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Abstract

Background—Carotid intima-media thickness (cIMT) is associated with CV events in adults.
Thicker cIMT is found in youth with CV risk factors including obesity. Which risk factors have
the most effect upon cIMT in youth and whether obesity has direct or indirect effects is not
known. We used structural equation modeling to elucidate direct and indirect pathways through
which obesity and other risk factors were associated with cIMT.

Methods—We collected demographics, anthropometrics and laboratory data on 784 subjects age
10-24 years (mean 18.0 £ 3.3 years). Common, bulb and internal carotid cIMT were measured by
ultrasound. Multivariable regression analysis was performed to assess independent determinants of
cIMT. Analyses were repeated with structural equation modeling to determine direct and indirect
effects.

Results—Multivariable regression models explained 11%-22% of variation of cIMT. Age, sex
and systolic blood pressure (BP) z-score were significant determinants of all cIMT segments.
Body mass index (BMI) z-score, race, presence of type 2 diabetes mellitus (T2DM), hemoglobin
Alc (HbAlc) and non-HDL were significant for some segments (all p=0.05). The largest direct
effect on cIMT was age (0.312) followed by BP (0.228), Blood glucose control (0.108) and non-
HDL (0.134). BMI only had a significant indirect effect through blood glucose control, BP & non-
HDL. High sensitivity C-reactive protein (CRP) had a small indirect effect through blood glucose
control (all p=0.05).

Conclusions—Age and BP are the major factors with direct effect on cIMT. Glucose and non-
HDL were also important in this cohort with a high prevalence of T2DM. BMI only has indirect
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effects, through other risk factors. Traditional CV risk factors have important direct effects on
cIMT in the young, but adiposity exerts its influence only through other CV risk factors.
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Introduction

Methods

Population

Risk-factor related increase in carotid intima-media thickness (cIMT) is associated with
cardiovascular (CV) events in adults. (1) Strong evidence links CV risk factors measured in
childhood (12 years of age and younger) with increased cIMT in adulthood. (2) Emerging
data suggest that carotid thickening occurs as early as adolescence in high risk youth. (3)
Which risk factors have the strongest association with cIMT in children and adolescents is
less clear, with some studies suggesting blood pressure (BP), (4) others obesity, (5) or lipids
having the most influence. (6) In this study, we sought to examine the pathways by which
risk factors influence cIMT in adolescents and young adults (older than 18 years). Due to the
complexity of the relationships between these risk factors, we applied structural equation
modeling to estimate biologically plausible pathways through which CV risk factors were
associated with increased cIMT. Structural equation modeling (SEM) is an extension of the
general linear model taking into account the modeling of independent and correlated errors.
In SEM, ‘latent’ variables are derived by modelling groups of measured variables (i.e.
‘intelligence’ cannot be directly measured but might be inferred from a set of cognitive
function tests). This is performed where direct measurement of the variable may be prone to
error. SEM adjusts for the error in the latent variable resulting in more unbiased estimates
for the relations between all the variables as compared to general linear models. In addition
to assessing direct associations between dependent and independent variables, SEM also
allows for assessment of mediation and moderation (indirect associations through other
factors).

The population was drawn from the baseline examination of an ongoing longitudinal study.
This study was designed to compare and contrast the effects of obesity and type 2 diabetes
mellitus (T2DM) on the CV system. (3) All subjects age 10-24 years with T2DM (N=253)
were eligible. Subjects with T2DM were matched by age, race and sex to an obese control
(BMI =95th percentile, N=256) proven non-diabetic by oral glucose tolerance test, and a
lean control (BMI < 85th%, N=275). Mean age of the cohort was 18.0 £+ 3.3 years. The
diagnosis of type 2 diabetes was based on the American Diabetes Association criteria. (7, 8):
the participants had fasting plasma glucose levels =126 mg/dl or symptoms of
hyperglycemia and random plasma glucose =200 mg/dl, or 2-hr plasma glucose =200 mg/dl
during an oral glucose tolerance test. Written informed consent was obtained from subjects
>18 years old or the parent or guardian for subjects <18 years old according to Institutional
Review Board at Cincinnati Children’s Hospital guidelines, in accordance with the
Declaration of Helsinki.
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Measurements

Demographics and anthropometric data were collected and fasting blood for glucose,

insulin, lipids, high sensitivity C-reactive protein (CRP) and hemoglobin Alc (HbAlc) were
drawn after a 10-hour overnight fast. The mean of 2 measures of height and weight were
obtained with a calibrated stadiometer (Veeder-Rood, Elizabethtown, NC) and an electronic
scale (Health-O-Meter, model 770; SECA, Hanover, MD). The mean of 2 measures of blood
pressure was obtained with a mercury Sphygmomanometer (W. A. Baum Co., Inc.,
Copiague, NY) according to the standards of the Fourth Report on Blood Pressure Control in
Children. (9) The fifth Korotokoff phase was designated as diastolic BP. Laboratory
techniques and reproducibility data have been published previously. (3) Coefficient of
variation for repeat measures of SBP were 1.9% and for DBP 4.1%. Assays of fasting
plasma lipids (total cholesterol, low-density lipoprotein cholesterol concentration (LDL),
high density lipoprotein concentration (HDL) and triglycerides) were carried out in a
laboratory that is National Heart, Lung, and Blood Institute/Centers for Disease Control and
Prevention standardized. LDL was calculated using the Friedewald equation. Non-HDL was
calculated as total cholesterol- HDL.

Carotid ultrasound was performed using B-mode ultrasonography with a GE Vivid 7
ultrasound imaging system (GE Medical Systems, Wauwatosa, WI) with a high-resolution
linear array transducer with at 7.5 MHz center frequency. The far wall of each carotid
segment was examined independently from all angles to identify the thickest cIMT for
bilateral common (1 cm proximal to bulb), bulb and internal carotid arteries. Multiple digital
image loops were transmitted using the Camtronics Medical System (Hartland, WI) for
offline reading which was performed at end diastole. A manual tracing technique was
employed to measure the maximum carotid thickness from the leading edge (lumen-intima)
to the leading edge (medial-adventitia). Due to the young age of the cohort, few plaques
were noted. Readings were not performed at the site of plaque. All images were read by a
single experienced and research-trained Registered Vascular Sonographer who was blinded
to subject group. The mean cIMT measures of right and left carotid segments were used in
analyses. Coefficient of variation for repeat measures of IMT with our more advanced
reading techniques were 3.1% for the common and bulb and 3.7% for the internal carotid
artery which are improved compared to previous work by our group. (3)

Statistical Analysis

SAS 9.3 and SAS Structural Equation Modeling for JIMP were used for analyses (SAS
Institute Inc., Cary, NC). A two sided p <0.05 was considered significant. Categorical
variables were summarized as frequency and percentage. Continuous variables were
summarized as mean and standard deviation. The proportion of racial and sex groups were
compared using Pearson x2 Test. Fasting insulin, glucose, HbAL1C, high density lipoprotein
cholesterol concentration (HDL), LDL, triglycerides, non-high density lipoprotein
cholesterol concentration (non-HDL) and cIMT values were log transformed. Systolic blood
pressure (SBP) and diastolic blood pressure (DBP) z-scores were calculated according to the
Fourth Report on Blood Pressure Control in Children (9). Body mass index (BMI) z-score
was calculated according to the U.S. Centers for Disease Control and Prevention. (10)
Bivariate relationships between CV risk factors and carotid segments were analyzed using
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Pearson correlation coefficients. Multivariable regression analysis was performed to assess
independent determinants of cIMT and age-group interaction. In our previous work (3) we
found an age by group interaction such that there was less of an effect of age on cIMT in
T2DM. Therefore, we tested for an interaction between age and recruitment group (Lean,
Obese, T2DM) in these analyses. We also tested for sex interactions but none were found.
The full model included group, age, age-group interaction, sex, race, BMI z-score, SBP z-
score, DBP z-score, CRP, fasting lipids, insulin, glucose and HbA1lc. The variance inflation
factor was <5 for the model therefore, significant collinearity among SBP and DBP, Glucose
and HbAlc, or Group and BMI z-score was not present.

Structural equation models based on previous findings (11, 12) and theoretical rationales
were tested to examine the relationships among CV risk factors (figure 1). Structural
equation modeling allows measurement models and latent variables as a feature, where an
outcome or factor could not be measured directly but though multiple indicators. We treated
the individual segments of cIMT, BP z-scores, glucose and HbAlc as indicator (measured)
variables, assuming each of them has measurement errors. Three latent variables or factors
(cIMT, blood glucose control, and BP) were extracted from indicator variables to reduce
error variances. For example, we can measure common, bulb and internal cIMT and obtain a
mean and standard deviation (estimation of error). The SEM technique can then calculate a
latent “cIMT” variable and estimate a value that explains more of the variance than
explained in any of the 3 individual variables with less error. Latent variable “cIMT” was
used to represent the 3 cIMT segments. Latent variable “BP” was extracted from SBP z-
score and BP z-score. Latent variable “blood glucose control” was extracted from fasting
glucose and HbAlc. Non-HDL was used because it consists of LDL and very low LDL
which is part triglycerides. In the model structure, age, race, sex and BMI z-score were
always independent variables. All other variables except indicator variables were regressed
on age, race, sex and BMI z-score as well as variables lower in the pathway. A path from
non-HDL to BP was proposed; however, it was removed along with all other non-significant
paths in a stepwise fashion while maintaining acceptable fit comparable to the initial model.
Models were also performed using full information maximum likelihood estimation,
implementing regression-based imputation to take advantage of all subjects, including those
with missing data. The model fit indices used for a good model included: 1) x2/degrees of
freedom<3; 2) non-normed index and comparative fit index >0.9; 3) root mean square error
of approximation <0.05; 4) standardized root mean squares of residuals <0.08. Standardized
effect sizes in figure 1 and table 3 were provided to allow the reader to better compare the
magnitude of effect of variables that are measured with widely different units (for example a
difference of 1 mmHg of BP is vastly different from 1 kg/m? for BMI). The SEM was
repeated with waist/height ratio as the measure of adiposity and no substantial differences
were found (data not shown).

In our population (Table 1) there were more non-Caucasian and female participants. This
ethnic distribution represents the demographics of subjects with T2DM in the Cincinnati
area (predominantly African-American females). However, the proportion of male and
female subjects did not differ by race. Pearson correlation coefficients revealed that all
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segments of cIMT were correlated with age, SBP and DBP z-scores, HDL (negative), LDL,
non-HDL cholesterol, triglycerides, fasting glucose, and HbAlc. Bulb and internal cIMT
segments were also positively correlated with BMI z-score and CRP (all p<0.05, data not
shown).

Multivariable regression analysis

The multivariable regression models explained 19%, 11% and 22% of variation of common,
bulb and internal cIMT, respectively (table 2). Age, sex and SBP z-score were significant
determinants of all three cIMT segments. Non-Caucasians had thicker common and internal
cIMT than Caucasians. Group (i.e. lean, obese or T2DM) was a significant determinant of
common and bulb cIMT. BMI z-score was a significant determinant of bulb and internal
cIMT. Group and age interaction was not significant for any cIMT segment. HbAlc was a
significant determinant of common cIMT only. Non-HDL was a significant determinant of
internal cIMT only (all p<0.05). CRP was not a significant determinant of any cIMT
segment.

Structural Equation Modeling

After removing non-significant paths, structural equation modeling using maximal
likelihood estimation resulted in a final model with good fit (x2/df ratio 3.1; non-normed
index =0.93; comparative fit index = 0.95; root mean square error of approximation = 0.058;
standardized root mean squares of residuals = 0.045; Fig 1 and table 3).

The latent variable cIMT explained 39%, 26% and 50% of the variances of common, bulb
and internal cIMT, respectively (figure shows path correlations which are squared to obtain
r2 = variance). This indicates that our SEM provided a latent variable for cIMT that was
highly correlated with the measured IMT variables (a robust model). Similarly, the latent
variables provided by the SEM for BP, blood glucose were also highly significant signifying
good model fit.

The SEM model explained 43% of variances of latent cIMT. This suggests that a greater
proportion of the observed variability in IMT between subjects is accounted for by the CV
risk factors included in our SEM model (43%) as compare to the general linear model (11 to
22%). The largest association with cIMT was age (total standardized effect of 0.39) mainly
through direct association (0.312, table 3). Next was blood pressure control with direct
association only (0.228), followed by blood glucose control with direct association and
indirect association though blood pressure and non-HDL (total direct and indirect 0.210).
Non-HDL had a small direct association with cIMT (0.134). There was also a sex and racial
difference, with males and non-Caucasians demonstrating thicker ciMT. CRP did not have
direct association with cIMT, but a small indirect association through blood glucose control.
BMI only had a significant indirect association through glucose, BP and non-HDL (0.21).
BMI was also associated with CRP, fasting insulin, blood glucose, non-HDL and blood
pressure.

The structural equation modeling was repeated excluding subjects with T2DM. Results were
similar, however the association of insulin and blood glucose with BP were not seen and
there was no direct association of blood glucose with cIMT (data not shown).
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Discussion

The purpose of these analyses was to evaluate independent pathways towards development
of atherosclerosis in adolescent and young adults. We identified several relationships
previously described in addition to novel biologically plausible pathways through which CV
risk factors were associated with increased cIMT. Similar to traditional multivariable linear
regression analyses performed in adults (13) and children and adolescents, (3) we found that
age and BP were major factors with direct association with cIMT. We also found blood
glucose had an independent direct association with cIMT in this population which was
enriched with diabetic subjects. The importance of metabolic control on cIMT has been
demonstrated in previous studies in adults (14) and children. (15)

However, in contrast to previous papers that employed regression modeling, our structural
equation modeling approach revealed no direct association of adiposity with cIMT. BMI
appears to exert its influence on cIMT through traditional CV risk factors. In addition, we
found a direct association of lipids with cIMT using SEM, which has not always been seen
in traditional multivariable regression. Finally, most (but not all (16)) adult studies suggest a
strong association of inflammation with cIMT, (17, 18). However, most studies in pediatric
populations including both children and adolescents, (3, 5, 19, 20) found no association and
the CV Risk in Young Finns study showed childhood CRP did not enter traditional models
exploring determinants of adult cIMT. (21) Our ability to show that inflammation has an
association, although indirect, with carotid atherosclerosis may be attributed to the capability
of structural equation modeling to identify complex relationships beyond those seen in
traditional linear regression models.

Many adult studies have demonstrated a significant independent relationship between
obesity and thicker cIMT (22, 23) with one study demonstrating that baseline BMI was an
independent predictor of cIMT progression. (24) There are also data from large longitudinal
cohorts demonstrating that childhood measures of adiposity predict cIMT measured in
adulthood (Bogalusa Heart Study, (25) CV Risk in Young Finns Study). (21) Fewer data are
available in relating adiposity to cIMT measured at a young age. In our previous study
where 2/3 of the subjects with mean age 18 years were obese, we found that BMI was an
independent predictor of carotid stiffness but not cIMT. (3) This lack of association of BMI
with cIMT was also found in younger cohorts of children regardless of whether they were
lean (26) or obese. (15, 20) A few studies found higher cIMT in obese compared to lean
children and adolescents but this was only in subjects with obesity and high BP (27, 28) or
the association was lost after adjustment for SBP (29) or for insulin resistance. (5) Other
studies found higher cIMT in obese children and adolescents but did not perform
adjustments for other CV risk factors to demonstrate an independent association. (19, 30)
The few studies that found a direct, independent association of adiposity with cIMT in
children and adolescents were performed in distinct ethnic populations (Chinese (31) and
Mexican-American (32)) or did not include African-Americans. (33, 34) Our data suggest
that in a mixed black-white population, BMI does not have a direct association with cIMT
but operates through alterations in other CV risk factors. Although indirect, our result also
suggest that the magnitude of the influence of BMI on carotid thickness is greater than non-
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HDL, and comparable to other risk factors including blood glucose control and blood
pressure control.

Adult interventional trials have demonstrated that reduction of LDL-C can lead to regression
of carotid atherosclerosis. (35) Conversely, higher levels of small dense LDL (36) and
oxidized LDL (37) have been independently associated with progression of cIMT in adults.
However, whether traditional measures of serum lipoprotein concentrations are
independently associated with cIMT in adults is less clear with one study showing no
correlation between cIMT and any lipid concentrations, (38) others showing negative
relation to HDL-C (39, 40) and others showing positive association with LDL-C (41) or
independent association only in a group with concurrent hypertension. (42) As with
childhood measures of adiposity, children and adolescents with dyslipidemia have been
shown to have higher cIMT as an adult in large longitudinal cohorts (43) and this seemed to
be more severe if concomitant obesity is present. (44) Data where cIMT is measured in
pediatric patients including both children and adolescents are fewer and these studies have
found HDL-C, (26) total cholesterol (3) or triglycerides (31, 45) to be independent
predictors of cIMT. Other studies of children and adolescents found no correlation between
LDL-C or HDL-C and cIMT (20) even with obesity. (28) It is possible that a longer duration
of exposure is needed, a more precise measure of atherogenic lipid particles is needed or
advanced statistical modeling such as structural equation modeling employed in these
analyses are needed to demonstrate a direct association of lipids with cIMT in young
subjects.

There are limitations to our approach. For one, although BMI is an accepted and easy to
measure parameter that reflects total body adiposity, Lear et al (46) found that in adults,
visceral adipose tissue measured by CT scan was independently associated with cIMT.
Therefore, we may have seen an independent relationship of adiposity on cIMT if we had
access to a more precise measure of total fat and fat distribution. We also did not have direct
measures of lipid particle size and number although we did see a direct relationship even
without these parameters. Our results may also have differed if we had a direct measure of
insulin sensitivity such as with glucose clamp, although insulin sensitivity (47) was not
superior to HbA1c (48) in predicting carotid cIMT in adults. We would also like to
acknowledge the cross-sectional nature of the study, and thus all pathways represent
associations. However, our results support the previous findings in adults showing only
indirect effect of fat mass on cIMT using advanced statistical approaches. (11) Finally, our
sample was enriched with minorities with T2DM and therefore may provide results that are
not generalizable to other populations.

In conclusion, we confirmed direct relationships between age, BP, glucose and carotid
thickness in an adolescent and young adult cohort enriched for obesity and T2DM. Using the
structural equation modeling technique, we also demonstrated a direct relationship between
lipids and cIMT, which has not consistently demonstrated in pediatric studies using
traditional statistical techniques. Most importantly, we showed that BMI affected cIMT not
directly, but through other CV risk factors as one would expect from an understanding of the
pathophysiology of development of atherosclerosis. We therefore recommend in future
statistical evaluation of clinical study data, structural equation modeling should be added to
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better understand the relative importance of directly and indirectly related risk factors that
play a causal role in pathways leading to sub-clinical atherosclerosis.
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Highlights

We used structural equation modeling to elucidate direct and indirect pathways
through which obesity and other risk factors were associated with cIMT.

Age and BP are the major factors with direct effect on cIMT.

Glucose and non-HDL were also import in this cohort with a high prevalence of
T2DM.

BMI only has indirect effects, through traditional CV risk factors.
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Path diagram of cIMT and CV risk factors. Square objects indicate measured variables. Oval
objects indicate latent variables. Numbers to the left of the paths are standardized beta
coefficients indicating direct effect size (range —1.0 to 1.0). Numbers in parenthesis are
variances. BGC = blood glucose control, Glucose = fasting glucose; Insulin = fasting

insulin. *: p<0.05; ** p<0.01.
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Table 1

Description of the Study Population (N=784).

Variables

Lean (N=275)

Obese (N=256)

T2DM (N=253)

Age (years)

Race (Caucasian), N (%)*

Female, N (%)
Height (cm)*
Weight (kg)™
BMI (kg/m2)*

*
BMI z score

. . *
Waist circumference (cm)

Waist-height ratio”™

Systolic blood pressure (mmHg)*

SBP z score”™

Diastolic blood pressure (mmHg)*

DBP z score”™

Total Cholesterol (mg/dL)*
LDL Cholesterol (mg/dL)*
Triglycerides (mg/dL)*
HDL Cholesterol (mg/dL)*
Fasting insulin (mIU/mI)*

Fasting glucose (mg/dl)*

HbALc (%)”

C-Reactive Protein (mg/L)*

Common cIMT (mm)™

Bulb cIMT (mm)*

Internal cIMT (mm)*

17.7+35
123 (45%)

168 (61%)
165.7 +11.1
59.2 (50.9, 67.5)
21.3(19.6, 23.2)
0.045 + 0.689
75.7 (71.6, 81.3)
0.46 (0.43, 0.49)
108 (101, 115)
~0.452 + 0.889
61 (55, 67)
~0.544 + 1.055
162 (141, 178)
88 (72, 105)

65 (49, 88)

56 (48, 63)

10 (8, 13)

89 (85, 93)

5.3 (5.1, 5.5)
0.4(0.2,0.9)
0.49 (0.44, 0.56)
0.47 (0.41, 0.54)

0.37 (0.33, 0.44)

18.1+3.3
85 (33%)

177 (69%)

166.6 + 10.0

102.4 (89.5, 116.2)
36.1(32.0, 41.4)
2.167 +0.349
111.7 (102.4, 123.7)
0.67 (0.61, 0.75)
117 (110, 123)
0.365 + 0.952

66 (59, 75)

-0.012 + 1.054
171 (149, 193)
102 (85, 122)

86 (62, 118)

46 (41, 52)

18 (14, 26)

92 (88, 96)

550 (5.2,5.7)
2.75 (1.3, 6.4)
0.49 (0.43, 0.54)
0.49 (0.43, 0.56)

0.40 (0.34, 0.47)

18.0+3.2
113 (45%)
163 (64%)
168.7 +10.1

103.0 (84.1, 123.4)
35.9 (31.4, 41.9)
2.094 * 0.658
116.60 (102.5, 128.5)
0.69 (0.61, 0.76)
121 (113, 129)
0.706 + 1.075

67 (59, 76)

0.035 + 1.150

174 (150, 207)
102 (83, 132)

115 (79, 168)

42 (37, 51)

25 (15, 38)

115 (93, 196)

7.00 (5.8, 9.9)
3.50 (1.4, 7.2)
0.52 (0.46, 0.59)
0.52 (0.45, 0.60)

0.41 (0.36, 0.48)

P < 0.01 for group difference (ANOVA). Descriptive statistics are Mean + SD or N (%) or Median (Q1, Q3).
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Determinants of cIMT (log) Using Multivariable Regression Analysis (Beta + SE).

Table 2

Parameter Estimate Common Bulb Internal
Intercept -0.9506 +0.0361%  -1.0057 +0.0426%  -1.3987 + 0.0465¢
Age (years) 0.0099 +0.0017F  0.0132+0.0022%  0.0170 + 0.0022%
BMI z score 0.0285+0.0131"  0.0186 +0.0075"
SBP z score 0.0191+0.00597  0.0168+0.0079°  0.0212 + 0.0078"
Non-HDL (mg/dI) 0.0010  0.0002%
HbALc (%) 0.0121 +0,0035%

Sex (Male) 0.0957 £0.0120%  0.0572+0.0154%  0.1220 +0.0153%
Race (Caucasian) -0.0446 + 0.0118% -0.0484 +0.0150"
Group Lean Ref Ref

Group Obese ~0.0390 + 0.0146T  —0.0368 + 0.0324

Group T2DM -0.0025 +0.0180  0.0160 % 0.0319

R2 0.19 0.11 0.22

*
2-sided P<0.05.

Tp<0.01.

¢p<0.001. Only significant beta coefficients listed.
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