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Abstract

BACKGROUND—Cardiovascular risk factors are associated with left ventricular hypertrophy
(LVH), but little is known regarding related impact of longitudinal measures of childhood
adiposity and left ventricular (LV) hemodynamics.

OBJECTIVES—The aim of this study is to examine the cumulative long-term burden and trends
of excessive adiposity and elevated blood pressure (BP) during childhood on adult LVH and LV
geometric remodeling patterns.

Methods—This longitudinal study consisted of 1,061 adults, aged 24 to 46 years, who had been
examined 4 or more times for body mass index (BMI) and BP starting in childhood with an
average follow-up of 28.0 years. The area under the curve (AUC) was calculated as a measure of
long-term burden (total AUC) and trends (incremental AUC) of BMI and BP from childhood to
adulthood. Four LV geometric types were defined as normal, concentric remodeling (CR),
eccentric hypertrophy (EH), and concentric hypertrophy (CH), all based on LV mass indexed for
body height (m?-7) and relative wall thickness.

Results—Higher values of BMI and systolic and diastolic BP of childhood and adulthood, as
well as total AUC and incremental AUC were all significantly associated with higher LV mass
index and LVH, adjusted for race, sex, and age. In addition, higher values of BMI and BP of

© 2014 Elsevier Inc. All rights reserved.

Correspondence: Wei Chen, MD, PhD, Tulane Center for Cardiovascular Health, 1440 Canal Street, Room 1829, New Orleans, LA
70112-2824, Tel: (504) 988-7611, Fax: (504) 988-7194, wchenl@tulane.edu.

Authors do not have conflict of interest.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could a3ect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lai et al.

Keywords

Page 2

childhood and adulthood, total AUC, and incremental AUC were significantly associated with EH
and CH but not CR. Importantly, all these measures of BMI had a consistently and significantly
greater influence on EH than measures of BP.

Conclusions—These findings indicate that the adverse influence of excessive adiposity and
elevated BP levels on LVH begins in childhood.

left ventricular hypertrophy; geometric remodeling; adiposity; blood pressure; longitudinal

Left ventricular hypertrophy (LVH) independently predicts increased cardiovascular (CV)
morbidity and mortality (1,2). It has been well documented that CV risk factors are strongly
associated with the development of LVVH. Among traditional CV risk factors, obesity and
hypertension are recognized as the most important determinants of LVVH in the general
population (3-6). During the last few decades, evidence from epidemiologic and clinical
studies indicates that measures of obesity are strong predictors of LVH, especially eccentric
LVH (3). Also, elevated blood pressure (BP) plays a driving role in activating LV
myocardial growth through chronic hemodynamic overload and increased central pressure
(4). On the other hand, the importance of longitudinal changes of adiposity measures and BP
relative to the development of LVH is not fully understood, particularly the impact on LV
geometry.

We now well recognize that cardiovascular disease (CVVD) begins early in life (7,8). This
concept of “childhood origins” of CVD is supported by numerous publications from 4 large-
scale, population-based childhood cohorts followed into adulthood (Bogalusa [Louisiana],
Muscatine [lowa], Finland, and Australia) that are now collaborating as the i3C
(International Childhood Cardiovascular Cohort) Consortium (8). Previous studies,
including ours, have shown that the association between CV risk factors and excessive
cardiac growth occurs in children and adolescents (9-12), and early life risk factors
significantly predict adult LVH and LV geometric patterns (13,14). However, information is
lacking regarding the relationship between life-course burden of CV risk factors starting in
childhood and adult LVH and LV geometric remodeling patterns. This study aims to
examine the impact of cumulative long-term burden and trends of excessive adiposity and
elevated BP measured from childhood to adulthood on the development of LVH and LV
geometric patterns in a biracial cohort enrolled in the Bogalusa Heart Study.

METHODS
STUDY COHORT

The Bogalusa Heart Study is a biracial (65% white and 35% black) community-based, long-
term investigation of the early natural history of CVVD beginning in childhood (7). Between
1973 and 2010, 9 cross-sectional surveys of children aged 4 to 18 years and 10 cross-
sectional surveys of adults aged 19 to 52 years, who had been previously examined as
children, were conducted in Bogalusa, Louisiana. This panel design of repeated cross-
sectional examinations has resulted in serial observations every 2 to 3 years from childhood
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to adulthood. In this longitudinal cohort, 1,194 adults had echocardiographic LV dimensions
in adulthood captured during 2004 to 2010 and repeated measurements of CV risk factors
from childhood to adulthood. After excluding subjects who were examined <4 times for CV
risk factors and hypertensive patients who were under treatment, 1,061 adults (717 whites
and 344 blacks; 42.6% males; age 24 to 46 years) who had been examined for LV
dimensions in adulthood and CV risk factors 4 or more times (at least 2 times each in
childhood and adulthood) formed the longitudinal study cohort for this report. The average
follow-up period was 28.0 years.

All subjects in this study gave informed consent at each examination and, for those under 18
years of age, we obtained consent of a parent/guardian. Study protocols were approved by
the Institutional Review Board of the Tulane University Health Sciences Center.

GENERAL EXAMINATION

Replicate measurements of height and weight were made, and the mean values were used for
analysis. Body mass index (BMI; determined by weight in kilograms divided by the square
of the height in meters) was used as a measure of adiposity. BP levels were measured
between 8:00 AM and 10:00 AM on the right arm of subjects in a relaxed, sitting position by
2 trained observers (3 measurements each). Systolic (SBP) and diastolic (DBP) blood
pressure were recorded using a mercury sphygmomanometer. The fourth Korotkoff phase
was used for DBP for children and adults because the fourth phase is more reliably
measured in childhood and more predictive of adult hypertension (15). The mean values of
the 6 readings were used for analysis.

ECHOCARDIOGRAPHIC LV STRUCTURE MEASUREMENTS

LV dimensions were assessed by 2-dimensional guided M-mode echocardiography with
2.25- and 3.5-MHz transducers according to American Society of Echocardiography
recommendations (16). Parasternal long- and short- axis views were used for measuring LV
end-diastolic and end-systolic measurements in duplicate and then averaged. LV mass was
calculated from a necropsy-validated formula based on a thick-wall prolate ellipsoidal
geometry (17). To take body size into account, LV mass was indexed for body height (m?-7)
as LV mass index (LVMI). LV relative wall thickness (RWT) was calculated as septal wall
thickness plus posterior wall thickness divided by LV end-diastolic diameter (18). The
presence of LVH was defined by sex-specific cutoffs of LVMI > 46.7 g/m?7 in women and
> 49.2 g/m27 in men; LV geometry was considered concentric when relative wall thickness
was > 0.42 (19). Four different patterns of LV geometry were defined: normal LV geometry
(normal relative wall thickness with no LVVH); concentric remodeling (CR, increased
relative wall thickness but no LVH); eccentric hypertrophy (EH, normal relative wall
thickness with LVH); and concentric hypertrophy (CH, increased relative wall thickness
with LVH) (18-21).

STATISTICAL METHODS

Long-term burden and trends of BMI and BP were measured as the area under the curve
(AUC) calculated using the statistical models we previously developed (22-24). Growth
curves of BMI and BP measured repeatedly at multiple time points from childhood to
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adulthood were constructed using a random effects model by SAS® PROC MIXED. A
quadratic curve was fit for BMI, and a cubic curve for SBP and DBP in race-sex groups. As
shown in Figure 1, using SBP as an example, the AUC was calculated as the integral of the
curve parameters during the follow-up period for each individual. Since individuals had
different follow-up periods, the AUC values were divided by the number of follow-up years.
The AUC measures have advantages over other longitudinal analysis models in that they
measure both long-term burden and trends. As seen in Figure 1, total AUC (a + b) can be
considered a measure of a long-term cumulative burden; incremental AUC (a) determined
by within-individual variability represents a combination of linear and nonlinear
longitudinal trends as we used in our previous studies (22-24).

Multivariable linear and logistic regression analyses were performed for LVMI and LVH,
respectively, to examine the association with BMI and BP, adjusted for race, sex, and
adulthood age. For LV geometry analyses, CR, EH, and CH were analyzed in separate
logistic regression models using normal geometry as a control group. In the association
analyses, BMI and BP were included in separate regression models in terms of childhood
values (first measurement), adulthood values (last measurement), and total and incremental
AUC values. Prior to regression analyses, childhood and adulthood values, as well as total
and incremental AUC values, were adjusted for corresponding age by regression residual
analyses and then standardized with Z-transformation (mean = 0, SD = 1) by race-sex
groups in order to avoid colinearity of childhood and adulthood ages in the same model. In
addition, for analyses of incremental AUC, baseline values of BMI and BP were included in
the model for adjustment to control for the regression-to-the-mean bias. Interaction
regression models (homogeneity-of-slopes models) were used to examine the interaction
effects between BMI and BP in terms of childhood value, adulthood value, and AUC values,
adjusting for covariates.

RESULTS

Table 1 summarizes the study variables in childhood and adulthood and as AUC values by
race and sex. In childhood, sex and race differences in all study variables were not
significant except race difference in DBP in males. In adulthood, BMI showed a significant
sex difference among blacks (males<females); black females had significantly higher BMI
than white females. Adulthood values of SBP and DBP showed significant race
(blacks>whites) and sex (males>females) differences. Total and incremental AUC values of
BMI, SBP, and DBP showed significant race and sex differences except sex difference in
total AUC of BMI among blacks and race difference in incremental and total AUC of BMI
among males. Blacks and males had significantly higher LV mass values than whites and
females, respectively, with a borderline significance for race difference among males. LVMI
showed significant race difference (blacks>whites) for both sexes and significant sex
difference (males>females) among whites. Black females demonstrated significantly higher
RWT than white females. Pearson correlation coefficients between BMI and SBP were
0.408, 0.396, 0.399, and 0.345 (p < 0.001 for all) for childhood, adulthood, and total and
incremental AUC values, respectively; the correlation coefficients between BMI and DBP
were all significant.
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Figure 2 shows prevalence of LV geometric patterns by race. Blacks versus whites had
higher prevalence of EH (17.8% vs 8.95%; p < 0.001) and CH (9.1% vs 3.6%; p < 0.001),
but CR did not show a significant black-white difference (10.1% vs 10.9%; p = 0.701). In
the total sample with blacks and whites combined, the prevalence was 9.1% for CR, 10.2%
for EH, and 4.2% for CH.

Table 2 presents results of linear and logistic regression analyses of adult LVMI and LVH,
respectively, on BMI and SBP in terms of childhood, adulthood, and AUC values in 4
separate regression models, adjusting for race, sex, and adulthood age. Adult LVMI and
LVH were significantly associated with BMI and SBP in all 4 models. In linear regression
models, standardized regression coefficients of BMI (0.26 to 0.42) were consistently greater
than those of SBP (0.08 to 0.16) for LVMI. Similarly, in logistic regression models, odds
ratios (ORs) of BMI (1.64 to 2.56) were consistently greater than those of SBP (1.26 to
1.58) for LVH. The linear and logistic regression analyses of adult LVMI and LVH,
respectively, on BMI and DBP showed substantially similar patterns of the association
parameters to those as shown in Table 2. The interaction effects of BMI with BP in terms of
childhood, adulthood, and total and incremental AUC values on LVMI were not significant
(p = 0.204 to 0.619 for BMI with SBP; p = 0.121 to 0.844 for BMI with DBP), except for
BMI-DBP interaction of total AUC (p = 0.046).

Table 3 contains logistic regression analyses of adult LV remodeling patterns on BMI and
SBP in terms of childhood, adulthood, and AUC values in 4 separate regression models,
adjusting for race, sex, and adulthood age. Childhood, adulthood, total AUC, and
incremental AUC values of BMI and SBP were all significantly associated with EH and CH,
but not with CR. Of particular interest, all 4 values of BMI had a consistently and
significantly stronger association with EH compared with SBP based on nonoverlapping of
the 95% confidence intervals of ORs associated with BMI and SBP; however, such patterns
of differences in ORs were not noted for CH. Additionally, the logistic regression analyses
of adult LV remodeling patterns on childhood, adulthood, and AUC values of BMI and DBP
showed substantially similar patterns of the association parameters to those shown in Table
3.

DISCUSSION

The evidence that obesity and hypertension are the most important risk factors related to
LVH is almost indisputable (3,4). The association of these 2 risk factors with excessive
cardiac growth even occurs in children and adolescents (9-12). The Bogalusa Heart Study
has reported that childhood BMI and BP levels significantly predict adult L\VH and LV
geometric patterns (13,14). However, data on the impact of long-term cumulative burden of
overweight/obesity and elevated BP on LV geometric remodeling patterns since early life
have never been reported. Further, information regarding the relative importance of long-
term measures of adiposity and BP for the development of LVH, particularly LV geometry,
has not yet been available. By taking advantage of the longitudinal cohort of the Bogalusa
Heart Study followed from childhood, we found that the influence of adiposity measures and
BP levels began in early life. Long-term cumulative burden and trends of BMI and BP,
measured as total AUC and incremental AUC from childhood, respectively, significantly
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predicted middle-aged adult LVVH. Importantly, this study provides strong evidence that,
compared with BP, BMI is more closely and consistently associated with EH using
childhood, adulthood, and AUC values. These observations suggest that the process of LV
enlargement and subclinical change of cardiac structure are affected by a life course of
excessive adiposity and BP cumulatively and independently from early life through multiple
complex pathophysiological and metabolic mechanisms, as shown in the Central Illustration.

Echocardiography allows identification of different forms of LV geometric remodeling,
including eccentric or concentric hypertrophy and disproportionate septal thickness.
Although the significance of the different forms is not yet entirely defined, CH is considered
to carry the highest risk for CV events (2,25) and is the predominant form in hypertensive
middle-aged and elderly patients (26). According to our findings, the prevalence was 10.2%
for EH and 4.2% for CH in the young adult cohort from the general population. In a review
of 30 echocardiographic studies involving 37,700 hypertension patients during 2000 to
2010, EH was more frequent than CH (range 20.3% to 23.0% vs. 14.8% to 15.8%,
respectively; p < 0.05) (4). In contrast, CH was found to be the predominant form in middle-
aged and elderly patients with hypertension in the Framingham study cohort (26). In a
review of 15 echocardiographic studies of 1,930 obese individuals with LVH, EH occurred
more frequently than CH (66% vs. 34%; p < 0.01). Although EH showed a higher
prevalence than CH in most previous studies, the variance in the prevalence rates of EH and
CH from different studies is mainly due to age and race groups, disease status, and diagnosis
criteria.

Obesity has long been an established risk factor of LVH (4,27-29). The overall odds ratio
was 4.2 for the prevalence of LVH in 4,999 obese versus 6,623 nonobese individuals as
reported in a review of 15 studies (3). Excess adiposity affects heart size through
hemodynamic, metabolic, and inflammatory alterations, leading to LV enlargement and
LVH (30-32). Our data suggest that BMI and BP were significantly correlated in terms of
childhood, adulthood, and total and incremental AUC values. However, these long-term
measures of BMI and BP did not show significant interactions on LVMI, except for BMI-
DBP interaction of total AUC. In early studies, obesity appears to be a stronger and more
consistent determinant of LVVH than elevated BP levels or hypertension (4,28,33-35). In the
present study, childhood and adulthood values and long-term burden and trends of BMI
were all significantly associated with adult LVMI and LVVH, with BMI showing a
consistently greater effect on LVMI and LVH based on comparison of standardized linear
regression coefficients and ORs, respectively. Furthermore, in the LV remodeling pattern
analysis, we found that all 4 values of childhood, adulthood, total AUC, and incremental
AUC of BMI were more strongly associated with adult EH than the 4 values of BP. These
findings are consistent with previous reports emphasizing that excessive adiposity is more
strongly associated with EH than with CH; the prevalence of EH (66%) was significantly
higher than that of CH (34%) among obese individuals (3). Despite our consistent
observations, the pathophysiological mechanisms to explain the stronger link between
obesity and EH are largely unknown and need to be delineated in further studies.

LVH is a cardinal manifestation of hypertensive organ damage. Hypertension and obesity
are highly correlated, associated with metabolic abnormalities, and often occur together,
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placing a dual burden on the left ventricle (28). During the last few decades, numerous
clinical and epidemiologic studies have consistently demonstrated the role of elevated BP in
LVH development (4). Also, it has been well-established that BP-lowering therapy reduces
LV mass among hypertensive patients (36). Although the mechanisms underlying this
process are incompletely understood, available evidence indicates that hypertensive LVH
results from chronic hemodynamic overload along with the hypertrophic response
modulated by genetic, ethnic, environmental, neuro-hormonal, and metabolic factors
(37,38). We found that the long-term burden and trends of childhood and adulthood BP were
significantly and consistently associated with adult LVH and its remodeling patterns;
however, the BP-LVH association was less strong than the BMI-LVH association,
particularly for the BP-EH association.

STUDY LIMITATIONS

This community-based longitudinal cohort provides a unique opportunity to examine the
relationship of cumulative life-course burden of excessive adiposity and increased BP with
the development of LVVH and changes in cardiac structure. However, the major limitation of
this study is that exclusion of individuals on antihypertensive therapy resulted in a loss of
information because these patients represented a subgroup with the highest BP levels.

CONCLUSIONS

In conclusion, we demonstrated that childhood and adult values and long-term cumulative
burden and trends of BMI and BP are all-powerful predictors of adult LVH and its
remodeling patterns. Importantly, BMI has a consistently greater impact on LVH than BP,
with the BMI-EH association stronger than BP-EH association. These results support the
notion that the adverse long-term influence of BMI and BP levels on the development of
LVH begins in childhood, and the dual burden of excessive adiposity and elevated BP
affects LV enlargement cumulatively during the lifetime. These findings underscore the
importance of undertaking preventive strategies for CVD early in life by controlling body
weight and BP levels.
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Figure 1. The area under the curve (AUC) of systolic blood pressure (SBP) with 2 examples
The AUC was calculated as the integral of the curve parameters during the follow-up period

for each individual. The two individuals had similar total AUCs, but different incremental
AUCs. AUC = area under the curve; SBP = systolic blood pressure
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Figure 2. Prevalence of left ventricular remodeling patterns in blacks and white
Concentric remodeling, eccentric hypertrophy, and concentric hypertrophy were defined by

cutoffs of left ventricular mass index (46.7 g/m2.7 in women and 49.2 g/m2.7 in men) and

relative wall thickness (0.42).
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Central Illustration. Complex Mechanisms underlying the Impact of Long-term Burden of
Obesity and Elevated Blood Pressure on Left Ventricular Geometric Remodeling

The dual burden of excessive adiposity and elevated blood pressure affects left ventricular
structure and geometric remodeling cumulatively during the lifetime through multiple
complex pathophysiological and metabolic mechanisms. BP = blood pressure; SNS =
sympathetic nervous system; SVR = systemic vascular resistance
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