Our
goal was to characterize the relationship of this MetS z-score with other CVD risk indicators and
assess their temporal trends and lifestyle influences.

Methods—We analyzed 4837 participants aged 12—20 years from the National Health and
Nutrition Examination Survey by 2-year waves from 1999-2012. We used linear regression to
compare MetS z-score and dietary factors with serum levels of low-density lipoprotein (LDL),
apolipoprotein-B (ApoB), high-sensitivity C-reactive protein (hsCRP) and uric acid.

Results—MetS severity z-score was positively correlated with LDL, ApoB, hsCRP, and uric acid
measurements (p<0.0001 for all). These correlations held true among individual racial/ethnic
groups. LDL, ApoB, and hsCRP measurements decreased over time among U.S. adolescents
(p=0.002, p<0.0001, p=0.024 respectively). Saturated fat consumption was positively correlated
with LDL (p=0.005), ApoB (p=0.012), and inversely related to serum uric acid (p=0.001). Total
calorie intake was inversely related to LDL (p=0.003) and serum uric acid (p=0.003). Unsaturated
fat, carbohydrate, and protein consumption were not related to LDL, ApoB, hsCRP, or serum uric
acid.

Conclusions—There is a positive correlation between MetS severity and all four CVD risk
indicators studied. LDL, ApoB, and hsCRP showed favorable temporal trends, which could be
related to similar trends in MetS z-score. These data support the importance of considering
multiple inter-related factors in clinical CVD risk assessment.
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Introduction

The metabolic syndrome (MetS) is a cluster of clinical abnormalities characterized by:
increased waist circumference (or increased BMI zscore in pediatrics), elevated blood
pressure, hypertriglyceridemia, hyperglycemia, and low HDL cholesterol [1-3]. MetS has
traditionally been defined based on abnormalities in at least three of these topics. The
presence of MetS in childhood is a significant risk factor for developing cardiovascular
disease (CVD) in adulthood [4-6]. The MetS Severity Score (MetS z-score) was developed
as a continuous score to assess severity of metabolic derangement and account for sex and
racial/ethnic differences in MetS [7-10]. We recently demonstrated that in adults this MetS
Severity Score remained a significant predictor of future coronary heart disease, even in
models that included all of the individual components of MetS—suggesting that MetS was
indeed worth more than the sum of its parts [11].

Childhood manifestations of CVD are rare; however, the pathogenesis can begin in
adolescence [12-14]. Thus, it is a priority to characterize possible risk indicators in young
patients. It has been previously shown that elevated childhood MetS z-score correlates with
increased risk of adulthood CVD and type 2 diabetes mellitus (T2DM)[15-17]. Additionally,
the MetS z-score had been shown to correspond with abnormalities in serum uric acid and
high-sensitivity C-reactive protein (hsCRP) measurements in adolescents, which are
considered CVD risk indicators, though this was only performed in the population sample
from which the MetS z-score was derived and has not been further confirmed among
additional adolescents [7]. Low-density lipoprotein cholesterol (LDL) and apolipoprotein-B
(ApoB) are additional CVD risk indicators [2, 18]; it remains unclear how these relate to the
severity of MetS.

We recently reported that the MetS z-score declined among U.S. adolescents from 1999-
2012, and this change was correlated with decreasing total calorie consumption, decreasing
carbohydrate consumption, and increasing unsaturated fat consumption [19]. The goals of
the current project were to 1) assess whether MetS severity correlated with these additional
markers of CVD risk, 2) analyze whether these markers exhibited a similar decrease over the
same study period and 3) assess for whether these other CVD risk markers were associated
with dietary changes, as MetS severity had been. We hypothesized that elevated MetS z-
scores would correspond with higher levels of LDL, ApoB, uric acid and hsCRP
measurements in adolescents. We subsequently hypothesized that those CVD biochemical
risk indicators would also show a decreasing temporal trend and would be related to dietary
trends. Such links between CVD risk factors may have implications for the MetS z-score as
an overall metabolic health marker and societal trends of other biochemical markers more
specifically related to CVD risk.

Material & Methods

We examined participant data from the Centers for Disease Control and Prevention National
Health and Nutrition Examination Survey (NHANES 1999-2012). NHANES is a national,
stratified, multistage probably, cross-sectional survey conducted in two-year waves,
recruiting randomly-selected non-institutionalized U.S. civilians. Racial/ethnic minority
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groups and those at or below 130% of the federal poverty level were oversampled.
Calculated sample weights accounted for this oversampling in addition to correcting for
different response rates among groups to ensure nationally representative estimates. The
National Center for Health Statistics ethics review board approved this study. Laboratory
and clinical measurements were obtained using controlled equipment and protocols [20].

The protocols for obtaining measurements for MetS assessment have been previously cited
[19, 21, 22]. Fasting blood samples were obtained from participants who attended the
morning session at CDC NHANES mobile examination centers. HDL was measured by
direct immunoassay. Fasting glucose was measured using an enzyme linked hexokinase
method. Triglycerides measurement used a timed-endpoint method. BMI z-scores were
calculated in accordance with the U.S. CDC 2000 growth reference adjusting for age and sex
[23]. Elevated blood pressure (BP) was defined as systolic or diastolic BP exceeding the 90t
percentile for sex, age, and height [24]. MetS z-score was calculated using the Pediatric
MetS z-score (http://mets.health-outcomes-policy.ufl.edu/calculator/) [7].

The biochemical CVD markers of interest were measured in accordance with CDC
NHANES protocol [20]. LDL was calculated according to the Friedewald calculation. ApoB
was measured with an immunochemical light spectrometry method. Serum uric acid was
measured with a timed-endpoint method. High-sensitivity CRP was quantified with latex-
enhanced nephelometry; levels of hsCRP were only available for 1999-2010.

Dietary intake and physical activity were determined as previously cited [19]. Dietary intake
was determined from a 24-hour food recall administered by trained dietary interviewers
using a 4-step multi-pass approach on examination day at the mobile examination centers.
Data was processed and coded based on individual foods and portion sizes to determine
specific nutrient intake in accordance with the U.S. Department of Agriculture’s National
Nutrient Database for Standard Reference [25]. Food group consumption was reported as
percentage of total calories accounted for by specific food group [26]. The equations were:
% total energy from carbohydrates = (4 * grams of carbohydrates)/total calories, % total
energy from fats (saturated or unsaturated) = (9 * grams of fat)/total calories, and % total
energy from protein = (7 * grams of protein)/total calories.

Additionally, we used Food Frequency Questionnaire data from 2003-2006 and 2009-2010
(years for which data was made available) to assess intake of high fructose foods. NHANES
participants were questioned on how often they ate a specific food. High fructose foods
included juices, sugar sweetened beverages, and desserts such as cookies and ice cream [27].
Notably this questionnaire did not include information about serving sizes. These data were
compiled to create a daily frequency of high fructose foods consumption. This value was
then log transformed given the skewed distribution.

From 2007-2012, physical activity was assessed as weekly minutes of moderate to vigorous
physical recreational activity. Participants were initially asked if they participated in any
moderate to vigorous-intensity sports, fitness, or recreational activities. If they answered yes,
they were further questioned how many minutes per typical day they do these activities.

Metabolism. Author manuscript; available in PMC 2018 April 01.


http://mets.health-outcomes-policy.ufl.edu/calculator/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

Results

Page 4

Participants were excluded due to the following conditions that may introduce confounding
factors in correlating their MetS z-score with biochemical CVD markers: non-fasting status
(n=993), pregnancy (n=242), active hepatitis-B infection (n=8), physician diagnosed
diabetes (n=66), or current use of antidiabetic or antihyperlipidemic medication (n=42).
Participants taking antihypertensives (n=69) were not excluded, but instead classed as
having elevated BP.

Statistical significance was defined as P<0.05. Statistical analysis was performed using SAS
(version 9.4, Cary, NC). Survey procedures were used to account for the NHANES survey
design and obtain population-based estimates. Linear regression was used to create models
correlating the different CVD indicators with MetS z-score. Initial comparison of MetS and
CVD factors was unadjusted to generate Pearson’s r for these relationships. Subsequent
linear regression analysis adjusted for age, sex, and race/ethnicity. To compare between
CVD risk factors for associations with MetS severity, each factor was standardized before
performing linear regression. Natural log transformation of hsCRP levels was performed to
achieve normality. Linear regression was used to estimate quantitative measurements means
across each NHANES period and assess temporal linear trends. Analyses of dietary factors
with risk of CVD indicators were unadjusted to yield Pearson’s R values for each
relationship.

We examined data from 4837 adolescent NHANES participants age 12—20 years who met
the inclusion/exclusion criteria described above. Of these, there were 1428 non-Hispanic
whites, 1483 non-Hispanic blacks, and 1895 Hispanics. The sample was 51.7% male. Mean
age was 16.0 years. Detailed breakdown of participant demographics across each NHANES
wave is reported in Table 1.

CVD risk factors: correlation with MetS z-score and time

Linear regression analysis showed that the MetS z-score was significantly positively
correlated for all 4 biochemical CVD risk markers analyzed: LDL, ApoB, CRP, and uric
acid (Figure 1). This was true in unadjusted analyses (Figure 1), as well as following for
adjustment for age, sex, and race/ethnicity (Table 2), and was true in each of the three
specific racial/ethnic groups analyzed individually (Table 2). There was a significant MetS —
race/ethnicity interaction for both ApoB and LDL, with levels highest in Hispanic and non-
Hispanic white participants.

Temporal trends in LDL, ApoB, CRP, and uric acid are reported in Figure 2. Mean LDL
measurements were 94.44 mg/dL in 1999-2000 and 90.36 mg/dL in 2011-2012. Linear
regression analysis showed LDL measurements decreased from 1999-2012 (p=0.002).
ApoB data was available starting with the 2005-2006 wave of NHANES. Mean ApoB
measurements were 76.91 mg/dL in 2005-2006 and 69.02 mg/dL in 2011-2012. Linear
regression analysis showed ApoB measurements decreased from 2005-2012 (p<0.0001).
hsCRP data for the 2011-2012 wave of NHANES were not yet available. Mean hsCRP
measurements were 0.18 mg/dL in 1999-2000 and 0.12 mg/dL in in 2009-2010. Linear
regression analysis showed hsCRP measurements decreased from 1999-2010 (p=0.024).
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There were no significant temporal linear trends in serum uric acid measurements. Racial/
ethnic variations in these temporal trends are reported in Table 3.

CVD risk factors: correlation with lifestyle variables

We subsequently investigated if these trends in CVD risk indicators could be related to our
previously-reported findings on temporal nutrition trends. We had previously reported trends
of decreasing total calorie consumption, decreasing carbohydrate consumption, increasing
unsaturated fat consumption, increasing protein consumption, no trends in saturated fat
consumption, and no trends in weekly minutes of moderate to vigorous physical recreational
activity [19].

While LDL was negatively correlated with total calorie consumption (kCal) (p=0.003) and
positively correlated with saturated fat consumption (p=0.005) the Pearson’s R values for
these relationships were low (Pearson’s R: —0.136 and 0.125, respectively), demonstrating a
weak association. LDL was not significantly correlated with unsaturated fat consumption,
carbohydrate consumption, protein consumption, and total weekly minutes of recreational
physical activity (data not shown).

ApoB was significantly correlated with saturated fat consumption (Pearson’s R: 0.201,
p=0.012). ApoB was not significantly correlated with total calorie consumption, unsaturated
fat consumption, carbohydrate consumption, protein consumption, and total weekly minutes
of recreational physical activity (data not shown).

Serum uric acid was significantly inversely correlated with total calorie consumption
(Pearson’s R: —0.522, p=0.003) and saturated fat consumption (Pearson’s R: —0.523,
p=0.001). Serum uric acid was not correlated with unsaturated fat consumption,
carbohydrate consumption, protein consumption, and total weekly minutes of recreational
physical activity (data now shown).

hsCRP was not correlated with total calorie consumption, unsaturated fat consumption,
saturated fat consumption, carbohydrate consumption, protein consumption, and total
weekly minutes of recreational physical activity (data not shown).

Frequency of high fructose food consumption was able to be calculated for 1116 adolescent
NHANES participants for whom food frequency questionnaire data were available.
Frequency of high fructose food consumption was not associated with any of the CVD risk
markers when controlling for race/ethnicity, age, sex, and total caloric intake (data now
shown).

Discussion

MetS has been associated with a variety of negative health outcomes such as T2DM and
CVD [4-6]. Recent studies showed that patients who developed CVD and T2DM earlier in
adulthood had higher childhood MetS z-scores than individuals who developed disease later
or not at all [15, 16, 28], and these z-scores are associated with coronary heart disease
independent of the individual MetS components [11]. Given that mechanisms of CVD
pathogenesis can begin in adolescence [12-14], it is an important priority to characterize and
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assess future-CVD risk factors in pediatric patients. The recently-developed MetS z-score is
a promising tool for assessing and tracking CVD risk longitudinally [7-9].

MetS is thought to be related to inflammatory processes and oxidative stress that are linked
to underlying adipocyte cellular dysfunction [29, 30]. Thus, it is unsurprising that our data
shows that the MetS z-score is correlated with serum uric acid and hsCRP measurements,
which is consistent with previous studies [7, 8]. LDL and ApoB are significant CVD risk
indicators with clear lifestyle influences and other associations with adipocyte abnormalities
[31, 32], but have not been considered part of MetS largely in part due to their genetic
variability [7, 33-35]. There has been a calling for the use of multiple indices to assess CVD
risk, including ApoB, which has been proposed as a more sensitive and reliable index of
CVD risk than LDL [2, 31, 36-38]. We showed that the MetS z-score was correlated with
both of these indices of CVD risk—potentially because of overlapping underlying
pathogenesis[39]. In addition, we showed that the correlations of the MetS z-score with all 4
of these measurements were true across multiple racial/ethnic groups: non-Hispanic white,
non-Hispanic black, and Hispanic. Previous criteria for defining MetS did not account for
racial/ethnic differences in MetS and resulted in under-diagnosis in non-Hispanic blacks [7,
40-45]. This, along with the limitations of using a binary definition of MetS, limited the
usefulness of MetS as a health risk indicator [7, 46].

Our findings contribute to our hypothesis that the MetS z-score could be useful clinically to
assess CVD risk in adolescents across different racial/ethnic groups. LDL screening is
currently recommended for all children, largely to detect those with familial
hypercholesterolemia [47]. Even though it is rare for adolescents to present clinical
symptoms of CVD, elevations in MetS z-score could additionaly indicate the need to
evaluate CVD risk indices such as ApoB, hsCRP, and serum uric acid. It was previously
shown that childhood elevations in MetS z-score correlated with development of CVD and
T2DM in adulthood [15, 16]. Thus, the MetS z-score not only reflects present clinical CVD
risk, it also correlates with longitudinal risk. The MetS z-score could be a valuable tool for
clinicians to track the severity of metabolic derangement, serve as an indicator for the need
to assess additional CVD risk indices, and understand future adverse-outcome risk in young
patients.

We were interested in how lifestyle factors associated with LDL, ApoB, hsCRP, and serum
uric acid correlated with their temporal trends. We had previously shown that the MetS z-
score declined in U.S. adolescents from 1999-2012 [19]. This appeared to be related to
changing dietary patterns, specifically with decreased intake of carbohydrate and increased
intake of unsaturated fat [19]. Given that we showed that LDL, ApoB, CRP, and serum uric
acid were all correlated with the MetS z-score, we investigated if these measures showed
corresponding trends. Previous studies had shown that LDL levels had decreased between
1999 and 2012 among U.S. adolescents [48]. Our data were consistent with those previous
findings. We also showed that in conjunction with the decreasing LDL levels, ApoB and
hsCRP measurements were decreasing among U.S. adolescents. While trends in these
factors may have been due to lower MetS z-scores over time, we recognized that these
improvements may also have been related to the changing dietary patterns. Nevertheless,
dietary recall carries lower accuracy than observed ingestion or diary documentation [49],
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leaving uncertain whether these relationships were representative of the US population. LDL
and ApoB were both positively correlated with saturated fat consumption. However, hsCRP

was not associated with any of the dietary factors. This suggests that the decreasing trend in

hsCRP could be more strongly related to the declining severity of metabolic derangement in
U.S. adolescents.

Despite longstanding evidence of higher rates of CVD in countries consuming higher
saturated fat, recent studies suggested a lack of conclusive evidence associating dietary
saturated fat consumption with increased CVD risk [50, 51]. However, there exists a plethora
of data showing replacement of dietary saturated fat with unsaturated fat results in favorable
lipid profile changes [52-54]. We previously showed that there were no temporal trends in
saturated fat intake but an increase in unsaturated fat intake among U.S. adolescents from
1999-2012 [19]. LDL, ApoB, and CRP measurements showed decreasing trends in the last
decade while not being correlated with unsaturated fat intake. Overall, this raises the
possibility that these temporal changes may be related less to dietary changes and more to
the temporal improvements in MetS z-score—or potentially to additional unmeasured
confounders.

The finding that serum uric acid and saturated fat consumption are inversely related was
surprising and the reason for this is unclear. Previous data suggested that serum uric acid
was more directly related to purine-rich foods intake [55]. Another interesting finding is that
serum uric acid and LDL are inversely related to total calorie consumption. This may be due
to the phenomenon of reverse causality [19, 56, 57]. Participants conscious of their increased
risk for metabolic abnormalities may be more conscious of their total calorie intake. These
data are also subject to potential recall or response bias such as under-reporting total calorie
intake. It should be noted that while we did not find associations between physical activity
levels and these factors, our ability to assess physical activity was also limited, given that
NHANES did not have a consistent means of estimating physical activity from the entire
study period 1999-2012. Moreover, the physical activity data to which we did have access
are subject to the same bias and limitations as the dietary recall data [58].

We noted overall low R-squared values in correlating MetS z-score with the CVD risk
markers. It is important to consider that there are many factors contributing to the different
CVD risk markers in addition to the MetS z-score. This is especially true with LDL, as
genetics play an important role in variations in serum levels [33-35]. However, the strong
positive correlation of the MetS z-score with multiple CVD risk factors and longitudinal data
corresponding MetS z-score to CVD development [16] warrants the consideration of the
MetS z-score for clinical use in CVD risk assessment, for example through a calculator as
part of the electronic medical record.

This study was limited in our ability to assess correlations of the changes in CVD risk
indices with physical activity measures. We had previously reported on the limitations of
NHANES physical activity data, notably that a consistent measurement was only initiated in
2007 [19]. We were additionally limited in by the following measures of CVD risk: 1) ApoB
data was not collected until starting in 2005; 2) hsCRP data for 2011-2012 was not yet
available; 3) LDL particle size was not assessed; 4) other important CVD risk markers were
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not measured, including steatosis and vascular plaque burden. Dietary pattern assessment
was limited by its dependence on participant recall accuracy and by a lack of differentiation
between sub-types of nutritional foods (e.g., mono- vs. poly-unsaturated fats and whether
these came from fish vs. plant sources). High fructose food intake frequency was
unassociated with CVD risk markers in this study, but high fructose intake has been
previously associated with CVD risk factors [27, 59]. Because the NHANES questionnaire
did not assess serving size, we were limited in that we were unable to estimate total fructose
intake, which may have revealed associations with CVD risk markers. We were unable to
account for some medications (e.g. non-steroidal anti-inflammatory drugs and oral
contraceptive pills) that may have affected how MetS interacts with CVD risk. We also
lacked data regarding pubertal stage, which is likely important given that during
adolescence, advancing pubertal stage is associated with a transient decrease in LDL level
but an increase in insulin resistance [60]. Nevertheless, all of our analyses were adjusted for
age to help account for these changes. Additionally, NHANES is a cross-sectional study and
we were not able to assess causality between the relations between MetS severity, dietary
factors, and the CVD indices of interest.

Conclusions

We showed that elevations in the MetS severity correlated with higher LDL, ApoB, hsCRP,
and uric acid measurements in adolescents. This supports the potential for this MetS z-score
to be integrated into clinical practice as an additional measure for tracking overall health and
CVD risk in adolescent patients. LDL, ApoB, and hsCRP also showed decreasing temporal
trends, which were correlated with concurrent improvements in MetS z-score. This suggests
improvements in metabolic health among U.S. adolescents, which might be attributable to
increased health consciousness and public health efforts. Overall, these findings support the
need for continued efforts to investigate use of MetS severity as a potential health marker,
along with continued efforts to combat the obesity epidemic and its associated adverse
outcomes.
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Highlights

The severity of the metabolic syndrome was highly correlated with LDL,
ApoB, uric acid and CRP.

The relationship between MetS and LDL and ApoB was strongest in Hispanic
adolescents.

LDL, ApoB and CRP levels in US adolescents have improved overall since
1999.

Regarding dietary influence on CVD risk factors, LDL and ApoB were
related to saturated fat intake.
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Figure 1. The MetS Z-score is significantly correlated with CVD risk indicators in U.S.
adolescents

Regression line is shown with 95% confidence bands shaded in. Scatterplots shown were
generated from a random sub-sample of the analytic cohort for a more interpretable visual
representation. The MetS Z-score was significantly correlated with all 4 biochemical
markers analyzed.
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Figure 2. Metabolic health marker measurements show varying temporal trends from 1999-2012
Individual means and 95% confidence interval bars are shown for each sampling period.

Regression lines are shown with 95% confidence bands shaded. P-values are reported for
non-zero trends. For prevalence values, slope is reported as change in percentage per
sampling period. For measurements, slope is reported as change in measurement unit per
sampling period. There were significant decreasing trends of low HDL and
hypertriglyceridemia prevalence. There were significant decreasing trends in MetS Z-score
and fasting plasma triglycerides. There were significant increasing trends in BMI Z-score
and HDL.
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Racial/ethnic variations in the correlations between the MetS Z-score and biochemical
markers

The MetS Z-score was significantly correlated with all 4 biochemical markers analyzed in non-Hispanic white,
non-Hispanic black, and Hispanic adolescents.

Correlation of MetS Z-score to biochemical health markers

Number  Standardized Slope (95% CI)  R-squared
Overall Apolipoprotein-B 7 2200 8.20 (6.64,9.76) 0.142
Log (C-Reactive Protein) 4394 0.65 (0.59, 0.70) * 0.199
Uric Acid 4819 0.55 (049, 0.61) * 0.392
LoL 7 4786 7.77(6.21,9.32) " 0.064
Non-Hispanic White  Apolipoprotein-B 696 7.81(5.37, 10.25)° 0.089
Log (C-Reactive Protein) 1297 0.63 (0.54,0.72) " 0.203
Uric Acid 1432 0.71 (0.62, 0.81) 0.213
LDL 1416 751 (5.12, 9.90) 0.046
Non-Hispanic Black  Apolipoprotein-B 653 4.82 (2.83, 6.81) * 0.041
Log (C-Reactive Protein) 1318 0.75 (0.63, 0.86) * 0.226
Uric Acid 1482 0.47 (0.39, 0.56) * 0.107
LDL 1477 5.42 (3.30, 7.54) * 0.025
Hispanic Apolipoprotein-B 851 10.8 (8.7, 13.0) 0.230
Log (C-Reactive Protein) 1779 0.08 (0.06, 0.10) * 0.021
Uric Acid 1905 0.57 (048, 0.66) * 0.160
LDL 1893 8.80 (7.14, 10.46) * 0.085
*
P<0.001

fSignificant MetS x race/ethnicity interaction
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Table 3
Racial/ethnic variations in the temporal linear trends of biochemical markers

There were racial/ethnic variations in the temporal trends of the different biochemical markers.

Temporal trends in biochemical markers from 1999-2012

Estimated Slope (95% CI)  P-value

Non-Hispanic White  apolipoprotein-B -2.82(-4.22,-1.42) 0.0002
C-Reactive Protein ** -0.01 (-0.02, 0.00) 0.200
Uric Acid 0.02 (-0.020, 0.06) 0.336
LDL -0.58 (-1.27,0.11) 0.097
Non-Hispanic Black  apolipoprotein-B -2.00 (-3.57, -0.43) 0.013
C-Reactive Protein ™ ~0.02 (-0.03, 0.00) 0.018
Uric Acid -0.01 (-0.04, 0.03) 0.791
LDL -1.21(-2.01, -0.41) 0.004
Hispanic Apolipoprotein-B -2.50(-3.92,-1.12) 0.0006
C-Reactive Protein 0.00 (-0.02, 0.01) 0.776
Uric Acid -0.01 (-0.05, 0.03) 0.610
LDL -0.52 (-1.25, 0.22) 0.166

Data were available from 2005-2012.

*:

A
Data were available from 1999-2010.
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