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Abstract

Aims/hypothesis—We sought to evaluate the effects of obesity and obesity-related type 2
diabetes mellitus on cardiac geometry (remodelling) and systolic and diastolic function in
adolescents and young adults.

Methods—cCardiac structure and function were compared by echocardiography in participants
who were lean, obese or obese with type 2 diabetes (obese diabetic), in a cross sectional study.
Group differences were assessed using ANOVA. Independent determinants of cardiac outcome
measures were evaluated with general linear models.

Results—Adolescents with obesity and obesity-related type 2 diabetes were found to have
abnormal cardiac geometry compared with lean controls (16% and 20% vs <1%, p<0.05). These
two groups also had increased systolic function. Diastolic function decreased from the lean to
obese to obese diabetic groups with the lowest diastolic function observed in the obese diabetic
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group (p<0.05). Regression analysis showed that group, BMI z score (BMIz), group x BMIz
interaction and systolic BP zscore (BPz) were significant determinants of cardiac structure, while
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group, BMlz, systolic BPz, age and fasting glucose were significant determinants of the diastolic
function (all p<0.05).

Conclusions/interpretation—Adolescents with obesity and obesity-related type 2 diabetes
demonstrate changes in cardiac geometry consistent with cardiac remodelling. These two groups
also demonstrate decreased diastolic function compared with lean controls, with the greatest
decrease observed in those with type 2 diabetes. Adults with diastolic dysfunction are known to be
at increased risk of progressing to heart failure. Therefore, our findings suggest that adolescents
with obesity-related type 2 diabetes may be at increased risk of progressing to early heart failure
compared with their obese and lean counterparts.
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Methods

Adults with obesity or obesity-related type 2 diabetes mellitus are at increased risk for the
development of early cardiovascular disease [1]. Both obesity and type 2 diabetes are known
to cause deleterious abnormalities in cardiac structure and function independent of coronary
artery disease and hypertension [2]. Specifically, these processes lead to abnormal cardiac
geometry (remodelling) and diastolic dysfunction [3-6]. In fact, several studies have
indicated that left ventricular (LV) diastolic dysfunction represents the earliest preclinical
manifestation of diabetic cardiomyopathy, which can progress to symptomatic heart failure
[7, 8].

Given the findings in adults, we hypothesise that adolescents and young adults with obesity
and obesity-related type 2 diabetes will demonstrate early changes in cardiac geometry and
diastolic function, suggesting that they are at increased risk for the development of
premature heart failure. We also hypothesise that individuals with obesity-related type 2
diabetes will have poorer cardiac structure and function compared with their counterparts
with obesity alone.

Study population

Adolescents and young adults were evaluated as part of a cross sectional study examining
the role of obesity and type 2 diabetes on cardiac and vascular function in youth. Three
study groups were recruited (1) obese participants with type 2 diabetes; (2) obese control
participants (i.e. obese patients without type 2 diabetes); and (3) lean control participants
(non-obese without type 2 diabetes). The age of the participants was between 10 and 24
years. Pregnant females and those with congenital heart disease were excluded from the
study. Obese participants had a BMI =95th percentile while lean participants had a BMI
<85th percentile, definitions based on the Centers for Disease Control and Prevention
National Centers for Health Statistics (CDC-NCHS) growth charts [9]. Diagnosis of type 2
diabetes was based on the ADA criteria [10]. Specifically, participants had either elevated
fasting plasma glucose levels =7.0 mmol/l (=126 mg/dl), symptoms of hyperglycaemia and
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random plasma glucose =11.1 mmol/l (=200 mg/dl) or 2 h plasma glucose =11.1 mmol/l
(=200 mg/dl) during an oral glucose tolerance test. All individuals with type 2 diabetes had
no evidence of other specific types of diabetes and were non-insulin requiring in the basal
state. A total of 147 participants were islet cell antibody-negative (glutamic acid
decarboxylase, islet cell antigen 512, insulin autoantibodies). Ten individuals did not have
islet cell antibody data available but met ADA criteria for the diagnosis of type 2 diabetes.

The study population was recruited from clinics at Cincinnati Children’s Hospital,
community physician offices, city clinics, health fairs, and college campuses. The ten
diabetic participants recruited from community physicians did not have islet cell antibody
data. Before enrolment in the study, written informed consent was obtained from
participants who were =18 years old or the parent or guardian for participants who were <18
years old, according to the guidelines established by the Institutional Review Board at
Cincinnati Children’s Hospital Medical Center and in accordance with the Declaration of
Helsinki.

Data / laboratory collection

After a minimum10 h overnight fast, participants came to the Clinical Research Center at
Cincinnati Children’s Hospital Medical Center for an in-person study visit where
demographic, laboratory and anthropometric details and blood pressure were taken as
previously reported [11]. The BMIz score was calculated for each participant using the
CDC-NCHS growth reference data [9, 12]. Waist circumference was measured to the
nearest 0.5 cm using a flexible metal research tape twice and averaged according to
standardised research protocol from the National Heart, Lung and Blood Institute Health
Study. Dual energy x-ray absorptiometry (Hologic 4500A, Bedford, MA, USA) was
performed to determine lean mass and per cent body fat. Per cent body fat was calculated as
total body fat mass divided by total body mass multiplied by 100. Glycosylated
haemoglobin (HbA;) was measured in erythrocytes using high performance liquid
chromatography methods. Duration of type 2 diabetes was calculated from the date of
diagnosis to the date of study.

Echocardiography

The heart was non-invasively assessed with a GE Vivid 5 or 7 (Milwaukee, WI, USA) or
Philips Sonos 5500 (Andover, MA, USA) ultrasound system. A complete two-dimensional
pulsed Doppler, tissue Doppler and colour Doppler echo-cardiography examination was
performed on each participant. All images were obtained with the participant in the left
decubitus position to acquire parasternal long and short axis and apical four chamber views.
A total of three cardiac cycles were measured for each participant by a sonographer blinded
to group. Measurements were performed off-line by a single technician blinded to group
using a Cardiology Analysis System (Digisonics, Houston, TX, USA).

Echocardiography measurements

Cardiac structure and geometry—LV mass index mass (a measure of hypertrophy)
and relative wall thickness (RWT) (a measure of LV wall thickness relative to LV cavity
size) were calculated using indices of LV end-diastolic dimension, end-diastolic posterior

Diabetologia. Author manuscript; available in PMC 2015 February 26.



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

1duosnuely Joyny vd-HIN

Shah et al.

Page 4

wall thickness and end-diastolic septal thickness as previously described [13]. LV mass was
indexed by dividing LV mass by height in meters raised to 2.7 to minimise the effects of
age, sex and race [14, 15]. Threshold levels for LV mass index and RWT were used to
evaluate LV geometry. For LV mass index, an adult threshold of >51 g/m27 was used
because of its association with cardiac morbidity in adults [16]. For RWT, a common adult
threshold of >0.43 was used [4, 17]. This resulted in four geometric categories: normal
geometry, concentric remodelling (normal LV mass index and increased RWT), eccentric
hypertrophy (increased LV mass index and normal RWT), and concentric hypertrophy
(increased LV mass index and increased RWT). These categories of LV geometry are
related to cardiovascular mortality, with concentric hypertrophy being the most severe, and
are often a precursor to LV failure [18].

Cardiac function—LYV systolic function was assessed by measures previously described
[13]. Systolic outcome measures included shortening fraction, end-systolic wall stress and
velocity of circumferential fibre shortening difference. Shortening fraction is a measure of
LV systolic performance and wall stress is a measure of cardiac afterload calculated from
end-systolic dimensions and pressure. Velocity of circumferential fibre shortening (VCF)
difference is a measure of contractility, calculated as measured VVCF less predicted VVCF for
each participant’s given wall stress.

More than one measure was also used to evaluate diastolic function. First, Doppler
interrogation of trans-mitral blood flow velocities was used to measure peak early (E) and
late (A) LV filling. The ratio of both was used to calculate E/A. Tissue Doppler analyses of
the myocardial wall velocities at both the septal and lateral annuli was also performed to
obtain peak early (Ea) and late (Aa) velocities of mitral annular flow. The ratios of these
measures at the septal and lateral annuli were averaged to calculate Ea/Aa average. Finally,
the ratio of mitral to myocardial early filling was measured to calculate E/Ea average, a
measure of LV end-diastolic pressure [19]. These particular non-invasive measures of
diastolic function correlate well with invasive measures of diastolic function (time constant
of relaxation [tau]) and LV end-diastolic pressure [20].

Statistical analysis

All analyses were performed with Statistical Analysis Software (SAS, version 9.1.3) [21].
Average values for demographic, anthropometric, blood pressure and laboratory values were
obtained for each group. Non-normally distributed variables were log transformed to the
loge for comparison. ANOVA was performed to compare means among groups using
Bonferroni correction methods for multiple comparisons. Differences in LV geometry
among groups were assessed by 2 analysis. Bivariate correlations were calculated between
LV mass index (component of cardiac geometry), systolic (shortening fraction) and diastolic
outcomes (E/A, Ea/Aa average, E/Ea average) and potential demographic and physiologic
predictors. HbAlc, glucose and duration of disease were only considered for participants
with type 2 diabetes. Significant variables from the correlation analyses were then used to
construct analysis of covariance (ANCOVA) models using proc GLM for each outcome
variable. The full model potentially included: demographic (group, age, race, sex),
anthropometric (BMlz, waist circumference, lean mass from dual-energy x-ray
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absorptiometry [DXA]), and haemodynamic (systolic and diastolic BPz scores) variables.
RWT and LV mass indices were only included in the models constructed for diastolic
variables. Group was forced into the model as a class variable to ensure group differences
would be considered when determining significant predictors. The significance level of each
covariate was assessed with the most significant term added in a stepwise manner. Any non-
significant term was removed after each step. This process continued until all remaining
covariates were significant. Interaction terms between the group and the independent
predictors were included in the models and tested for significance. Any non-significant
interaction term was also removed from the final models.

The study population consisted of 612 adolescents. Table 1 lists the mean and standard
deviations for anthropometric, blood pressure and laboratory data for all participants
stratified by group (lean, obese, obese diabetic). The groups did not differ by age or sex
distribution (p<0.05). As dictated by study design, lean individuals had a lower BMI than
obese and obese diabetic participants. Cardiovascular risk profile (weight, waist
circumference and systolic blood pressure) worsened across groups from lean to obese to
obese diabetic (p<0.05). As expected, participants with type 2 diabetes had a significantly
higher fasting glucose and HbAlc compared with lean and obese groups. Average duration
of disease in diabetic participants was 3.2+ 2.5 years.

The absolute number of participants with abnormal BP levels was lower in the lean (13.4%
prehypertensive, <0.01% with stage 1 or stage 2 hypertension) and obese groups (30.5%
prehypertensive, 5.8% with stage 1 or stage 2 hypertension), with the obese diabetic group
having higher prevalence of hypertension (46% prehypertensive, 16.6% with stage 1 or 2
hypertension).

The presence of dyslipidaemia was also assessed. Dyslipidaemia was defined by LDL >3.4
mmol/l, TG >14.5 mmol/l or HDL <1.0 mmol/l [22-24]. In the lean group 5.2% of
participants were found to have evidence of dyslipidaemia, which was significantly lower
than those in the obese and (24.2%) and obese diabetic group (26.2%). Review of
medication history revealed that three participants in the obese group were taking
metformin, while in the obese diabetic group 86 were taking metformin and one was taking
long-acting insulin glargine (A21Gly, B31Arg, B32Arg human insulin). BP medication
history revealed two obese participants and 27 diabetic participants were taking anti-
hypertensive medications.

Measures of cardiac structure and geometry by group are listed in Table 2. Compared with
the lean controls, LV mass index was increased but similar in both the obese and obese
diabetic groups (p<0.05). Further analysis of the components of LV mass index
demonstrated that increased LV mass index was a result of increased LV end-diastolic
dimension and septal and posterior wall thickness in the heart. RWT was also higher in the
obese and obese diabetic participants compared with lean participants, but average RWT did
not exceed threshold levels that would contribute to abnormal geometry. The presence of
any type of abnormal geometry was similar for the obese and obese diabetic group (16% vs
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20%), both higher than for the lean group, who had abnormal geometry less than 1% of the
time (p<0.05). The most prevalent abnormal geometry type in both the obese and obese
diabetic groups was eccentric hypertrophy (increased LV mass index, normal RWT).

LV systolic function measures are shown in Table 2. The shortening fraction was higher in
both obese and obese diabetic participants compared with lean controls but it was not
different from one another, indicating a similar increase in LV performance. Wall stress was
lower in the obese and obese diabetic groups compared with the lean group. There were no
significant differences in VCF difference (contractility) among the three groups.

Diastolic function differed among the three groups (see Fig. 1). Compared with the lean
group, diastolic function was decreased in the obese group and further decreased in the
obese diabetic group. Specifically, obese participants had a higher mitral E/Ea average
(increased LV filling pressure) and lower mitral Ea/Aa average (decreased diastolic
function) compared with lean participants. The obese diabetic group had the highest E/Ea
average and lowest Ea/Aa average. In this group, E/A ratio was also lower compared with
obese and lean controls (decreased diastolic function) (Table 2). Five individuals in the
obese diabetic group had E/Ea mean >10, suggesting abnormal diastolic filling pressure [25,
26]. There were no lean or obese non-diabetic patients who met this criterion.

Table 3 demonstrates significant correlation coefficients for the LV mass index, shortening
fraction and diastolic function outcomes. Age, adiposity (BMIz, waist circumference and per
cent body fat), lean mass, and BPz were significantly associated with LV mass index. Only
adiposity and systolic BPz were significantly associated with the shortening fraction. Waist
circumference, systolic BPz and LV mass index were significantly correlated with all three
measures of diastolic function. Type 2 diabetes measures (fasting glucose, HbA;. and
duration of diabetes) were significantly associated with LV mass index, Ea/Aa average and
E/Ea average.

The ANCOVA models are presented in Table 4. A model for shortening fraction was
constructed but omitted from the manuscript as the amount of variation explained by the
model was too low to be considered meaningful. Group was a significant predictor of E/Ea,
indicating that the mean values of E/Ea differed among the three groups, after adjusting for
other factors in the model. For LV mass index, there was a significant BMIz by group
interaction in the obese diabetic group, indicating the regression slope in this group was
significantly higher than in the lean group. Cardiovascular risk factors were also important
in explaining the variance in cardiac structure and function. Higher systolic BPz and waist
circumference were associated with higher LV mass index and poorer diastolic function.
Additionally, higher fasting glucose was associated with poorer diastolic function but did
not contribute to increased LV mass index (for all model and variable estimates p<0.05).
Figure 2 is presented to visually demonstrate the differences in LV mass index and BMIz for
study design groups described in Table 4. The slope of the regression line is different among
all three groups with the obese diabetic group having the steepest slope. This suggests that
there is an additional burden on the heart in the obese diabetic group beyond what is
expected from obesity alone.
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Discussion

This study documents that adolescents and young adults with obesity and obesity-related
type 2 diabetes have a higher frequency of abnormal cardiac geometry, increased systolic
function and decreased diastolic function compared with age-matched lean controls. These
data also demonstrate that obese adolescents with type 2 diabetes have a further decline in
diastolic function compared with non-diabetic obese adolescents. In adults, diastolic
dysfunction is a significant risk factor for future development of congestive heart failure [8,
27]; therefore, our data suggest that obese adolescents with type 2 diabetes may be at higher
risk of progressing to premature heart failure compared with their non-diabetic obese and
lean counterparts.

Adults with obesity and obesity-related type 2 diabetes demonstrate increased LV mass
index and increased RWT leading to a predominant cardiac geometry of concentric
hypertrophy [5, 6, 28-31]. To date, no study has compared cardiac geometry in lean, obese
and obese diabetic adolescents. Our data demonstrate that, compared with lean controls,
adolescents and young adults with obesity and obesity-related type 2 diabetes have an
increased LV mass index, contributing to a higher frequency of eccentric hypertrophy
(increased LV mass and normal RWT). Although RWT was higher in obese and obese
diabetic participants compared with lean controls, their RWT values did not exceed
threshold levels to contribute to abnormal geometry (RWT >0.43). These findings suggest
that an increase in RWT may be a late phenomenon and is likely to be a result of sustained
increased haemodynamic load on the heart. As a result, adolescents with obesity and
obesity-related type 2 diabetes may be at risk of progressing to concentric hypertrophy, the
cardiac geometry commonly found in obese adults and adults with type 2 diabetes. This
possibility has been suggested in work published by Ippisch et al., in which concentric
hypertrophy was the predominant cardiac geometric pattern in adolescents with morbid
obesity [13].

It is normal for systolic function to increase in adults early in the course of obesity and
diabetes. There appears to be a compensatory increase in ejection fraction and shortening
fraction [3, 30, 32], which declines with the duration of disease [3] and as it develops in
severity [30]. In adolescents there is a paucity of data regarding the effects of obesity and
obesity-related type 2 diabetes on systolic function. Ippisch et al. studied morbidly obese
adolescents and described increased systolic function (as measured by stroke volume and
cardiac output), which was unchanged with weight loss after bariatric surgery [13]. In type 1
diabetes a similar increase in systolic function has been described [33].

Our data show that young individuals with obesity and obesity-related T2DM have
increased systolic function as measured by increased shortening fraction and lower wall
stress. The changes in wall stress appear to be a result of increased systolic pressure,
increased LV ventricular end-systolic dimension and even higher posterior wall thickness in
obese and obese diabetic individuals. Similarly to adults, this appears to be a compensatory
increase in systolic function. The significance of this increase in systolic function early in
the course of both type 1 and type 2 diabetes in adolescents is not clear. Longitudinal studies
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are needed in this population to determine if systolic function declines with the duration and
severity of disease.

Published reports document diastolic dysfunction in obese adults, both with and without
type 2 diabetes. Both the duration of disease [3] and severity [30] of obesity and obesity-
related type 2 diabetes appear to influence the extent of diastolic dysfunction. Changes are
seen in as little as 4-5 years [34]. In adults with type 2 diabetes, the prevalence of diastolic
dysfunction is between 30% and 50% [34, 35]. In adolescents, reports of the effects of
obesity and type 2 diabetes on diastolic function have yielded discrepant results.
Specifically, the Strong Heart Study demonstrated no differences in diastolic function (E/A
ratio) between obese and lean controls [36]. In contrast, Sharpe et al. demonstrated a
decrease in E/A in obese, compared with lean adolescents [37]. Only one previous study has
investigated the relationship between type 2 diabetes and diastolic function in adolescents;
Whalley et al demonstrated a decreased E/A ratio and increased E/Ea ratio early in the
course of type 2 diabetes in female adolescents compared with obese and lean controls [38].

Similarly to the above studies, we demonstrate decreased diastolic function in obese
adolescents compared with lean controls, and an even further decrease in diastolic function
in obese adolescents with type 2 diabetes. We extend previous observations in the literature
by studying both males and females. Additionally, from our general linear models, we
provide data that demonstrate that this decrease in diastolic function in obese diabetic
adolescents is probably due to independent contributions made by increased systolic blood
pressure, adiposity and increased fasting glucose. These findings suggest that factors unique
to type 2 diabetes (increased fasting glucose) may contribute to the difference in diastolic
dysfunction between obese and obese diabetic individuals.

This study has limitations. First, our cross sectional design does not allow us to determine
the time sequence for the development of changes in cardiac structure and function as
individuals move from lean to obese to type 2 diabetes. Second, unlike trends in longitudinal
analysis, we cannot show cause and effect. Third, although we can assess the effect of
duration of type 2 diabetes, we cannot assess the duration of obesity in either the obese or
obese diabetic group. Finally, we did not study the potential influence of sleep apnoea on
cardiac structure and function in this study.

Conclusions

We conclude that adolescents and young adults with obesity and obesity-related type 2
diabetes have a higher likelihood of abnormal geometry and increased systolic function
compared with lean individuals. Furthermore, obese individuals have diastolic dysfunction
that declines further in the presence of type 2 diabetes. Since diastolic dysfunction is known
to be associated with progression to heart failure in adults [7, 8], our findings suggest that
obese adolescents both with and without type 2 diabetes are at risk for premature heart
failure. However, the risk may be greater in obese adolescents with type 2 diabetes.
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A Late LV filling
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Fig. 1.
Diastolic function by group (mean and SD). White bars, lean; cross-hatched bars, obese;

black bars, type 2 diabetes. Lean < obese < obese type 2 diabetes, *p<0.05. Lean and obese
< obese type 2 diabetes, Tp<0.05. avg, average
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Regression of LVM index on BMIz. White squares/long dashed line, lean; white circles/

short dashed line, obese; black square/ continuous line, obese type 2 diabetes
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Demographics and body composition of the study population by group

Table 1

Variable Lean Obese Obese diabetic
n 232 223 157
Age (years) 17.8+£3.5 18.1+3.2 17.9+3.2
Age range (years) 10.1-24 10.4-24 10.2-24
Female sex (%) 143 (62) 158 (71) 103 (66)
Race (white) (%) 106 (46) 69 (31) 68 (43)
Race (black) (%) 122 (53) 153 (69) 83 (53)
Race (other/mixed race) (%) 4 (1) 1(<1) 6 (4)
Height (cm) @ 165.5¢11.0 166.4+9.8  169.1£10.6
Weight (kg) P 58.8+11.7  104.4+20.1 112.3+24.2
BMI (kg/m?) b 21.3+24 37669  39.1%7.1
Lean mass (kg) P 437105  59.1+112  62.4+12.3
Waist circumference (cm) P~ 75.9¢7.3 1147158 121.3+153
SBP (mmHg) b 10810 117411 12313
DBP (mmHg) © 60.0£12.0  66+12 67+14
Fasting glucose (mmol/ly @~ 4.90.33  5.1x.44 8.244.3
5.3+0.5 5.5+0.4 7.8+2.8

HbA,. %2

Duration of diabetes

3.2+2.5 years

Values are mean+SD

aLean and obese < obese diabetic, p<0.05

bLean < obese < obese diabetic, p<0.05

CLean < obese and obese diabetic, p<0.05
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Table 2

Echocardiography measurements of the population by group

Variable Lean Obese Obese diabetic
n 232 223 157

Cardiac structure

LV mass index?” (g/m)2 273461  39.0:9.3 404298

LV end-diastolic dimension (cm)& 4.8420.48 5.28+0.51 5.250.59
LV posterior wall thickness—diastoliccm)@ ~ 0-67¢0.12  0.82+0.14  0.870.15
End-diastolic septal thickness (cm)2 0.690.13 0.81%0.16 0.8520.16
- 0.28+005  0.31#006  0.33+0.07

Geometry n (%)

Normal 230 (99) 187 (83.8) 125 (79.6)
Concentric remodelling 1(<0.01) 8 (3.6) 10 (6.4)
Eccentric hypertrophy 0 26 (11.7) 17 (10.8)
Concentric hypertrophy 1(<0.01) 2(<0.01) 5(3.2)
Systolic function
Shortening fraction (%)2 36.2+4.0 37.4+4.1 37.4+4.3
Wall stress (g/cm?)@ 549+13.7 501144 491142

Systolic pressure (mmHg)2 83.49+10.41 89.05:12.40 91171171

LV end-systolic dimension (cm)2 3.09+0.39  3.30:041  3.20:0.44

LV posterior wall thickness-systolic (cm)® ~ 1-18£0.17 1.43+0.23 1.50+0.23

VCEF difference (circ/s) 0.04+0.29 0.06+0.28 0.05+0.25
Diastolic function

Left atrial diameter (cm)@ 2924041 355045  3.63:0.48
Left atrial volume (ml)@ 25.249.8 29.9+9.4 30.0£10.9
peak E@ 90.1#145  98.2+#17.3  98.8+17.1
Peak AP 466+11.4  511+112  58.1+123
Mitral E/A ratioC 2.02+0.53 203059  1.790.44
Mitral Ea/Aa-avgP 2.63+064  220+059  2.04+055
Mitral E/Ea-avgP 574+117  6.77+1.30  7.311.53
Mitral E/Ea-avg >10 0 0 5

Values are mean+SD
aLeamn vs obese and obese diabetic, p<0.05
bLean Vs obese vs obese diabetic, p<0.05

CLean and obese vs obese diabetic, p<0.05 avg, average
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