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Abstract
Background: Overweight and obesity are associated with left ventricular (LV) dysfunction. We
sought whether echocardiographic evidence of abnormal adult cardiac structure and function was
related to childhood or adult adiposity.
Methods: This study included 159 healthy individuals aged 7-15 years and followed until age 36-45
years. Anthropometric measurements were performed both at baseline and follow-up. Cardiac
structure (indexed left atrial volume [LAVi], left ventricular mass [LVMi]) and LV function (global
longitudinal strain [GLS], mitral e”) were assessed using standard echocardiography at follow up.
Conventional cut-offs were used to define abnormal LAVi, LVMi, GLS and mitral annular e’.
Results: Childhood body mass index (BMI) was correlated with LVMi (r=0.25, p=0.002), and child
waist circumference was correlated with LVMi (r=0.18, p=0.03) and LAVi (r=0.20, p=0.01), but
neither were correlated with GLS. One standard deviation (by age and sex) increase in childhood
BMI was associated with LV hypertrophy (RR: 2.04 [95% CI: 1.09, 3.78]) and LA enlargement (RR:
1.81 [95% CI: 1.02, 3.21]) independent of adult BMI, but the association was not observed with
impaired GLS or mitral e’. Cardiac functional measures were more impaired in those who had normal
BMI as child but had high BMI in adulthood (p<0.03), and not different in those who were
overweight or obese as a child and remained so in adulthood (p>0.33).
Conclusions: Childhood adiposity is independently associated with structural cardiac disturbances
(LVMi and LAVi). However, functional alterations (GLS and mitral e’) were more frequently

associated with adult overweight or obesity, independent of childhood adiposity.

Keywords: childhood adiposity, adulthood adiposity, asymptomatic cardiac dysfunction, myocardial

deformation
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Abbreviations and Acronyms

2D: two dimensional

BMI:  body mass index

CDAH: childhood determinants of adult health
CRP:  C-reactive protein

CVD: cardiovascular disease

DecT: E wave deceleration time

e’ tissue dOppler mitral annular early diastolic velocity
E: mitral inflow Peak early diastolic velocity
GLS:  global longitudinal strain

HDL: high density lipoprotein

IOTF: International Task Force reference for child BMI
LA: left atrial

LAE: left atrial enlargement

LAVi: left atrial volume index

LDL: low density lipoprotein

LV: left ventricular

LVH: left ventricular hypertrophy

LVMi: left ventricular mass index

STE: speckle-tracking echocardiography

VVI:  velocity vector imaging

WC: waist circumference
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Introduction

The obesity epidemic is a relatively recent health problem, with more than doubling of the prevalence
of obesity from 1962 to 2000 in the United States and worldwide' 2. More than one in three adults in
the United States and more than one in four in Australia are obese’. The prevalence among children
and adolescents has also increased and continues to do so* *. In addition to its impact on childhood
health, a major concern about childhood obesity is that it may adversely affect health in adulthood’.
The longitudinal progression of adiposity and associated adult risk of cardiovascular disease (CVD)
has been established in large population studies®®, which have mainly focused on cardiovascular risk
factors and morphologic changes including carotid intima-media thickness (IMT) and left ventricular
(LV) mass index (LVMi). However, the independent relationship between childhood obesity and
adult CVD risk is controversial. The risk of CVD among overweight or obese children who became
non-obese by adulthood is similar to those who were never obese'’, while those who were normal or
at the lower end of the weight scale in childhood and became obese as an adult have the worst CVD
outcome''. Thus, while there is clearly a need to control childhood obesity, the development of
obesity over the life course also needs attention. Indeed, our previous results suggested that large
artery stiffness appeared to be dependent primarily on current adiposity and magnitude of adiposity
gain from childhood'?. The importance of the development of obesity is demonstrated in another of
our previous studies to assess LVMi'"*.

In addition to changes in morphology, obesity may cause functional disturbances, independent of

structural changes'* '°

, and to which conventional echocardiographic measures (eg. left ventricular
ejection fraction, LVEF) are insensitive'. Myocardial strain is a sensitive and robust
echocardiographic marker of myocardial deformation that has been used to detect subtle myocardial
impairment in patients with hypertension'’, diabetes'®, obesity and metabolic syndrome'® in the
presence of normal LVEF. As asymptomatic LV dysfunction is associated with progression to heart
failure (HF), the independent risk of childhood adiposity for cardiac functional alterations is a key
research question. In the light of our previous work on obesity and LV dysfunction,® we

hypothesized that current obesity is the main problem linked with cardiac functional changes. If this

were the case, early myocardial dysfunction would be likely to be associated more with adult
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adiposity and less by childhood adiposity. We sought to investigate whether childhood adiposity was

associated with adult subclinical myocardial dysfunction.

Methods

Study population. This work was performed in a follow-up substudy of subjects enrolled in the
Childhood Determinants of Adult Health (CDAH) study, a prospective, nationwide cohort of
Australian children aged 7-15 years (n=8498), who participated in the 1985 Australian Schools
Health and Fitness Survey (ASHFS).*' The sampling method for the original study has been
described elsewhere.? In this exploratory substudy of adult participants who first participated in the
ASHFS in 1985, we selected 159 subjects at two sites for detailed myocardial function analysis. We
anticipated that 52 patients would provide an 80% power to show a 10% difference in LV mass index
(the main LV structural endpoint) from the expected 55+7 g/m'” with p<0.05, and that 126 patients
would provide an 80% power to show a 10% difference in LV global longitudinal strain (the main
LV functional endpoint) from the expected 20+3 g/m'’ with p<0.05.

The study was approved by the Tasmanian Human Ethics Committee, and all individuals gave
written informed consent.

Body size or adiposity. Weight, height, waist and hip circumference were measured in childhood
and adulthood.”® Body mass index (BMI) was calculated as weight (kg)/height (m) 2. Body surface
area was measured as [weight (kg) x height (cm)/3000]%°. Waist circumference (WC) in childhood
was measured at the level of the umbilicus to the nearest 0.1 cm. WC in adulthood was measured at
the narrowest point between the lower costal border and the iliac crest to the nearest 0.5 cm. Waist-
to-hip and waist-to-height ratios were calculated as waist (cm)/hip (cm) and waist (cm)/height (cm)
respectively. Childhood body habitus was classified as healthy weight, overweight or obese using
IOTF (International Task Force) age- and gender-specific cut-offs.** Adult adiposity was classified
as normal weight (BMI<25 kg/m?), overweight (25<BMI<30 kg/m?) and obese (BMI>30 kg/m?).
Blood pressure was measured from the right brachial artery three times using a digital automatic

blood pressure monitor (Omron HEM907, Omron Healthcare Inc, Japan), after participants had been



Page 6; Childhood adiposity, adulthood adiposity and early cardiac dysfunction

sitting for at least 5 minutes. The mean of the three measurements was used. High blood pressure
was defined as systolic blood pressure (SBP)/diastolic blood pressure (DBP) >140/90 mmHg.
Echocardiographic study. Standard transthoracic 2D and Doppler echocardiographic studies were
performed using standard equipment (Siemens SC2000, Siemens Healthcare, Mountain View, CA)
and transducers (4Vlc, 1.25-4.5 MHz; 4Z1c, 1.5-3.5 MHz), and measured in accordance with the
American Society of Echocardiography (ASE) guidelines, by an observer blinded to other data.”>
Left ventricular (LV) dimensions during diastole and systole and wall thicknesses were measured
according to the recommended criteria. » LV mass was indexed to body height using
LVM/height'”.*” LV hypertrophy (LVH) was defined as LVM index >75 g/m'’ in men and >57
g/m"” in women®’. LV and left atrial (LA) volumes were calculated by the Simpson biplane method,*
and LA volume was indexed to body surface area, with LA enlargement (LAE) defined as LAVi>34
ml/m?.%* Mitral inflow peak early diastolic velocity (E), peak late diastolic velocity (A), E/A ratio, E
wave deceleration time (DecT) were measured for diastolic function assessment.?® Tissue Doppler
mitral annular early diastolic velocity (e’) was assessed at septal and lateral, averaged e’ <10 was
used as cut-off.*® Averaged E/e’>14 was defined as cutoff for abnormal.*® LV peak longitudinal strain
measurements were obtained from gray scale-recorded images in the apical 4-chamber, 2-chamber
and long-axis views. Strain was analyzed using velocity vector imaging (Syngo VVI, Siemens
Medical Solutions). GLS was measured by averaging strain from the regional of interest in the apical
4-chamber, 2-chamber and long-axis views. Impaired GLS was defined using cut-off of <18 %.%*
Biomarkers. A 30 ml blood sample was taken from the antecubital vein after at least 8 hours of
fasting. Fasting glucose, triglycerides, high density lipoprotein (HDL) and low density lipoprotein
(LDL) cholesterol were analyzed. C-reactive protein (CRP) level was also obtained. Biomarkers were
collected only in a subgroup of children at baseline.

Statistical analysis. Child BMI was converted to z-score specific to each sex and year of age by
subtracting from each measurement the mean for that sex and age category and dividing by its
standard deviation (SD). Data are presented as mean£SD after testing for normal distribution
(Shapiro-Wilk test). Data deviating from normality are expressed as median (inter-quartile range

[IQR]). Categorical variables are expressed as percentages. For differences among groups, the Mann-
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Whitney U test was used for continuous variables and X? tests or Fisher’s exact test for categorical
variables. Associations between variables were assessed with Pearson or Spearman correlation
coefficients. Multi-group comparison was performed by the analysis of variance with Bonferroni
post hoc analysis when data showed a normal distribution. Otherwise, the Kruskal-Wallis test was
used for comparison of non-normally distributed variables. Linear regression analysis was used to
examine the associations between body size or adiposity and echo variables. Logistic regression was
used to examine the association of adult adiposity with abnormal cardiac measures using
conventional cut-offs. Statistical analyses were performed using a standard statistical software
package (SPSS software 22.0, SPSS Inc., Chicago, IL). Two-sided comparisons were used and
statistical significance was defined by p< 0.05.

Code availability. Details may be obtained from the authors.

Results

Baseline characteristics. The mean follow-up time among the total 159 participants (age 40.2+2.8,
range 36-45 years, 47% male) was 28.9+0.1 years. Table 1 summarizes the participants’
characteristics at baseline and at follow-up. Men generally had higher BMI at baseline and follow-
up.

Progression of overweight and obesity. According to IOTF age- and gender-based cut-offs at
baseline, 18 (11.3%) children were classified as >overweight and 2 (1.3%) was obese. During follow-
up, 93 (59%) adults were categorized as > overweight and 29 (18%) were obese. 55% (78/141) of
children of normal weight had progressed to either overweight (38%, 53/141), or obese (18%,
25/141) while 94% (15/16) of overweight children remained overweight (11/16) or obese (4/16) into
adulthood. Of the 2 obese child at baseline, one became normal weight and one became overweight
(Appendix F1, supplementary information).

Echocardiographic characteristics. Cardiac structure and function at follow-up are summarized in
Table 1. Using conventional cut-offs, the prevalence of LA enlargement (LAE), LV hypertrophy
(LVH), impaired GLS and abnormal ¢’ were 16%, 19%, 16%, 6.3% respectively. None had abnormal

E/e’ by conventional cut-off. The detailed correlations of various body size metrics (including height,
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weight, BMI, WC, Hip, Waist-height ratio, Waist-hip ratio) as child and as adult with adult cardiac
structural (including LAVi, LVMi) and functional (including mitral e’, E/e’ and GLS) measures are
summarized in Appendix T1 (Supplementary information). Childhood body BMI was correlated
with LVMi (r=0.25, p=0.002), and child WC was correlated with LVMi (1=0.18, p=0.03) and LAVi
(r=0.20, p=0.01), but neither were correlated with mitral ¢’ and E/e’, nor with GLS. Of all adult body
size metrics, BMI and WC showed stronger association with both structural and functional measures
including LVMi, mitral e’, E/e’ and GLS. Figure 1 shows the correlation of GLS with adult BMI
and WC, not with childhood BMI, nor with child WC. The relationship of GLS with childhood WC
and BMI demonstrated a non-linear pattern. In addition, the association of adult WC with GLS
seemed to be stronger (r=-0.362, p<0.001) than that of BMI (r=-0.164, p=0.39) (Figure 1).
Association of change in body habitus with cardiac structure and function. Table 2 shows the
estimated response of adult cardiac changes to one standard deviation (SD) increase in childhood
BMI and WC before and after adjustment of adult BMI and WC. Of the structural measures, increase
in child BMI was associated with age and gender—specific increase of LVMi, independent of adult
systolic blood pressure and other cardiovascular risk factors including glucose, insulin and blood
lipids. However, these associations substantially attenuated after adjustment for adult BMI. In
contrast, adult BMI and WC remained significant associations with or without the presence of
childhood weight metrics. Of the functional measures, adult BMI and WC were significantly
associated with adverse diastolic functional measure (e’) independent of child BMI and WC. Adult
BMI and WC were not associated with systolic functional measure (GLS). Childhood WC
demonstrated a positive association with ¢’ and GLS. However, in the presence of adult BMI and
WC, these positive association became more prominent and statistically significant, suggesting the
increased body weight gain from childhood was positively associated with systolic and diastolic
functional measures (Table 2).

One standard deviation (SD) (by age and gender) increase in childhood BMI (2.4 g/m?) was
associated with greater risk of adult LAE (RR: 1.81 [95% CI: 1.02, 3.21]) and LVH (RR: 2.04 [95%
CI: 1.09, 3.78]), one SD (by age and gender) increase of child WC (7.6 cm) was associated with

greater risk of LAE (RR: 2.05 [1.26, 3.34]) independent of adult BMI and WC (Appendix T2).
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Participants were then divided into three groups according to results of progression of BMI status
from childhood and adulthood; normal child and adult BMI (Child-/Adult-, n=63); normal child but
high adult BMI (Child-/Adult+, n=78) and high child and adult BMI (Child+/Adult+, n=15). Only 3
participants had abnormal child but normal adult BMI and were not included for further study. Table
3 presents the clinical, cardiac and biomarker findings of the three groups. Child-/Adult+ had
significantly higher blood pressure and more adult hypertension, relatively more impaired cardiac
functional measures including mitral e’, higher E/e” and more LVH. Child+/Adult+ group had similar
functional measures compared to Child-/Adult- but more impaired structural changes. Results of
biomarkers were similar between Child-/Adult- and Child+/Adult+, but more abnormal in Child-
/Adult+.

To further demonstrate the magnitude of weight gain on cardiac changes, we further separated Child-
/Adult+ into two subgroups based on overweight (Child-/Adult overweight) and obese (Child-/Adult
obese) and compared cardiac changes with controls (Child-/Adult-) and with (Child+/Adult+).
Figure 2 emphasizes the role of adult overweight and obesity as a driver of LVH and diastolic
dysfunction, rather than systolic impairment. These findings parallel the presence of metabolic

disturbance and inflammation in overweight and obese adults (Figure 3).

Discussion

In this longitudinal study over almost 30 years, we assessed the association of current and past
adiposity with adult cardiac structure and function. The findings showed: 1) adult overweight and
obesity were associated with adverse cardiac function independent of childhood weight status, 2)
childhood adiposity was associated with adult structural cardiac disturbances independent of adult
adiposity, 3) disturbances of cardiac function were most pronounced in those who had increased
adiposity in adulthood, and seem to parallel the severity of their metabolic disturbance.

Association of LV structure and function with obesity. Obesity is linked with alterations of LV
structure and function in adults® and children.’® *' Functional alterations often precede and

accompany structural changes, and may lead to the clinical syndrome of obesity cardiomyopathy.
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Studies investigating obesity-related cardiac dysfunction has shown a number of features. First,
abnormalities of cardiac structure and function do not require morbid obesity (BMI >35). Application
of new imaging markers including tissue velocity (¢’ and E/e’) and speckle tracking
echocardiography (GLS) have shown myocardial alterations in overweight (BMI, 25 to 30) and
mildly obese (BMI, 30 to 35) individuals,” *? perhaps because these markers are more sensitive to
subtle myocardial damages than are conventional markers®>. The assessment of subtle cardiac
dysfunction using tissue Doppler and speckle tracking has mostly been performed in cross sectional
studies. In contrast, this study uses a longitudinal population sample to address the importance of
functional alterations because early cardiac dysfunction is a precursor stage of overt heart failure and
may lead to adverse outcome. The longitudinal sample allowed us to assess adiposity change from
childhood and the magnitude of adiposity gain to be important predictors. Our results are in
agreement to other studies using tissue Doppler imaging that showed depressed diastolic function in
obese young adults**. In addition, we showed a positive association of child BMI and WC with e’
and GLS in the presence of increased adult BMI and WC. This suggests that increased gain of adipose
tissue is associated with both systolic (GLS) and diastolic (tissue Doppler ¢’) alterations. Second, the
effects of obesity on the heart varies from asymptomatic LV dysfunction to overt dilated
cardiomyopathy. These abnormal findings can be found in individuals who are otherwise young (<40
year) and healthy®* and with no evidence of hypertension, diabetes, metabolic disturbance and
inducible coronary artery disease by stress testing.”’ In the current study cohort of young (< 45 year)
and healthy individuals with no known history of diabetes, hypertension and coronary artery disease,
the prevalence of structural abnormalities using guideline-recommended cut-offs® was 16% by LAE,
19% by LVH, 16% by impaired GLS and 6.3% by impaired e’. These observations support the notion
that depressed LV function is already present in relatively young, overweight/obese people even if
clinical features of common comorbidities and other associated disease are not evident. Third, the
effect of weight loss on cardiac functional improvement has been variable, which implies that cardiac
impairment may not be completely reversible. Many factors contribute to outcomes, mostly the
magnitude and duration of obesity as well as the magnitude and duration of cardiac damage, and both

may worsen with the development of codominant comorbidities.**
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The potential implications of change of obesity with time. Obese children are at risk of being

obese as adults®” ¥

which leads to an increased risk of cardiac structural and functional impairment.
The prognostic implications of childhood obesity has been studied in large population studies."
Although most evidence has been based on obesity-related metabolic disturbance,® the impact of
childhood obesity in the development of adult left ventricular hypertrophy has been demonstrated®”:
% However, no studies have assessed the impact of childhood obesity on adult cardiac function. In
our study, there was not enough evidence to demonstrate the independent association of childhood
body size. We suspect a few possible contributing factors: 1) a relatively “healthy childhood
population” with only 11.3% overweight and 1.3% obese children; 2) a possible non-linear
relationship between childhood BMI and functional measures; 3) adult cardiac functional changes
are more associated with adult body adiposity and characteristics. Cardiac functional impairment in
adulthood is an indication of adverse outcome and disease progression.

Whether childhood obesity is an independent predictor of adverse adult outcome has been challenged
in the recent literature. In a systematic review by Lloyd, evidence indicated that children with low
BMI but overweight in adulthood'' had the highest risk of CVD. In another systematic review and
meta-analysis, Llewellyn and Simmonds challenged the conventional view of using childhood BMI
predicting adult morbidity.*' ** The authors concluded that childhood obesity is associated with
moderately increased risk of adult morbidity but that the association was not strong enough to predict
outcome. This was due to the fact that most weight-related morbidities occurred in individuals who
were of healthy weight as a child. . In our study, after adjustment for adult body size, the magnitude
of adiposity change seemed to be associated with alteration of both GLS and ¢’. It likely that the
duration of obesity is an important determinant of cardiac function changes and subsequent adverse
outcomes, but we were unable to gather this information in our study**. Further research is needed to
explore the effects of the time course of weight change.

The mechanism of cardiac dysfunction and metabolic disturbance. The progression of cardiac
dysfunction in obese individuals is influenced by a variety of determinants including genetic and
environmental influences.” In adulthood, obesity often coexists with weight-related comorbidities,

mostly diabetes and hypertension, which further complicates the cardiac manifestations. First,
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cardiac preload is increased in obese individuals due to increased metabolic demand** *°. In the
absence of myocardial dysfunction, this may explain the observation of increased or supernormal LV
ejection fraction.” Second, cardiac afterload is also increased due to alterations of arterial resistance
and stiffness.’ Obesity related insulin resistance plays an important role by causing arterial wall
smooth muscle cell damage (which alters stiffness and resistance), and myocardial cell apoptosis and
cardiac dysfunction.*® Third, a combination of inflammatory, metabolic and neurohormonal changes
lead to myocardial fibrosis, causing both cardiac systolic and diastolic dysfunction.'’ The presence
of metabolic disturbance in this cohort is demonstrated by the subgroup of child-/adult+, who had
the highest insulin, glucose and triglyceride levels (Figure 3). C-reactive protein was significantly
higher in all three groups with increased adult weight as compared with normal adult weight,
reflecting the inflammatory process associated with obesity. Functional measures in child+/adult+
were relatively preserved and similar to those of child-/adult- (Figure 2), suggestive of functional
cardiac changes are associated with adiposity gain. Interestingly, this subgroup had lower levels of
metabolic and inflammatory markers than other obese and overweight patients (Figure 3), indicating
that adiposity gain may be the key determinant.

Limitations. This study has several limitations. First, it comprises a small study population, obtained
from two sites (Tasmania and Victoria), which we thought likely to be representative of the rest. The
influence of progression of body weight at populational level, i.e. socio-economic and environmental
factors cannot be excluded. Echocardiographic assessment of cardiac function needs to be further
explored in the full cohort in all sites. Second, at baseline in 1985, this study cohort was relatively
healthy, only 11% classified as overweight and 1.3% obese. This has limited our ability to track
changes of cardiac function in relation to their weight status. Third, echocardiography was not
performed at baseline. Fourth, the duration of obesity and adiposity gain was not available. Fifth,
baseline blood pressure and biochemistry was not adjusted as potential confounders due to the limited
data points available at follow-up. These are potential independent risk factors affecting adult cardiac
function, and the potential impact needs to be further explored. Finally, there was a change in the

protocol for measurement of waist circumstance between baseline (at umbilicus) and at follow up
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(minimum waist level). Although this difference was minor and unlikely to invalidate the results, it
could still be responsible for some variations observed in echocardiographic parameters.

Conclusion. Childhood adiposity is independently associated with structural cardiac disturbance
(LVMi and LAVi). However, cardiac functional alterations (abnormal GLS and mitral e’) were more

frequently associated with adult overweight/obese independent of childhood adiposity.
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Figure Legends.

Figure 1. Comparison of correlations of global longitudinal strain (GLS) with adult and child
waist circumference (WC) and body mass index (BMI). The correlation coefficients and p
values are also listed in Appendix T2. The findings show that GLS correlates with adult waist
circumference better than with BMI, but not with childhood waist circumference and BMI. The
correlation of GLS with childhood waist circumference and body mass is non-linear.

Figure 2. Comparison of cardiac structure and function between participants cross-classified
by child and adult BMI status. Among adults of overweight/obesity, no differences were detected
in their cardiac structure and function between who were normal in childhood versus who were
overweight/obese in childhood (labels in red). Among those who were normal in childhood, those
who became overweight/obese in adulthood had structural and function cardiac abnormalities
(labels in blue). Abnormal structural (normal functional) change was detected in those who were
abnormal in childhood as compared to who were normal (labels in green). Overall p values
obtained from ANOVA, with pairwise comparisons.

Group 1 (open circle, n=63, normal adult, normal child BMI);

Group 2 (close circle, n=53, overweight adult, normal child BMI);

Group 3 (close circle, n=25, obese adult, normal child BMI);

Group 4 (square, n=15, overweight/obese adult, overweight/obese child BMI).

Figure 3. Comparison of biomarkers between participants cross-classified by child and adult
BMI status. Comparing group 4 versus 3&2 (red), no differences were observed except for insulin
level, indicating most biomarker were elevated in overweight/obese adult regardless of their
childhood obesity history. Comparing group 1 versus the rest (blue), indicating the development of
overweight/obese is associated with significantly increased biomarkers. Comparing group 1 versus
4 (green), CRP was significantly higher in group 4 indicating the presence of inflammatory status
although no difference was detected in their insulin, glucose and triglyceride levels. Comparing
group 2 and 3 (purple), no difference was observed between adult overweight versus obese except
for obese individual had higher insulin levels. Overall p values obtained from ANOVA, with
pairwise comparisons.

Group 1 (open circle, n=63, normal adult, normal child BMI);

Group 2 (close circle, n=53, overweight adult, normal child BMI);

Group 3 (close circle, n=25, obese adult, normal child BMI);

Group 4 (square, n=15, overweight/obese adult, overweight/obese child BMI).



