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Abstract
Background: It is unknown that dysglycemia in obese adolescents has effects on myocardial deformation that are
more pronounced when compared to obesity alone. We hypothesized that obesity associated abnormal glucose
tolerance (dysglycemia) would have adverse effects on two-dimensional speckle tracking echocardiography derived
longitudinal, radial and circumferential strain (LS, RS, CS) compared to age and gender lean controls. We also examined if changes in deformation would be reflected in abnormal ventricular vascular coupling indices (VVI).
Methods: In a prospective cross-sectional design 39 obese adolescents (15.9 ± 1.7 years; 101.5 ± 39 kg; female
− 58%) were compared to age and gender matched lean controls (15.7 ± 1.8 yrs, 60 ± 12.8 kg). Based on results from
an oral glucose tolerance test (OGTT), obese adolescents were categorized as obese normoglycemic (ONG, n = 25)
or obese dysglycemic (ODG, n = 14). Left ventricular (LV) global and average LS, CS, RS and strain rate were measured.
LV ejection fraction and mass index were measured and VVI approximated as ratio of arterial elasticity (Ea) and endsystolic elastance (Ees).
Results: Adolescents with ODG had significantly (P = 0.005) impaired global LS (− 20.98% ± 2.8%) compared to
controls (− 23.01% ± 2.3%). A similar (P = 0.0027) reduction was observed in average LS for adolescents with ODG
(18.87% ± 2.5%) compared to controls (20.49% ± 2%). Global CS was also decreased (P = 0.03) in ODG (− 23.95%)
compared to ONG (− 25.80). A similar trend was observed in average CS after multivariate regression for BMI and
blood pressure. CS correlated with HbA1c in both groups (P = 0.05). VVI had a negative correlation with both LS
(r = − 0.4, P = 0.025) and CS rate (r = − 0.36, P = 0.04).
Conclusions: Myocardial strain and strain rate were significantly altered in obese adolescents. Unfavorable subclinical reductions in global and average CS were more pronounced in adolescents with dysglycemia compared to obese
adolescents with normoglycemia and controls. These data indicate progressive worsening of subendocardial function
across the spectrum of glucose tolerance. Strain rate was predictive of VVI in obese adolescents, suggesting strain rate
may be a sensitive marker for cardiac remodeling in abnormal glucose homeostasis states.
Keywords: Obesity, Abnormal glucose tolerance, Longitudinal and circumferential strain and strain rate, Ventricular
vascular coupling, Two-dimensional speckle-tracking echocardiography, Echocardiography
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Background
The pediatric obesity epidemic had resulted in an exponential rise of Type-2 diabetes mellitus (T2DM). It is well
established that in children and adolescents with obesity,
ventricular chamber size, left ventricular (LV) wall thickness, and LV mass are elevated compared with lean pears
despite no significant changes in ejection fraction (EF)
[1]. Furthermore, myocardial geometry and function as
assessed by a two-dimensional and three-dimensional
speckle tracking echocardiography (2D-STE, 3D-STE)
is impaired in obesity with significant reductions in LV
circumferential strain, longitudinal strain, and strain rate
[1–4]. In obese states, high body mass index (BMI), insulin resistance and hyperinsulinemia are the most important predictors of subclinical myocardial deformational
changes [5].
In states of abnormal glucose tolerance (prediabetes)
and/or T2DM, myocardial deformational changes are
worsened due to the hyperglycemia, increased fatty acid
acids, activation of the renin angiotensin system, microangiopathy and increased oxidative stress. In the context
of obese adolescents with abnormal glucose tolerance
(dysglycemia), LV mass, systolic blood pressure, and resting heart rate are observed to be elevated when compared to lean peers. The study of obese adolescents who
have glucose dysregulation (dysglycemia) merits investigation of subclinical myocardial changes in the context of
pediatric obesity [6, 7]. However, it is unknown whether
dysglycemia in comorbid adolescent obesity has effects
on myocardial deformation parameters that are more
pronounced when compared to obesity alone.
2D-STE and 3D-STE have recently emerged as reliable
techniques for quantification of myocardial deformation
in multiple imaging planes due to its angle independence
and high interobserver reliability [8, 9]. High temporal
resolution during image acquisition allows for the determination of strain rate, or the rate of myocardial deformation, which correlates with LV peak elastance, a load
independent measure of LV function, and diastolic ventricular filling [8–10]. In pediatric populations, control
values for myocardial longitudinal strain and strain rate
from 2D-STE are well established [10]. LV global longitudinal strain (GLS), the most validated of myocardial
deformation indices, is a measure of subendocardial longitudinal myofiber function and is susceptible to ischemia
and fibrosis [11]. Changes in LV GLS are well documented in ischemic cardiomyopathy, although not relied
upon clinically [12]. In addition to its association with
ischemia, decreased LV GLS has been reported early in
the disease process in adolescents with T1DM and adults
with T2DM [13, 14]. Furthermore, the degree of LV GLS
impairment correlates well with HbA1c levels, suggesting that glycemic control may be on the main risk factors
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for impairment of myocardial mechanics [13, 14]. While
exercise induced LVEF depression has been observed in a
subpopulation of young adults with DM, clinical diabetic
cardiomyopathy is not observed in these subjects due to
lack of inotropic and microvascular abnormalities; rather,
these changes are likely due to impaired ventricularvascular coupling [15]. Together, these data suggest that
LV myocardial deformation parameters and ventricular
vascular coupling ratio may serve to be useful subclinical indices of myocardial dysfunction in the context of
dysglycemia.
To our knowledge, no studies have investigated myocardial strain and strain rate in adolescents with prediabetes, and few studies have demonstrated changes in LV
GLS in T2DM [13]. The objective of this observational
cross-sectional study is therefore to compare myocardial
mechanics from 2D-STE, namely longitudinal strain, circumferential strain, strain rate, and ventricular-vascular
coupling index in obese-normoglycemic and obesedysglycemic adolescents. We hypothesized the following: (1) Obese adolescents with dysglycemia would have
impaired strain parameters (LS and CS) when compared
to obese adolescents with normoglycemia and lean controls; (2) In obese adolescents, changes in strain (LS and
CS) and strain rate (LSR and CSR) would reflect changes
in ventricular vascular coupling.

Methods
Study design

A total of 39 obese adolescents with BMI ≥ 95th percentile were recruited for this observational cross-sectional
study, as previously reported [16]. All subjects were
adolescents recruited from Endocrine and Primary care
clinics affiliated within the New York University Langone Medical Center and Health and Hospital Corporation Hospitals (Bellevue and Woodhull) seen for obesity
related concerns, namely prediabetes and/or type 2 diabetes, dyslipidemia or hypertension. Written informed
consent and age-appropriate assent were obtained
from all the subjects before participation and the study
was approved by the New York University Institutional
Review Board. Recruitment began in October 2011 and
ended in February 2014. All study measurements were
conducted at the Clinical and Translation Research
Center (CTSI) of New York University Langone Medical Center. Participants were instructed to come after
a 12 h overnight fast to the Clinical Research Center at
the NYU Clinical and Translational Science Institute. A
total of n = 6 participants was previously diagnosed with
T2DM. All remaining participants not diagnosed with
T2DM (n = 33) underwent an oral glucose tolerance
test (OGTT) using 75 g of glucose. Samples for glucose,
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insulin, and cytokines were stored at − 80 °C at the
Research Center of New York University.
Key inclusion criteria were: (1) age 12–18 years and
(2) Tanner stage II or above. Key exclusion criteria were:
(1) Use of medications known to affect insulin sensitivity such as high-dose inhaled glucocorticoids, thiazolidinediones and atypical antipsychotics, (2) medications
for treatment of dyslipidemia such as statin therapy, bile
acids and fibrates, (3) pregnancy, (4) significant psychiatric illness, (5) blood pressure over 90% for height (6)
renal insufficiency based on Schwartz equation as > 0.55
for females and males > 0.7 ages 13–18 years and (7) nonalcoholic fatty liver (NAFLD: AST and ALT ≥ threefold
higher value above normal at baseline.
Adolescents were grouped by their OGTT results as
obese normoglycemia (ONG; n = 25) and obese dysglycemia (ODG; n = 14). Abnormal glucose tolerance was
defined as either (1) impaired fasting glucose (fasting
glucose level ≥ 100 mg/dl) or (2) impaired glucose tolerance (2-h postprandial glucose ≥ 140 mg/dl after glucose
challenge). None of the adolescents who underwent the
OGTT were diagnosed with T2DM after the OGTT.
Adolescents diagnosed with T2DM did not undergo an
OGTT and were categorized as ODG. The adolescents
with T2DM were treated with metformin and/or insulin.
Those on metformin were asked to stop metformin 72 h
prior to their study day as metformin can affect vascular
studies (flow mediated dilatation), which were performed
during the study visit, previously reported [16].
Healthy age and sex-matched controls were derived
from the Pediatric Cardiology program at the collaborating center, as part of a registry collecting normative
data of strain parameters. The control group consisted
of children and adolescents who responded to an institutional IRB approved advertisement for participation. In the control group, 2D-STE was performed for
research purposes. The control inclusion criteria
included: (1) age 1 to 18 years; (2) no history of heart
disease, hypertension, or any other systemic disease.
Age appropriate assents were signed by the adolescents
with parental consent. Data collected at the time of
2D-STE included gender, date of birth, height, weight,
heart rate, and systemic blood pressure. BSA was calculated using the Haycock formula. All participants in the
control group had no history of congenital heart disease
and were lean BMI < 85% with no signs of glucose intolerance. Males were observed to be heavier in the control
cohort (M: F; mean ± SD − 60.5 ± 2.1 and 59.5 ± 8.6 kg
respectively). Glycemic status was not established in
the control using a glucose tolerance test though there
was no history of polyuria or polydipsia elicited by the
adolescents.
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Echocardiography

Transthoracic echocardiography images were obtained
by an experienced sonographer on a Philips iE33 ultrasound imaging system with a 5 MHz probe (Philips
Healthcare, Andover, Massachusetts). Standard echocardiography acquisition included two-dimensional,
color flow Doppler, pulsed Doppler, and continuous
wave Doppler. 3–5 cardiac cycles were acquired for each
measurement with the patient in supine and left lateral
decubitus positions per routine clinical protocol. Two
dimensional apical 4 chamber and 2 chamber views, as
well as parasternal short axis views, were acquired for
strain and strain rate analysis. Left ventricular mass was
calculated via Devereux’s formula and by 5/6 area-length
methods [17]. LV mass index (LWMI) was calculated by
dividing LV mass by h
 eight2.7. Parameters of diastolic
function were measured, including mitral valve inflow E
& A wave peak velocities, tissue Doppler imaging (TDI)
of the mitral valve medial and lateral annulus e′ and a′
wave peak velocities, pulsed Doppler measurements of
the right upper pulmonary vein S, D, and A wave peak
velocities, and the left atrial volume by biplane Simpson’s
method [45, 46]. MV E/A ratio, and lateral and medial
mitral E/e′ were also calculated. LAVI > 25 ml/ht2.7 was
considered to be dilated. MV E/e′ ratio > 8 was considered to be abnormal diastolic function. Due to the limited
dataset, diastolic dysfunction was defined by an abnormality in any of these parameters. Studies were de-identified and stored on a Siemens SyngoDynamics DICOM
system (Siemens Healthcare, Erlangen, Germany).
Ventricular‑vascular coupling index

Ventricular vascular coupling index (VVI) was estimated
in a manner similar to that presented by Sanz et al. [18].
Briefly, VVI is the ratio between LV end-systolic elastance
(Ees) and effective arterial elasticity (Ea). LV end systolic
elastance was approximated as,

Ees =

ESP
,
ESV − V0

(1)

where ESP is the LV end systolic pressure, ESV is the end
systolic volume, and V
 0 is the theoretical volume of the
unloaded ventricle, determined as the intercept o the linear ESP-ESV relation. End systolic pressure was approximated from systolic blood pressure as, ESP = 0.9 × SBP18.
Effective arterial elasticity was approximated as,

Ea =

ESP
,
SV

(2)

where ESP is end systolic pressure and SV is stroke volume. VVI is therefore determined as VVI = Ea/Ees.
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Deformation analysis

Analysis to derive left ventricular longitudinal, circumferential and radial deformation and strain by
offline post processing (Image-Arena Version 4.6 Build
4.6.2.12, Unterschleissheim, Tomtec, Germany) was
performed on two-dimensional DICOM image datasets, described elsewhere [19, 20]. Briefly, strain is the
fractional change in the length of myocardial segment,
and strain rate is determined as the rate of change in
strain (s−1). S and SR were obtained using standard 2D
multiform B-mode grayscale LV images acquired in
the apical four, two, and three (3CV) chamber views.
S and SR were also obtained in the parasternal shortaxis views of the LV at three levels, namely the basal,
mid, and apical LV, corresponding to LV short axis sections at the mitral valve (MV), papillary muscles (PM)
and LV apex (AP), respectively. A frame rate > 60 Hz
was used for all analyses. Five consecutive cardiac
cycles at the same heart rate triggered to the R wave of
ECG complex were digitally stored in a cine-loop format for offline analysis. Five values were obtained for
each strain index (S and SR) and averaged. The timing
of aortic valve closure and mitral valve opening with
respect to peak S and SR was ascertained from manual
inspection of a single PW or CW Doppler from the LV
outflow tract. All LV images in the apical and short axis
views were obtained at the same heart rate. A regionof-interest width and when necessary was automatically acquired, which was manually adjusted to include
the entire myocardial wall. The tracking algorithm followed speckles in the myocardium throughout the cardiac cycle. Results from the tracking algorithm were
confirmed by visual inspection, and the number of LV
myocardial segments was maximized. By convention,
the myocardial strain is obtained from three planes in
the LV, namely longitudinal, circumferential, and radial.
The corresponding strain indices that were determined
include longitudinal strain (LS), longitudinal strain
rate (LSR), circumferential strain (CS), circumferential
strain rate (CSR), radial strain (RS), and radial strain
rate (RSR). All strains were reported as dimensionless
percentages (%). LS was calculated as the % change in
LV length, which was determined for three individual
apical long axis views, namely the 4CV, 3CV, and 2CV.
Global longitudinal strain (GLS) was calculated as the
average of LS and LSR from all considered views. CS
and RS were calculated as the % change in LV circumference and wall thickness, respectively. Both CS and
RS were assessed from the LV short axis view at three
levels, namely basal (MV), mid ventricular (PM), and
distal LV at the apex (AP). Regional CS and RS were
obtained from six segments in three parasternal short
axis views of the LV, which were averaged to obtain
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global CS and RS. The software automatically divided
the LV short axis views into six segments, namely the
anteroseptal, anterior, lateral, posterior, inferior, and
sepal segments, as per standard guidelines [23]. SR,
the time derivative of S expressed in s −1 was obtained
at the peak temporal spread of the strain rate acquisition at systole. The peak systolic SR was obtained for
each cardiac segment from the same views as strain,
discussed in detail above.
Statistical analysis

Data were summarized as frequency for categorical variables, mean ± standard deviation (SD) for normally distributed continuous variables, and median and IQR for
continuous data with a skewed distribution. Differences
between groups were assessed using the unpaired t test
or the Wilcoxon rank-sum test for normally and nonnormally distributed continuous variables, respectively.
Differences between categorical variables were assessed
using Fisher’s exact test. Logistic regression was used to
assess the univariate associations between presence of
strain parameters and study variables. Linear regression
was used to illustrate the correlation between average
LSR/CSR and VVI (Fig. 1, 2). Multivariable associations
between myocardial deformation parameters, namely
strain and strain rate, and other variables were investigated in a forward-selection model building procedure,
while controlling for BMI, DBP, and SBP. All statistical
tests were two-sided, with P < 0.05 considered significant.
A commercially available statistical software package
(SAS v9.3, SAS Institute Inc., Cary, NC) was used for all
analyses.

Fig. 1 Relationship between VVI and average longitudinal strain rate
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Fig. 2 Relationship between VVI and average circumferential strain
rate

and/or IGT) after OGTT. Six adolescents had confirmed
T2DM at baseline; thus, a total of 14 adolescents had
dysglycemia. There were more males in the ODG group
(total = 9; 5 with prediabetes and 2 with T2DM) compared to females (total = 5; 3 with prediabetes and 2 with
T2DM). Males were heavier when compared to females
(107 kg versus. 93 kg) though they were younger by
6 months when compared to females. T-test P values in
Tables 1, 2, 3 reflect differences between ONG and ODG
group as control group were matched for age and gender.
ODG and ONG groups were matched for BMI (34 ± 7 vs.
37.5 ± 8.8); however, those with dysglycemia were found
to have a higher BMI, though not significantly. HbA1c
was found to significantly higher (P < 0.001) in the ODG
group (7.4 ± 2.3) compared to the ONG group (5.6 ± 0.3),
likely because six adolescents were previously diagnosed
with T2DM in the ODG group. Significant differences
between both ODG and ONG groups were also observed
in systolic blood pressure (P = 0.0025).
Echocardiographic results

Results
Population characteristics

Table 1 summarizes the characteristics of enrolled obese
adolescents classified as obese normoglycemia (ONG)
and obese dysglycemia (ODG) based on glucose tolerance results from OGTT. Weight and blood pressure
were recorded for control subjects, though glucose status was not available. 60% of the cohort was Hispanic.
Eight adolescents were found to have prediabetes (IFG

The Mitral E/A ratio was significantly different
(P = 0.0025) between ONG and ODG groups, while no
significant differences were observed in index LA volume. E/e′ ratio of lateral and medial mitral valve annulus
were not significantly different between the two groups.
While only male in ONG had evidence of LA dilatation,
five adolescents in ODG had signs of LA dilatation-two
(mild); one (moderate) and one adolescents (severe).
These results are summarized in Table 2. ESP was
observed to be elevated in the ODG group (108 ± 8.1)

Table 1 Baseline and anthroprometric characteristics of Obese adolescents and lean controls
ONG (n = 25)
Mean

ODG (n = 14)
SD

Mean

Controls (n = 39)
SD

Mean

*P value

SD

Ethnicity
Hispanic/Latin origin

64%

57%

29%

–

Black/African American

20%

35%

11%

–

Other (White/Asian/other race)

16%

7%

60%

Age (years)

16

1.9

15.9

1.6

15.8

–
1.9

Sex

–
–

Male

28%

64%

41%

Female

72%

36%

59%

–

Weight (kg)

93

23

110.1

33.4

59.9

12.8

BMI

34

7

37.5

8.8

19.2

4

Systolic* (mm/Hg)

113

6.6

121.6

9.3

107

5.5

0.003

Diastolic (mm/Hg)

64

8.6

61

9.3

59

7

0.41

GL0 (mg/dl)

80

8.7

111.8

49.9

NA

0.003

Hba1c

5.6

0.3

7.4

2.3

NA

0.001

0.06
0.06

ONG obese normoglycemia group, ODG obese dysglycemia group, GL0 fasting glucose, * P values are t-test results between the ONG and ODG groups, BMI systolic
and diastolic BP were adjusted for in multivariate logistic regression (Table 4)
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Table 2 Echocardiographic data of obese adolescents
ONG (n = 25)

ODG (n = 14)

Mean

Mean

SD

P value

SD

LVM (5/6 AL)

50

10.4

14

11.27

NS

LVMI (m mode)

66

16

71

21

NS

MV E/A

2.2

0.7

1.8

0.5

0.04

LAVI

22

5

25

9

NS

Lateral E/e′

6.2

1.75

6.4

1.3

NS

Medial E/e′

9.2

2.4

8.6

1.3

NS

LVM (5/6AL) LV mass indexed to BSA using 5/6 area length measurement, LVMI
(m mode) LV mass indexed to BSA, MV E/A E/A wave ratio, a diastolic index, LAVI
left atrial volume indexed, lateral E/e′ ratio which is mitral valve inflow E wave
to tissue Doppler inflow e′ of lateral mitral annulus and medial, E/e′ ratio which
was ratio of mitral valve E wave to tissue Doppler inflow of medial mitral valve
annulus

Table 3 Ventricular vascular coupling data of obese
adolescents
ONG (n = 25)

ODG (n = 14)

P value

Mean

SD

Mean

SD

ESP (mmHg)

102

5.9

108

8.1

0.022

Ees (mmHg/ml)

3.3

1

3.1

1.2

NS

Ea (mmHg/ml)

2.1

0.7

2.1

0.5

NS

VVI (Ea/Ees)

0.67

0.2

0.7

0.2

NS

ESP end systolic pressure (0.9× systolic blood pressure), Ees end systolic
elastance, Ea arterial elasticity, VVI ventricular vascular coupling index

compared to the ONG group (102 ± 5.9), though not
significantly (P = 0.22). No significant differences were
observed in LVMI and VVI between both groups.

Strain, strain rate, and VVI

As previously discussed, ESP was different between both
ONG and ODG groups (Table 3). Mean VVI was determined to be 0.7 ± 0.2 for all obese adolescents included in
the study, indicating no impairment in ventricular-vascular coupling. VVI was however observed to be negatively
correlated with average LS (r = − 0.4; P = 0.025) and
circumferential strain rate (CSR) (r = − 0.36; P = 0.04,
Figs. 1, 2). The negative correlation between VVI and
CSR was also observed in ODG adolescents (r = − 0.7;
P = 0.01).
Strain in obese adolescents and age matched lean controls

Table 4 compares 2D-STE derived global and average longitudinal strain (LS), circumferential strain (CS),
and radial strain (RS) in obese adolescents and lean age
matched controls. Briefly, global LS was observed to
be significant reduced (P = 0.0005) by approximately
15% in obese adolescents (− 20.98%) compared to lean
controls (− 23%). A similar trend was observed in average LS, which was observed to be significantly reduced
(P = 0.0027) by approximately 20% in obese adolescents
(− 18.8%) compared to lean control (− 20.5%). Results
remained significant on multivariate logistic regression
analysis for both global LS (P = 0.0045) and average LS
(P = 0.014). However, no significant differences were
observed in global and average CS and RS between both
groups. Global LS were higher in males than females
(− 20.1 versus − 19.27) and average LS was lower in
males (− 18.2 versus − 19.2) though differences by gender were not significant.
Strain in ONG and ODG groups

Table 5 compares 2D-STE derived global and average LS, CS and RS between the groups ONG and ODG.
Table 4 Strain parameters in Obese adolescents and lean controls

Weight (kg)
Global long strain
Average longitudinal strain
Global circumferential strain
Average circumferential strain
Average radial strain SAX
Average long strain rate 4CH
Average CIRC strain rate SAX

Obese adolescents
n = 39

Lean control
n = 39

Mean ± SD

Mean ± SD

P# 1

P# 2

99.36

27.98

59.91

12.82

< 0.0001

< 0.0001

− 20.98

2.83

− 23.01

2.23

0.0005

0.0045

2.04

0.0027

0.0140

− 25.41

3.65

− 20.49

− 26.32

9.19

0.5690

0.5580

− 23.84

8.50

0.3780

0.3780

34.41

10.07

0.9590

0.9540

− 1.10

0.16

0.0710

0.1080

0.30

0.0446

0.0701

− 18.87

2.55

− 22.53

3.49

34.29

9.80

− 1.02

0.21

− 1.33

SAX short axis view
P value# 1 was calculated from ANOVA test
P value# 2 was calculated from conditional logistic regression

0.20

− 1.45

Brar et al. Cardiovasc Diabetol

(2019) 18:172

Page 7 of 11

Table 5 Strain parameters in obese adolescents with normoglycemia (ONG) and dysglycemia (ODG)
ONG
n = 25
Median
Global long strain
Average long strain
Global circ strain
Average circ strain
Average radial strain
Average long strain rate
Average circ strain rate

ODG
n = 14
IQR

− 21.00

3.01

− 25.80

5.25

33.96

13.18

− 0.95

0.25

− 18.97

3.67

− 22.47

5.80

− 1.27

0.30

Median
− 19.18

P# 1

P# 2

IQR
2.75

0.0509

0.1961

− 17.87

2.49

0.0898

0.4548

− 23.95

3.05

0.0346

0.0336

− 20.90

1.90

0.0495

0.0324

33.02

14.09

0.8005

0.7129

− 1.10

0.24

0.5888

0.6037

0.25

0.7041

0.8844

− 1.32

IQR interquartile range
P value 1 was calculated from univariate linear regression; long = longitudinal, and circ = circumferential

P value # 2 was calculated from multivariate linear regression adjusted for BMI, systolic and diastolic blood pressure

Global and average LS was observed to be 10% lower in
the ODG group compared to the ONG group (P < 0.05).
After multivariate linear regression with adjustment for
confounders, namely BMI, SBP, and DBP, average LS,
global CS, and average CS retained significance between
both groups (P = 0.03).
Subjects in the ODG group were further partitioned
into ODG with prediabetes (IFG and/or IGT) and T2DM
and compared with ONG subjects. A total of 8 subjects
were classified as ODG with prediabetes and 6 subjects as
ODG with T2DM. Significant differences (P = 0.01) were
observed in global LS between ONG subjects (− 21%),
ODG with prediabetes (− 19.71%), and ODG with T2DM
(− 19.1%). A similar trend was observed in average LS,
in which significant differences (P = 0.04) were observed
between ONG subjects (− 19%), ODG with prediabetes
(− 18.6%), and ODG with T2DM (− 17.5%). In addition
to significant differences in HbA1c, previously discussed,
a positive correlation was observed between HbA1c and
average CS (r = 0. 23; P = 0.05). Glucose and insulin for
time points 0, 3, 5, 10, 30, 60, 90, 120 min during the
OGTT were measured. No correlation was observed
between time points for both glucose, insulin, mean glucose, mean insulin, and myocardial strain parameters,
suggesting that the glycemic status was not related to
myocardial deformation independent of obesity.
Strain, strain rate, and inflammatory cytokines/lipoprotein
particles

ICAM was observed to be significantly different between
ONG and ODG groups (P = 0.023). Furthermore, a negative correlation was observed between average longitudinal strain rate (LSR) and anti-inflammatory adiponectin
(r = − 0.41; P < 0.01) in obese adolescents.

Discussion
Our study demonstrates that dysglycemia worsens
changes in myocardial deformation parameters as noted
in obese adolescents. Despite the observed changes in
myocardial deformation, ventricular vascular coupling
appears to be preserved in our cohort of obese, insulin
resistant adolescents. Thus, clinically, our study highlights that subtle changes in myocardial function are
manifest in adolescents with dysglycemia and may be
useful for predicting adverse cardiovascular outcomes.
“Traditional” diastolic parameters may not be sensitive
to detect early stages of diastolic dysfunction. Left atrial
enlargement is a reliable diastolic parameter but requires
some degree of chronicity of left ventricular diastolic
dysfunction to manifest. Image quality in these obese
patients may limit the reliability of some of these diastolic
parameters.
In our comparative cross-sectional study design, diastolic dysfunction was found to significantly higher in
adolescents with dysglycemia when compared to their
normoglycemic counterparts. We found significant
impairments in global and average LS when compared
to lean age matched controls. Furthermore, we observed
that this impairment in global and average LS parameters
were exaggerated in obese adolescents with dysglycemia
compared to their normoglycemic counterparts. Of note
in this study distinctive differences were observed in CS
in dysglycemic states, implying greater abnormalities in
myocardial deformation in dysglycemia than previously
appreciated. This defects in CS has not been previously
reported in obese insulin resistant adolescents.
Myocardial strain is well known to reflect ventricular vascular coupling, as diminished myocardial strain
is known to decrease myocardial efficiency. However, in
our study despite the observed changes in myocardial
strain, VVI was observed to preserved. Nonetheless, VVI
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was additionally observed to correlate with circumferential strain rate, a load independent index of LV peak
elastance and diastolic ventricular filling. Clinically, VVI
is a known prognostic marker and indicator of aortic
compliance, LV function, and LV performance. Together
with current information regarding the prognostic value
of VVI, our results suggest that ventricular efficiency is
intimately dependent on diastolic ventricular function
and may be a subclinical marker for changes in LV function later in life.
Prior studies have shown that in obese adolescents,
insulin resistance alters myocardial substrate utilization and increases sympathetic tone, preload, and fatty
acid metabolism, which ultimately results in impaired
LV contractility and may lead to clinical heart failure in
later life [21]. Additionally, many studies have shown
that myocardial deformation as assessed by strain and
strain rate are altered prior to clinically relevant ventricular dysfunction [1, 4, 22]. Singh et al. recently demonstrated that LV GLS and early diastolic strain were
significantly decreased in obese adolescents and in obese
subjects with nonalcoholic fatty liver disease (NAFLD)
than those without NAFLD compared with appropriate controls. Furthermore, both GLS and early diastolic
strain were observed to be independently associated with
the homeostatic model of insulin resistance (HOMAIR) [23]. Sanchez et al. reported that LS was found to be
abnormally depressed in obese adolescents (− 13.35%)
compared with lean controls (− 18.8%) [22]. Our study
demonstrates similar findings in global and average LS
in a population with similar demographics. As previously reported, traditional cardio metabolic risk factors,
namely SBP, LDL, fasting glucose, and insulin, were not
predictive of these LV functional changes in pediatric
populations. Thus, this study confirmed previous reports
that beyond conventional echocardiography parameters,
obesity was associated with decreased myocardial strain,
as assessed by 2D-STE [11, 24].
Studies of adults with T2DM have shown that cumulative effect of diabetes exposure (those with diabetes
diagnosis in childhood and/or early adulthood) and
BMI had greatest impact on the adverse LV remodeling
[25, 26]. Bjornstad et al. were the first pediatric study
to analyze strain cardiac strain from 2D-STE in adolescents with T2DM and found that compared to lean and
to obese controls, adolescents with T2D had significantly lower CS [27]. Our results showcase similar findings as adolescents with dysglycemia, which included a
small T2DM cohort, were observed to have a depressed
CS, despite differences in study demographics, namely
differences in ethnicity and a more obese cohort in our
group (BMI Z = 2.49) compared to Bjornstad’s group
(BMI Z = 2.01) [28, 29]. Our study thus underscores that
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dysglycemia attenuates unfavorable cardiac remodeling
in obese adolescents, as demonstrated by changes in LS
and CS. Briefly, LS is considered a measure of subendocardial injury and fibrosis, while CS is a measure of mid
wall fiber damage [9]. In early ventricular dysfunction,
a depressed LS is followed by an elevated CS to maintain LVEF. However, progressive dysglycemic conditions
result in a decline in CS, indicating mid-wall fiber injury
and damage to deeper myocardial layers. Consequently,
changes in CS have been known to precede incident heart
failure. In our study, we observed significant changes in
both LS and CS in obese adolescents with dysglycemia
compared with normoglycemic counterparts. Higher
rates of dysglycemia and insulin resistance are reported
in male adolescents as reflected in our study [30, 31]. Furthermore, in our cohort, no significant differences were
observed in myocardial strain parameters, by gender.
Bjornstad reported gender specific differences in adolescents with Type 1 diabetes (19 males and 22 females;
average age 15 years). Compared to controls, adolescents
with type 1 diabetes had significantly lower CS (− 20.9 vs.
− 22.7%, P = 0.02), but not LS (P = 0.83). Boys with T1D
had significantly lower LS than girls with T1D (− 17.5 vs.
− 19.7%, P = 0.047), adjusted for Tanner stage [32]. In a
study of adults (n = 277; age 56.1 years) with metabolic
syndrome showed that global LS were lower in males
than females as correlated with hs CRP and epicardial
adipose tissue [33]. Along with the observed correlation
between CS and HbA1c, we speculate that impaired glycemic control may be play a role in myocardial wall fiber
injury.
Serum biomarkers of inflammation, namely adipokines
and leptins, have been associated myocardial deformational change [29]. Adiponectin is an adipokine secreted
by adipocytes and has been established to have a cardio
protective effect, and elevated adiponectin has been associated with lower risk of myocardial infarction in men
[34]. In adiponectin knockout mouse models, abnormal
cardiac remodeling and cardiac concentric hypertrophy
have been observed, indicating adiponectin mediated
signaling may play a role in preventing abnormal ventricular remodeling [35, 36]. In our cohort we demonstrated
a negative linear relationship between average LS rate
and adiponectin (r = − 0.4), indicating the serum adiponectin levels correlate with early subendocardial fiber
damage.
Previously, Li et al. reported that LS at the cardiac apex
correlated with VVI in adults with T2DM with either
normal or depressed ejection fraction. Our study demonstrated similar findings. However, Li et al. demonstrated
abnormal VVI (1.55 ± 0.53), indicating impaired ventricular-vascular coupling, a finding not observed in our
cohort. We speculate that changes in VVI in pediatric
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populations likely are less pronounced compared to adult
populations due to lack of other known comorbidities
that abnormally alter ventricular-vascular coupling.
Of note is the correlation observed in our study
between VVI and circumferential strain rate, a proxy
for LV peak elastance. To our knowledge, this is the first
study to have correlated VVI, an index of mechanical
efficiency and myocardial deformation, namely circumferential strain rate. In the broader context of myocardial
mechanics and function, strain rate is a load independent
marker of myocardial deformation and can be utilized for
clinical assessment of regional wall motion abnormalities
[37–39]. While strain rate is unable to quantify myocardial contractility due to its load independence, it remains
a clinically useful tool for assessment of passive expansion
and recoil of the myocardium [39]. Clinically, measurements of strain rate have correlated well with improvements in wall motion deformation post coronary bypass
and percutaneous revascularization and for identification
of wall motion abnormalities in hypertrophic cardiomyopathy and cardiac amyloidosis [39–41]. In T2DM, myocardial steatosis and myocardial triglyceride content have
demonstrated to be independent predictors of both LV
and RV longitudinal strain and strain rate, suggesting that
subclinical changes in myocardial deformation assessed
by strain rate are influenced by extra myocardial signaling factors [42]. In the metabolic phenotype of heart
failure with preserved ejection fraction (HFpEF), similar
reductions in diastolic strain rate have been observed
[43, 44]. Together with the observed depression in CSR
in dysglycemia in study, these data suggest broader implications for the importance of myocardial strain rate in
understanding the relationship between dysglycemia and
abnormalities in myocardial deformation, particularly in
HFpEF in patients with T2DM or metabolic syndrome,

Conclusion
Obese adolescents especially those with dysglycemia
demonstrated greater abnormalities in myocardial deformation than previously appreciated in the literature. Furthermore, significant differences in strain in the context
of dysglycemia and observed correlations between strain
rate and HbA1c suggest that strain rate may be a reliable
marker to predict adverse cardiac remodeling in overt
diabetes. In conclusion, our study highlights that subtle
functional changes are manifest in adolescents with dysglycemia and may be useful for predicting adverse cardiovascular outcomes much earlier compared to their lean
contemporary peers.

Limitations

Consent for publication
Not applicable.

Our study has several limitations. Due to the cross-sectional design, causal relationships cannot be established
among the observed associations. Additionally, the predominance of Hispanic subjects, about 60% of the cohort,
limits generalizability of the findings. However, the study
presented simultaneously provides novel data in for pediatric Hispanic subjects, a population known to be a high
risk for diabetes. The reduced sample size in this study
reduced power required to detect differences between
groups based on OGTT results. Though we had age and
gender matched control group, we recognize that the
control group was predominantly Caucasian.

Abbreviations
LS: longitudinal strain; CS: circumferential strain; VVI: ventricular vascular coupling index; ESP: end systolic pressure (0.9× systolic blood pressure); Ees: end
systolic elastance; Ea: arterial elasticity; MVE/A: E/A wave ratio, a diastolic index;
LVM (5/6AL): LV mass indexed to BSA using 5/6 area length measurement;
LVMI (m mode): LV mass indexed to BSA.
Acknowledgements
Not applicable.
Authors’ contributions
PCB developed and conducted the research, AC and PB did the echographic
studies, MC and SK did the strain analysis and XF did the statistical analysis.
PCB, AC, PB and SK discussed the test results. PCB wrote the manuscipt with
the help of AC, PB, VJ and SK and together they draft the final submitted version. All authors read and approved the final manuscript.
Funding
Not applicable.
Availability of data and materials
All data generated or analysed during this study are included in this published
article.
Ethics approval and consent to participate
The study was provided by the Institutional Review board at New York University School of Medicine. The study met all the ethical standards as required in
the study of human subjects.

Competing interests
The authors declare that they have no competing interests.
Author details
1
Division of Endocrinology and Diabetes, Department of Pediatrics, NYU
Grossman School of Medicine, New York, NY 10016, USA. 2 Division of Cardiology, Department of Pediatrics, NYU Grossman School of Medicine, New
York, NY 10016, USA. 3 NYU Grossman School of Medicine, New York, NY
10016, USA. 4 Division of Pediatric Cardiology, University of Nebraska College
of Medicine, Omaha, NE 68918, USA. 5 Helen B. Taussig Heart Center, The Johns
Hopkins Hospital and School of Medicine, 1800 Orleans Street, Baltimore, MD
21205‑2196, USA.
Received: 10 September 2019 Accepted: 6 December 2019

Brar et al. Cardiovasc Diabetol

(2019) 18:172

References
1. Mangner N, Scheuermann K, Winzer E, Wagner I, Hoellriegel R, Sandri
M, Zimmer M, Mende M, Linke A, Kiess W, et al. Childhood obesity:
impact on cardiac geometry and function. JACC Cardiovasc Imaging.
2014;7(12):1198–205.
2. Di Salvo G, Pacileo G, Del Giudice E, Natale F, Limongelli G, Verrengia M,
Rea A, Fratta F, Castaldi B, D’Andrea A, et al. Abnormal myocardial deformation properties in obese, non-hypertensive children: an ambulatory
blood pressure monitoring, standard echocardiographic, and strain rate
imaging study. Eur Heart J. 2006;27(22):2689–95.
3. Barbosa JA, Mota CC, Simões E, Silva AC, Nunes MOC, Barbosa MM.
Assessing pre-clinical ventricular dysfunction in obese children and adolescents: the value of speckle tracking imaging. Eur Heart J Cardiovasc
Imaging. 2013;14(9):882–9.
4. Vitarelli A, Martino F, Capotosto L, Martino E, Colantoni C, Ashurov R, Ricci
S, Conde Y, Maramao F, Vitarelli M, et al. Early myocardial deformation
changes in hypercholesterolemic and obese children and adolescents:
a 2D and 3D speckle tracking echocardiography study. Medicine (Baltimore). 2014;93(12):e71.
5. Kosmala W, Wong C, Kuliczkowska J, Leano R, Przewlocka-Kosmala M,
Marwick TH. Use of body weight and insulin resistance to select obese
patients for echocardiographic assessment of subclinical left ventricular
dysfunction. Am J Cardiol. 2008;101(9):1334–40.
6. Reilly JJ. Obesity in childhood and adolescence: evidence based clinical
and public health perspectives. Postgrad Med J. 2006;82(969):429–37.
7. Sorof J, Daniels S. Obesity hypertension in children: a problem of epidemic proportions. Hypertension. 2002;40(4):441–7.
8. Geyer H, Caracciolo G, Abe H, Wilansky S, Carerj S, Gentile F, Nesser HJ,
Khandheria B, Narula J, Sengupta PP. Assessment of myocardial mechanics using speckle tracking echocardiography: fundamentals and clinical
applications. J Am Soc Echocardiogr. 2010;23(4):351–69 (quiz 453–355).
9. Mor-Avi V, Lang RM, Badano LP, Belohlavek M, Cardim NM, Derumeaux
G, Galderisi M, Marwick T, Nagueh SF, Sengupta PP, et al. Current and
evolving echocardiographic techniques for the quantitative evaluation of
cardiac mechanics: ASE/EAE consensus statement on methodology and
indications endorsed by the Japanese Society of Echocardiography. Eur J
Echocardiogr. 2011;12(3):167–205.
10. Lorch S, Ludomirsky A, Singh G. Maturational and growth-related
changes in left ventricular longitudinal strain and strain rate measured by
two-dimensional speckle tracking echocardiography in healthy pediatric
population. J Am Soc Echocardiogr. 2008;21(11):1207.
11. Labombarda F, Zangl E, Dugue AE, Bougle D, Pellissier A, Ribault V,
Maragnes P, Milliez P, Saloux E. Alterations of left ventricular myocardial strain in obese children. Eur Heart J Cardiovasc Imaging.
2013;14(7):668–76.
12. Smiseth OA, Torp H, Opdahl A, Haugaa KH, Urheim S. Myocardial
strain imaging: how useful is it in clinical decision making? Eur Heart J.
2016;37(15):1196–207.
13. Labombarda F, Leport M, Morello R, Ribault V, Kauffman D, Brouard J,
Pellissier A, Maragnes P, Manrique A, Milliez P, et al. Longitudinal left ventricular strain impairment in type 1 diabetes children and adolescents: a
2D speckle strain imaging study. Diabetes Metab. 2014;40(4):292–8.
14. Tadic M, Ilic S, Cuspidi C, Stojcevski B, Ivanovic B, Bukarica L, Jozika L, Celic
V. Left ventricular mechanics in untreated normotensive patients with
type 2 diabetes mellitus: a two- and three-dimensional speckle tracking
study. Echocardiography (Mount Kisco, NY). 2015;32(6):947–55.
15. Borow KM, Jaspan JB, Williams KA, Neumann A, Wolinski-Walley P, Lang
RM. Myocardial mechanics in young adult patients with diabetes mellitus:
effects of altered load, inotropic state and dynamic exercise. J Am Coll
Cardiol. 1990;15(7):1508–17.
16. Brar PC, Patel P, Katz S. The relationship between insulin resistance and
endothelial dysfunction in obese adolescents. J Pediatr Endocrinol
Metab. 2017;30(6):635–42.
17. Devereux RB. Detection of left ventricular hypertrophy by M-mode
echocardiography. Anatomic validation, standardization, and comparison
to other methods. Hypertension. 1987;9(2 Pt 2):Ii19–22.
18. Sanz J, Garcia-Alvarez A, Fernandez-Friera L, Nair A, Mirelis JG, Sawit ST,
Pinney S, Fuster V. Right ventriculo-arterial coupling in pulmonary hypertension: a magnetic resonance study. Heart. 2012;98(3):238–43.

Page 10 of 11

19. Jone PN, Schafer M, Li L, Craft M, Ivy DD, Kutty S. Right atrial deformation in predicting outcomes in pediatric pulmonary hypertension. Circ
Cardiovasc Imaging. 2017;10(12):e006250.
20. Kulkarni A, Li L, Craft M, Nanda M, Lorenzo JMM, Danford D, Kutty S.
Fetal myocardial deformation in maternal diabetes mellitus and obesity.
Ultrasound Obstetr Gynecol. 2017;49(5):630–6.
21. Peterson LR, Herrero P, Schechtman KB, Racette SB, Waggoner AD,
Kisrieva-Ware Z, Dence C, Klein S, Marsala J, Meyer T, et al. Effect of obesity
and insulin resistance on myocardial substrate metabolism and efficiency
in young women. Circulation. 2004;109(18):2191–6.
22. Sanchez AA, Levy PT, Sekarski TJ, Arbelaez AM, Hildebolt CF, Holland
MR, Singh GK. Markers of cardiovascular risk, insulin resistance, and
ventricular dysfunction and remodeling in obese adolescents. J Pediatr.
2015;166(3):660–5.
23. Singh GK, Vitola BE, Holland MR, Sekarski T, Patterson BW, Magkos F, Klein
S. Alterations in ventricular structure and function in obese adolescents
with nonalcoholic fatty liver disease. J Pediatr. 2013;162(6):1160–8.
24. Kinik ST, Varan B, Yildirim SV, Tokel K. The effect of obesity on echocardiographic and metabolic parameters in childhood. J Pediatr Endocrinol
Metab. 2006;19(8):1007–14.
25. Kishi S, Gidding SS, Reis JP, Colangelo LA, Venkatesh BA, Armstrong AC,
Isogawa A, Lewis CE, Wu C, Jacobs DR Jr, et al. Association of insulin
resistance and glycemic metabolic abnormalities with LV structure and
function in middle age: the CARDIA study. JACC Cardiovasc Imaging.
2017;10(2):105–14.
26. Blomstrand P, Sjoblom P, Nilsson M, Wijkman M, Engvall M, Lanne T,
Nystrom FH, Ostgren CJ, Engvall J. Overweight and obesity impair left
ventricular systolic function as measured by left ventricular ejection fraction and global longitudinal strain. Cardiovasc Diabetol. 2018;17(1):113.
27. Bjornstad P, Snell-Bergeon JK, McFann K, Wadwa RP, Rewers M, Rivard CJ,
Jalal D, Chonchol MB, Johnson RJ, Maahs DM. Serum uric acid and insulin
sensitivity in adolescents and adults with and without type 1 diabetes. J
Diabetes Complications. 2014;28(3):298–304.
28. Bjornstad P, Truong U, Dorosz JL, Cree-Green M, Baumgartner A, Coe G,
Pyle L, Regensteiner JG, Reusch JE, Nadeau KJ. Cardiopulmonary dysfunction and adiponectin in adolescents with type 2 diabetes. J Am Heart
Assoc. 2016;5(3):e002804.
29. Toro-Salazar OH, Lee JH, Zellars KN, Perreault PE, Mason KC, Wang Z,
Hor KN, Gillan E, Zeiss CJ, Gatti DM, et al. Use of integrated imaging and
serum biomarker profiles to identify subclinical dysfunction in pediatric
cancer patients treated with anthracyclines. Cardio-Oncology. 2018;4(1):4.
30. Yang C, Ding Z, Zhou H, Chen D, Huang Z, Yang C, Liu S, Li Q, You Y,
Zhong X, et al. Prevalence of prediabetes by the fasting plasma glucose
and HbA1c screening criteria among the children and adolescents
of Shenzhen, China. J Diabetes. 2018. https://doi.org/10.1111/17530407.12820.
31. Tester J, Sharma S, Jasik CB, Mietus-Snyder M, Tinajero-Deck L. Gender
differences in prediabetes and insulin resistance among 1356 obese
children in Northern California. Diabetes Metab Syndr. 2013;7(3):161–5.
32. Bjornstad P, Truong U, Pyle L, Dorosz JL, Cree-Green M, Baumgartner A,
Coe G, Regensteiner JG, Reusch JE, Nadeau KJ. Youth with type 1 diabetes
have worse strain and less pronounced sex differences in early echocardiographic markers of diabetic cardiomyopathy compared to their normoglycemic peers: a RESistance to InSulin in Type 1 ANd Type 2 diabetes
(RESISTANT) Study. J Diabetes Complications. 2016;30(6):1103–10.
33. Cho DH, Joo HJ, Kim MN, Lim DS, Shim WJ, Park SM. Association between
epicardial adipose tissue, high-sensitivity C-reactive protein and
myocardial dysfunction in middle-aged men with suspected metabolic
syndrome. Cardiovasc Diabetol. 2018;17(1):95.
34. Pischon T, Girman CJ, Hotamisligil GS, Rifai N, Hu FB, Rimm EB. Plasma
adiponectin levels and risk of myocardial infarction in men. JAMA.
2004;291(14):1730–7.
35. Shibata R, Ouchi N, Ito M, Kihara S, Shiojima I, Pimentel DR, Kumada M,
Sato K, Schiekofer S, Ohashi K, et al. Adiponectin-mediated modulation of
hypertrophic signals in the heart. Nat Med. 2004;10(12):1384–9.
36. Liao Y, Takashima S, Maeda N, Ouchi N, Komamura K, Shimomura I, Hori
M, Matsuzawa Y, Funahashi T, Kitakaze M. Exacerbation of heart failure
in adiponectin-deficient mice due to impaired regulation of AMPK and
glucose metabolism. Cardiovasc Res. 2005;67(4):705–13.
37. Shang Q, Patel S, Steinmetz M, Schuster A, Danford DA, Beerbaum P, Sarikouch S, Kutty S. Myocardial deformation assessed by longitudinal strain:

Brar et al. Cardiovasc Diabetol

38.

39.
40.
41.
42.

43.

(2019) 18:172

chamber specific normative data for CMR-feature tracking from the
German competence network for congenital heart defects. Eur Radiol.
2018;28(3):1257–66.
Lervik LCN, Brekke B, Aase SA, Lonnebakken MT, Stensvag D, Amundsen BH, Torp H, Stoylen A. Myocardial strain rate by anatomic doppler
spectrum: first clinical experience using retrospective spectral tissue
doppler from ultra-high frame rate imaging. Ultrasound Med Biol.
2017;43(9):1919–29.
Gorcsan J 3rd, Tanaka H. Echocardiographic assessment of myocardial
strain. J Am Coll Cardiol. 2011;58(14):1401–13.
Scatteia A, Baritussio A, Bucciarelli-Ducci C. Strain imaging using cardiac
magnetic resonance. Heart Fail Rev. 2017;22(4):465–76.
Dandel M, Hetzer R. Echocardiographic strain and strain rate imagingclinical applications. Int J Cardiol. 2009;132(1):11–24.
Ng AC, Delgado V, Bertini M, van der Meer RW, Rijzewijk LJ, Shanks M,
Nucifora G, Smit JW, Diamant M, Romijn JA, et al. Findings from left ventricular strain and strain rate imaging in asymptomatic patients with type
2 diabetes mellitus. Am J Cardiol. 2009;104(10):1398–401.
Mahmod M, Pal N, Rayner J, Holloway C, Raman B, Dass S, Levelt E,
Ariga R, Ferreira V, Banerjee R, et al. The interplay between metabolic

Page 11 of 11

alterations, diastolic strain rate and exercise capacity in mild heart failure
with preserved ejection fraction: a cardiovascular magnetic resonance
study. J Cardiovasc Mag Reson. 2018;20(1):88.
44. Shah SJ, Kitzman DW, Borlaug BA, van Heerebeek L, Zile MR, Kass DA,
Paulus WJ. Phenotype-specific treatment of heart failure with preserved
ejection fraction: a multiorgan roadmap. Circulation. 2016;134(1):73–90.
45. Nagueh SF, Smiseth OA, Appleton CP, et al. Recommendations for the
evaluation of left ventricular diastolic function by echocardiography:
an update from the american society of echocardiography and the
european association of cardiovascular imaging. Eur Hear J Cardiovasc
Imaging. 2016;17(12):1321–60. https://doi.org/10.1093/ehjci/jew082.
46. Nagueh SF. Classification of left ventricular diastolic dysfunction
and heart failure diagnosis and prognosis. J Am Soc Echocardiogr.
2018;31(11):1209–11.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

