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prognostic value over conventional measures for predicting 
major adverse cardiac events.6 Moreover, layer-specific myo-
cardial strain can be measured in the endocardial, trans-
mural, and epicardial left ventricular (LV) layers using this 
technique.7 Further, intraventricular pressure differences 
(IVPD) and intraventricular pressure gradients (IVPG) can 
be measured on color M-mode imaging to accurately and 
non-invasively estimate active suction.8–10 IVPD has an 
excellent correlation with Tau index, which is a gold stan-
dard, although Tau index is an invasive method of evaluating 
diastolic function.11

In 2010, the International Association of Diabetes and 
Pregnancy Study Groups recommended new criteria for 
the diagnosis and classification of hyperglycemia during 
pregnancy,12 recognizing the increasing prevalence of undi-

G estational diabetes mellitus (GDM) increases the 
risk of numerous complications in the neonate, 
including both structural and functional cardio-

vascular disease. Infants, with structurally normal hearts, 
born to mothers with GDM (IGDM) may develop transient 
myocardial hypertrophy and associated systolic and diastolic 
dysfunction.1 When present, IGDM with hypertrophic car-
diomyopathy (HCM) tends to spontaneously regress in the 
first few months of life,2 but asymptomatic IGDM without 
cardiac hypertrophy develop subclinical decreases in sys-
tolic and diastolic myocardial function.3

Recently, new technology has been developed to estimate 
cardiac systolic and diastolic function, including 2-D speckle 
tracking echocardiography (2DST)-derived strain imaging.4,5 
Additionally, 2DST deformation imaging has superior 
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Background:  This study compared the myocardial performance of infants born to mothers with gestational diabetes mellitus (IGDM) 
and without GDM (controls) under the new GDM definitions.

Methods and Results:  The subjects consisted of 36 IGDM and 39 control infants. GDM diagnosis was based on oral glucose toler-
ance test during pregnancy or the presence of diabetes prior to the current pregnancy. Between-group infant cardiac function was 
determined and compared using 2-D speckle tracking analysis, intraventricular pressure difference (IVPD) and IVP gradient (IVPG), 
using color M-mode Doppler imaging. IVPD and IVPG were higher in IGDM than in the controls, particularly the mid–apical IVPG. 
The global circumferential strain (GCS) and endocardial GCS were higher in IGDM than in controls. Increased maternal glycated 
hemoglobin was correlated with reduced transmural and epicardial GCS in the IGDM. Maternal maximum fasting blood sugar had a 
mild, positive correlation with IVPD and IVPG.

Conclusions:  Ventricular sucking force, measured as the IVPD, IVPG, and endocardial GCS, were higher in IGDM than in the 
controls. A hyperglycemic environment during pregnancy leads to impaired cardiac performance in IGDM, compared with control 
infants. IGDM might have favorable systolic and diastolic cardiac performance due to cardiac metabolic adaptations occurring before 
poor glucose control causes impaired cardiac performance.

Key Words:	 Color M-mode Doppler imaging; Diabetic cardiomyopathy; Infant with gestational diabetes mother; Intraventricular 
pressure difference

ORIGINAL  ARTICLE
Pediatric Cardiology and Adult Congenital Heart Disease



Circulation Reports  Vol.1,  September  2019

379Cardiac Function in Infants With GDM

16 were one hit, 13 were two hits, and 3 were three hits. 
The 4 mothers with type 1 or 2 DM were receiving insulin 
before the pregnancy and the others received nutritional 
counseling by a registered dietitian and were placed on 
appropriate, low-carbohydrate diets. Infants in the IGDM 
group were monitored to determine blood glucose levels 
after birth. When an infant’s blood glucose was <40 mg/dL, 
an i.v. glucose infusion was given to maintain optimal 
glucose levels.

The Ethics Committee of Chutoen Medical Center 
approved the study protocol, which conformed to the prin-
ciples of the Declaration of Helsinki (approval date, 21 
November 2018; approval number, 85).

Data Collection
Given that this study was an observational, retrospective, 
historical cohort study, the results required validation using 
prospective evaluation in a small cohort of patients. Base-
line demographic and clinical data were collected from the 
medical records of all participants.

Baseline Blood Pressure (BP) and Cord Blood
Replicate BP measurements were obtained from the left or 
right legs of relaxed, supine newborns. Infant BP was mea-
sured at the time of echocardiography. Cord blood was 
taken from a double-clamped cord and analyzed less than 
or equal to 15 min after collection.15

Echocardiography
A Vivid-S5 cardiac ultrasound system (GE Healthcare Japan, 
Tokyo, Japan) with a 6S or 12S sector array transducer 
was used to conduct echocardiograms when the patient 
was at rest. All neonates underwent routine echocardiog-
raphy. The stored digital scans were analyzed by an expert 
blinded to patient details. Measurements from basic 2-D 
echocardiograms were conducted, including LV and right 
ventricle (RV) and atrial volume determination, using stan-
dard procedures recommended by the American Society of 
Echocardiography.16 LV and RV stroke volumes and LV 
output were determined using pulsed Doppler imaging.17

agnosed GDM.13 Under the new GDM definition, there is 
little information currently available regarding estimating 
myocardial changes that occur in IGDM using either con-
ventional echocardiography or new technologies, including 
2DST, IVPD, and IVPG. Thus, in this study we evaluated 
the myocardial performance of IGDM and control infants, 
using echocardiography, and assessed the factors affected 
by maternal glucose metabolism abnormalities under the 
new GDM definition.

Methods
Subjects
The subjects consisted of infants and mothers attending 
the Department of Pediatrics, Chutoen Medical Center, 
between June 2017 and October 2018. There were a total 
of 36 IGDM, 39 control infants, and their respective moth-
ers. Infants were excluded if they were born at a gestational 
age <37 weeks, had congenital heart disease, were outside 
the size range for their gestational age (defined as birth 
weight below or above the 10th percentile for their gestational 
age14), required artificial ventilation, had Apgar score <7 
at 5 min, or had chromosomal abnormalities. Mothers 
were excluded if they had chronic medical conditions, such 
as hypertension (including pregnancy-induced hyperten-
sion), gestational thyroid disease and so on. Women with 
GDM were defined as those with a glucose metabolism 
abnormality that existed prior to or began during the cur-
rent pregnancy and was diagnosed on oral glucose toler-
ance test (OGTT). A simplified, 1-step OGTT that required 
only a 75-g, 2-h oral test was used.12 Glucose metabolism 
abnormalities were identified on fasting blood glucose 
≥92 mg/dL or blood glucose ≥180 mg/L at 1 h or ≥153 mg/dL 
at 2 h after consuming the glucose solution. One (one hit) 
or more (two and three hit) of these values from a 75-g 
OGTT must be equaled or exceeded for the diagnosis of 
GDM. Figure 1 shows the study flow chart. In the IGDM 
group, 4 mothers were identified as having pre-existing 
type 1 (n=1) or type 2 (n=3) DM. Of the remaining 32 
mothers identified with GDM following the 75-g OGTT, 

Figure 1.    Study design and subject 
selection. DM, diabetes mellitus; GDM, 
gestational diabetes; IGDM, infants 
born to mothers with gestational diabe-
tes; OGTT, oral glucose tolerance test.
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Doppler Wave imaging. To overcome heart rate differences, 
the timings of all parameters were normalized to the 
duration of systole (i.e., at the onset of the QRS-wave 
[t=0%] and at end-systole [t=100%]).22 Experts, blinded to 
the patient details, analyzed the stored digital scans.

Myocardial Layer-Specific Strain on 2DST
The 2DST analyses were retrospectively performed using 
vendor-specific software (EchoPAC PC, version 201, GE 
Healthcare) by an experienced observer, blinded to patient 
information. Manual tracings of the endocardial border 
during end-systole, in 3 apical views and at 3 levels of the 
short axis views, were performed to measure longitudinal 
and circumferential strain. The software performed speckle 
tracking over the entire myocardium included in the region 
of interest, allowing assessment of the relationship between 
layer-specific strain parameters and fundamental anthro-
pometric variables. Subsequently, the software determined 
strain and strain rate at the transmural (not midwall) and 
endocardial locations, epicardial strain, the ratio of endo-
cardial longitudinal (circumferential) strain at end-systole 
(GL(C)S) to epicardial GL(C)S, diastolic global longitudinal 
peak strain rate–early (DGLSR e), DGLSR–late (DGLSR 
a), DGLSR e/a ratio, diastolic global circumferential peak 
strain rate–early (DGCSR e), DGCSR–late (DGCSR a), 
and DGCSR e/a ratio. This recently introduced speckle-

IVPD and IVPG
IVPD was estimated using color M-mode imaging to inte-
grate the 1-D Euler equation, as previously described.18 
The images were obtained using the same apical 4-chamber 
view that was used to assess LV ejection fraction and 
mitral motion (Figure 2). The flow velocity color M-mode 
images were acquired by aligning the Doppler cursor in 
parallel with the diastolic inflow and were analyzed using 
MATLAB (MathWorks, Natick, MA, USA) and an image 
processing algorithm. This method was previously vali-
dated against direct micromanometer measurements.19,20 
The peak IVPD from the mitral valvular annulus to the LV 
apex was calculated using the temporal profile of the LV 
apex pressure relative to the left atrial (LA) pressure. Peak 
IVPD and the timing of the peak IVPD from the onset of 
the Q-wave were measured from at least 3 beats; the mean 
was used in the final analysis.

The total IVPD was further separated into the basal and 
mid and apical segments (hereafter, basal and apical seg-
ments), as previously described (Figure 2).8 Furthermore, 
to overcome differences in LV size, we calculated the IVPG 
as IVPD/LV length.8–10,21 The basal segment was defined as 
one-third of the total LV length from the mitral valve, 
whereas the apical segment was defined as the remaining 
two-thirds. The timing of Q-wave onset, aortic valve clo-
sure, and mitral valve opening were measured using Pulse 

Figure 2.    Estimation of early diastolic intraventricular pressure difference (IVPD). (A) Three-dimensional temporal and spatial 
profiles of IVPD. (B) Temporal profile at peak total IVPD and mid-apical IVPD. (C) IVPD spatial profile at peak IVPD, at the MV level. 
The basal and mid-apical IVPD segments were calculated based on the left ventricle segmentation rule of one-third for basal and 
two-thirds for mid-apical. AoV, aortic valve; MV, mitral valve.
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comparisons between the control and IGDM groups were 
performed using the Mann-Whitney U-test, chi-squared 
test, or Fisher’s exact test, as appropriate. Spearman’s rank 
correlation was used to evaluate the relationship between 
echocardiographic and other findings. Comparisons involv-
ing more than 3 variables were tested using the Kruskal-
Wallis test. Post-hoc analyses were performed using the 
Bonferroni test. The variables found to be significant on 
univariate analysis were assessed on multivariate analysis 
using stepwise logistic regression. Observer variability param-
eters were used to calculate mean bias (average difference 
between measurements), SD, 95% CI, coefficients of varia-
tion using the Bland-Altman approach, and the intra-class 
correlation coefficient. For all statistical analysis, performed 
using SPSS Statistics 21 (SPSS, Chicago, IL, USA), P<0.05 
was considered significant.

Results
Primary Outcome
A comparison of the baseline characteristics and echocar-
diography parameters of IGDM and controls are shown in 
Table 1 and Supplementary Table 1. On conventional echo-
cardiography, the median intraventricular septal wall thick-
ness at diastole (IVSd) was greater in the IGDM group 
than in the control group. The between-group comparison 
of color M-mode and 2DST analyses are shown in Table 2. 
On univariate analysis of the color M-mode data, total 
IVPD, apical IVPD, and IVPG were higher in the IGDM 
group than in the control group. Specific-layer GLS analy-
ses failed to show any significant differences between the 

tracking echocardiography technology allows non-invasive 
bedside assessment of layer-specific myocardial deforma-
tions.7,23 We used a 2DST analysis that incorporated a high 
sampling rate (median, 78 samples/s; range, 66–137 samples/s). 
An expert, blinded to patient details, analyzed the stored 
digital scans. This new, sensitive indicator is highly effec-
tive in detecting cardiac dysfunction in various cardiac 
diseases, including in children.24–27

Outcomes
The primary outcomes were comparisons of the myocar-
dial performance of IGDM and control infants on conven-
tional 2-D echocardiography, 2DST, IVPD, and IVPG. 
The secondary outcome was identification of the factors 
affecting myocardial performance in IGDM. We also inves-
tigated the relationships between echocardiography param-
eters, IVPD, and IVPG, and maternal factors.

Measurement Reproducibility
To reduce recall bias, intra- and interobserver variability 
in the measurement of 2-D global strain; the strain rate of 
the transmural myocardium, endocardium, and epicardium; 
and diastolic global strain rate in both the longitudinal and 
circumferential directions were recorded in 10 randomly 
selected infants by 2 independent observers and by one of 
the observers on 2 different occasions. IVPD and IVPG 
measurement on color M-mode imaging has been previ-
ously shown to be accurate and reproducible.18

Statistical Analysis
The results are expressed as median (IQR). Two-sided 

Table 1.  Subject Characteristics (n=75)

IGDM group  
(n=36)

Control group  
(n=39) P-value

Sex (male) 18 (50.0) 17 (43.6) 0.647

GA (weeks) 39 (38~39)　　　　　 39 (38~40)　　　　　 0.187

Apgar score (5-min) 9 (9~9)　　　　　　　 9 (9~9)　　　　　　　 0.138

Length (cm) 50.5 (50.0~51.0)　　 50.0 (49.0~51.0)　　 0.108

Weight (g) 3,175 (2,892~3,464) 2,948 (2,838~3,223) 0.039

BSA (m2) 0.21 (0.20~0.22)　　 0.21 (0.20~0.21)　　 0.038

Time to echo (days) 1 (1~1)　　　　　　　 1 (1~2)　　　　　　　 0.06　　
Cardiac variables

    HR (beats/min) 125 (114~136)　　　 120 (107~130)　　　 0.217

    SBP (mmHg) 67 (60~67)　　　　　 65 (59~71)　　　　　 0.668

    DBP (mmHg) 38 (35~43)　　　　　 36 (31~38)　　　　　 0.041

    MBP (mmHg) 49 (45~54)　　　　　 48 (43~53)　　　　　 0.352

M-mode parameters

    LVDd (mm) 17.3 (16.3~18.5)　　  18 (17.0~19.1) 0.353

    LVDs (mm) 11.3 (10.9~12.4)　　 11.5 (10.9~12.3)　　 0.545

    IVSd (mm) 3.6 (3.3~4.2)　　　　 3.3 (2.7~3.6)　　　　 0.003

    IVSs (mm) 3.9 (3.4~4.4)　　　　 3.7 (3.3~3.9)　　　　 0.102

    LVPWd (mm) 2.5 (2.3~2.7)　　　　 2.6 (2.4~2.8)　　　　 0.615

    LVPWs (mm) 3.8 (3.5~4.2)　　　　 3.7 (3.3~3.9)　　　　 0.093

    LVEF (%) 69.5 (66.5~73.8)　　 71.9 (69.1~74.7)　　 0.154

Data given as n (%) or median (IQR). BSA, body surface area; DBP, diastolic blood pressure; GA, gestational age; 
HR, heart rate; IGDM, infants with structurally normal hearts, born to mothers with gestational diabetes mellitus; 
IVSd, intraventricular septal wall thickness at diastole; IVSs, intraventricular septal wall thickness at systole; LVDd, 
left ventricular diastolic dimension; LVDs, left ventricular systolic dimension; LVEF, left ventricular ejection fraction; 
LVPWd, left ventricular posterior wall thickness at diastole; LVPWs, left ventricular posterior wall thickness at systole; 
MBP, mean blood pressure; SBP, systolic blood pressure.
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Table 2.  2-D Speckle Tracking and Color M-Mode Analysis

IGDM group  
(n=36)

Control group  
(n=39) P-value

GLS

    Global (%)

        Transmural GLS −13.4 (−14.4~−11.9) −12.9 (−14.1~−11.0) 0.201

        Endocardial GLS −16.6 (−18.6~−14.8) −16.4 (−17.1~−13.4) 0.234

        Epicardial GLS −10.9 (−12.2~−9.6)　　 −10.6 (−11.9~−9.1)　　 0.442

        GLS Endo/Epi ratio 1.51 (1.43~1.60)　　 1.48 (1.40~1.57)　　 0.228

    DGLSR (s−1)

        DGLSR e 1.9 (1.4~2.5)　　　　 1.3 (1.1~1.0)　　　　 0.003

        DGLSR a 1.1 (0.8~1.4)　　　　 0.9 (0.7~1.2)　　　　 0.067

        DGLSR e/a ratio 1.8 (1.2~2.6)　　　　 1.6 (1.1~2.0)　　　　 0.381

GCS

    Base (%)

        Transmural GCS −10.3 (−12.0~−8.6)　　 −8.8 (−10.8~−7.2) 0.094

        Endocardial GCS −21.0 (−23.5~−17.0) −17.0 (−21.1~−14.7) 0.016

        Epicardial GCS −4.8 (−7.3~−3.4)　　 −4.6 (−7.0~−3.4)　　 0.679

        GCS Endo/Epi ratio 3.10 (2.73–4.43)　　 3.23 (2.44–4.68)　　 0.577

    Middle (%)

        Transmural GCS −12.8 (−14.4~−10.5) −11.3 (−13.6~−9.6)　　 0.193

        Endocardial GCS −24.5 (−28.1~−20.4)    −21 (−23.9~−18.6) 0.017

        Epicardial GCS −5.6 (−6.7~−5.1)　　 −6.4 (−8.5~−4.9)　　 0.319

        GCS Endo/Epi ratio 3.88 (3.51~4.65)　　 3.08 (2.56~3.80)　　 0.008

        DGCRS e 1.4 (1.2~1.6)　　　　 1.2 (0.9~1.5)　　　　 0.086

        DGCRS a 0.7 (0.6~0.9)　　　　 0.6 (0.5~0.8)　　　　 0.121

        DGCRS e/a 1.9 (1.4~2.6)　　　　 2.0 (1.2~2.7)　　　　 0.866

    Apex (%)

        Transmural GCS −16.9 (−18.9~−14.1)    −16 (−17.7~−14.0) 0.256

        Endocardial GCS −33.6 (−37.3~−29.5)    −30 (−31.9~−26.2) 0.014

        Epicardial GCS  −8 (−9.5~−5.8) −7.1 (−9.3~−5.5)　　 0.519

        GCS Endo/Epi ratio 4.38 (3.19~5.60)　　 3.77 (3.21~4.82)　　 0.467

DGCRS (s−1)

    Base

        DGCSR e 1.0 (0.8~1.3)　　　　 0.8 (0.7~1.1)　　　　 0.149

        DGCSR a 0.6 (0.5~0.8)　　　　 0.6 (0.4~0.8)　　　　 0.379

        DGCSR e/a ratio 1.6 (1.2~2.3)　　　　 1.4 (1.1~2.1)　　　　 0.618

    Middle

        DGCRS e 1.4 (1.2~1.6)　　　　 1.2 (0.9~1.5)　　　　 0.086

        DGCRS a 0.7 (0.6~0.9)　　　　 0.6 (0.5~0.8)　　　　 0.121

        DGCRS e/a ratio 1.9 (1.4~2.6)　　　　 2.0 (1.2~2.7)　　　　 0.866

    Apex

        DGCRS e 1.7 (1.6~2.0)　　　　 1.6 (1.2~1.9)　　　　 0.144

        DGCRS a 0.8 (0.7~1.2)　　　　 0.7 (0.6~1.0)　　　　 0.303

        DGCRS e/a ratio 1.9 (1.4~2.6)　　　　 1.8 (1.6~2.8)　　　　 0.965

Color M-mode

    Total IVPD (mmHg) 1.05 (0.90~1.25)　　 0.85 (0.70~0.97)　　 0.001

    Basal IVPD (mmHg) 0.53 (0.41~0.65)　　 0.51 (0.37~0.57)　　 0.252

    Mid-apical IVPD (mmHg) 0.50 (0.38~0.56)　　 0.35 (0.27~0.41)　　 <0.001　
    Total IVPG (mmHg/cm) 0.38 (0.32~0.44)　　 0.29 (0.24~0.35)　　 0.003

    Basal IVPG (mmHg/cm) 0.23 (0.17~0.28)　　 0.21 (0.16~0.25)　　 0.308

    Mid-apical IVPG (mmHg/cm) 0.21 (0.17~0.24)　　 0.15 (0.11~0.18)　　 <0.001　

Data given as median (IQR). DGCSR, diastolic global circumferential strain rate; DGCSR a, DGCSR late peak strain 
rate; DGCSR e, DGCSR early peak strain rate; DGLSR, diastolic global longitudinal strain rate; DGLSR a, DGLSR 
late peak strain rate; DGLSR e, DGLSR early peak strain rate; GCS, global circumferential strain; GLS, global longi-
tudinal strain; IGDM, infants with structurally normal hearts, born to mothers with gestational diabetes mellitus; IVPD, 
intraventricular pressure difference; IVPG, intraventricular pressure gradient. 



Circulation Reports  Vol.1,  September  2019

383Cardiac Function in Infants With GDM

2DST, showed that GLS had a weak–mild negative cor-
relation with IVPD and IVPG. Similarly, DGLSR e show 
a mildly positive correlation with IVPD and IVPG. Endo-
cardial and transmural GCS at the base and middle of the 
ventricle showed weakly to mildly negative correlations 
with IVPD and IVPG. The layer-specific DGCSR e for the 
3 areas of the ventricle had weak–mild positive correlations 
with IVPD and IVPG.

Reproducibility
The intra- and interobserver variability scores for layer-
specific 2DST and GLS and GCS diastolic myocardial strain 
rate were within an acceptable range (Table 4).

Discussion
Cardiac Performance: IGDM vs. Control
In the present study, IVPD and IVPG were higher in the 
IGDM group than in the control group, especially for api-
cal IVPG. One 2DST analysis, there were no significant 
between-group GLS differences for any of the myocardial 
layers. In contrast, endocardial GCS was significantly higher 
at all levels in the IGDM group than in the controls. In 
previous cardiac performance studies involving IGDM 
infants, impaired LV systolic and diastolic function was 
seen in infants with and without cardiac hypertrophy, fol-
lowing poor glycemic control during pregnancy.1,28,29 In the 
present study, however, favorable systolic and diastolic 
performance was seen in the IGDM, compared with con-
trol infants. This apparent discrepancy may be explained 
by other previously published studies. In a previous exper-
imental study the LV peak filling rate on magnetic reso-
nance imaging was significantly higher in diabetic mice 
than in non-diabetic mice with heart failure induced by 
pressure overload.30 In addition, other previous studies 
have investigated favorable systolic performance in condi-
tions of increased afterload, monitored using strain-imag-
ing techniques. It was shown that the GLS was uniformly 
lower in individuals with diabetes than in controls,31,32 
whereas the GCS changes were variable.33–38 Although 
GLS is known to be reduced in IGDM,39 GCS has not 
been elucidated in this population. GCS mechanics may be 
viewed as the ‘‘myocardial compensatory domain’’, espe-
cially in increased afterload situations, such as hyperten-

groups. On specific-layer analysis of the GCS, endocardial 
GCS at the basal and apical levels was higher in the IGDM 
group than in the controls. Further, the GCS endocardial/
epicardial ratio at the middle level was also higher in the 
IGDM group than in the controls. On stepwise multiple 
linear regression analysis (Table 3) using dependent vari-
ables that were significant on univariate analysis, signifi-
cant between-group differences were observed for IVSd 
and apical IVPG (R2=0.334; IVSd: β=0.406, P=0.003; api-
cal IVPG: β=0.355, P=0.008).

Secondary Outcomes
The maternal baseline (pregnancy) characteristics were com-
pared between the IGDM and control infants (Supplementary 
Table 2). On univariate analysis significant between-group 
differences were seen in age, weight gain during pregnancy, 
and maximum fasting blood sugar during pregnancy. The 
cord blood samples also showed significant between-group 
differences in carbon dioxide partial pressure and potas-
sium concentration.

On comparison of conventional echocardiography, 
2DST, and color M-mode parameters between women tak-
ing insulin and those managing their diabetes with nutri-
tional therapy, there was no significant differences. The 
relationship between maternal hemoglobin A1c (HbA1c) 
and infant myocardial performance is shown in Figure 3. 
Maternal HbA1c had a positive correlation with transmural 
GCS (r=0.441, P<0.05), epicardial GCS (r=0.598, P=0.01), 
and endocardial/epicardial GCS ratio (r=0.503, P<0.05) at 
the basal level. HbA1c did not correlate with endocardial 
data (r=0.182) data and was negatively correlated with the 
endocardial/epicardial GCS ratio at the apex level (r=0.472, 
P<0.05). There was no significant correlation between 
HbA1c and GLS in the specific layers and color M-mode 
parameters.

Other Outcomes
The correlations of IVPD and IVPG with maternal fac-
tors, M-mode, Doppler, tissue Doppler image (TDI), and 
2DST parameters are listed in Supplementary Table 3. 
Maternal maximum fasting blood sugar had a mild posi-
tive correlation with IVPD and IVPG. The mitral E wave 
and IVS-TDI E’ had a mild positive correlation with IVPD 
and IVPG. Myocardial layer-specific strain testing, using 

Table 3.  Multiple Regression Analysis (Stepwise)

IGDM group  
(n=36)

Control group  
(n=39)

P-value

Univariate Multivariate

DBP (mmHg) 38 (35~44)　　　　　 36 (31~38)　　　　　 0.023

IVSd (mm) 3.6 (3.3~4.2)　　　　 3.3 (2.7~3.6)　　　　 0.003 0.010　　
DGLSR e 1.9 (1.4~2.5)　　　　 1.3 (1.1~1.0)　　　　 0.003

Base GCS endocardial −21.0 (−23.5~−17.0) −17.0 (−21.1~−14.7) 0.016

Middle GCS Endocardial −24.5 (−28.1~−20.4)    −21 (−23.9~−18.6) 0.017

Middle GCS Endo/Epi ratio 3.88 (3.51~4.65)　　 3.08 (2.56~3.80)　　 0.008

Apex GCS Endocardial −33.6 (−37.3~−29.5)    −30 (−31.9~−26.2) 0.014

Total IVPD (mmHg) 1.05 (0.90~1.25)　　 0.85 (0.70~0.97)　　 0.001 0.0008

Mid-Apical IVPD (mmHg) 0.50 (0.38~0.56)　　 0.35 (0.27~0.41)　　 <0.001　
Total IVPG (mmHg/cm) 0.38 (0.32~0.44)　　 0.29 (0.24~0.35)　　 0.003

Mid-Apical IVPG (mmHg/cm) 0.21 (0.17~0.24)　　 0.15 (0.11~0.18)　　 <0.001　

Data given as median (IQR). GLSR e, global longitudinal strain rate early peak strain rate. Other abbreviations as in 
Tables 1,2.
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to glucose utilization, in heart failure, may be a beneficial 
adaptation. At birth, the rapid changes in pre- and after-
loading that occur due to the fall in pulmonary vascular 
resistance and clamping of the cord, may result in occult 
myocardial injury. These echocardiography findings are 
consistent with changes in cardiac biomarkers, including 
serum cardiac troponin T and B-type natriuretic peptide, 
which increase from birth through the first day of life.49–51

Moreover, a hyperglycemic environment during preg-
nancy may impair cardiac performance in IGDM, but 
favorable glycemic control during pregnancy can prevent 
harmful cardiac effects. This leads to the speculation that 
metabolic adaptations occur in the heart to restore the bal-
ance between glucose and FA utilization in IGDM.

IGDM Cardiac Performance and Maternal Glucose 
Metabolism Abnormalities
Increased maternal HbA1c was associated with reduced 
transmural and epicardial GCS and increased endocardial/
epicardial GCS ratios at the base of the ventricle, and with 
decreased endocardial/epicardial GCS ratios at the apex. 
There was no significant correlation between HbA1c and 

sion, obstructive HCM, and severe aortic stenosis.33,40–42 
We speculate that GCS in IGDM is maintained or increased 
during GLS reductions due to hyperinsulinemia and over-
all poor glycemic control during pregnancy.

The mechanism associated with the favorable systolic 
and diastolic performances in IGDM is suggested to involve 
metabolic adaptations in the heart. In diabetic mice, these 
adaptations seem to prevent the heart from failing during 
conditions of pressure overload, suggesting that a restora-
tion of the balance between glucose and fatty acid (FA) 
utilization is beneficial for cardiac function.30 Further, 
metabolic remodeling of the heart may be an important 
contributor to the development of heart failure.43 The tran-
sition to heart failure is generally accepted to be accompa-
nied by a shift in cardiac substrate preference, with a greater 
reliance on glucose utilization and a concomitant suppres-
sion of FA oxidation (FAO).44–46 This metabolic shift seems 
to precede the onset of cardiac dysfunction.47 The diabetic 
heart appears to rely almost exclusively on FAO and has 
lost the flexibility to switch from FAO to glucose utiliza-
tion.48 Unfortunately, the nearly total reliance on FAO 
may be detrimental to the diabetic heart; a shift from FAO 

Figure 3.    Correlation between maternal glycated hemoglobin (HbA1c) and infant myocardial performance. Maternal HbA1c cor-
related positively with (A) transmural global circumferential strain (GCS), (B) epicardial GCS, and (C) endo/epi GCS ratio at base 
levels but not with the endocardial GCS (r=0.182). (D) HbA1 is negatively correlated with endocardial/epicardial GCS ratio at the 
apex level.



Circulation Reports  Vol.1,  September  2019

385Cardiac Function in Infants With GDM

Table 4.  Intra- and Inter-Observer Variability in Layer-Specific GSR and Diastolic MSR

Bias SD 95% CI CV ICC 95% CI

GLS

    Intra-observer variability

        Transmural   1.153 1.039 −0.546 1.831 0.90 0.735 0.349 0.910

        Endocardial   1.602 1.167 −0.973 2.600 0.73 0.893 0.698 0.966

        Epicardial   1.576 1.417   1.576 1.417 0.90 0.524 0.008 0.824

        DGLSR e −0.335 0.450 −0.335 0.450 1.34 0.480 −0.052　　 0.804

        DGLSR a −0.095 0.127 −0.095 0.127 1.34 0.881 0.668 0.962

    Inter-observer variability

        Transmural   0.642 1.769 −0.546 1.831 2.76 0.941 0.780 0.984

        Endocardial   0.814 2.659 −0.973 2.600 3.27 0.843 0.418 0.958

        Epicardial   0.714 1.682 −0.416 1.845 2.36 0.928 0.734 0.981

        DGLSR e −0.066 0.230 −0.221 0.089 3.48 0.951 0.817 0.987

        DGLSR a   0.033 0.271 −0.150 0.215 8.21 0.768 0.139 0.938

GCS

    Intra-observer variability

        Base

            Transmural   0.223 1.277 −0.549 0.995 5.73 0.926 0.783 0.976

            Endocardial   0.754 1.038   0.127 1.381 1.38 0.967 0.901 0.990

            Epicardial −0.617 0.802 −1.126 −0.107　　 1.30 0.941 0.816 0.982

            DGCSR e   0.131 0.278 −0.037 0.299 2.13 0.629 0.164 0.869

            DGCSR a   0.056 0.164 −0.044 0.155 2.96 0.868 0.636 0.957

        Middle

            Transmural   0.233 1.005 −0.405 0.872 4.31 0.941 0.817 0.983

            Endocardial −0.383 1.946 −1.620 0.853 5.08 0.943 0.821 0.983

            Epicardial   0.325 0.422   0.057 0.593 1.30 0.928 0.780 0.978

            DGCSR e −0.083 0.185 −0.201 0.034 2.22 0.869 0.622 0.960

            DGCSR a   0.027 0.174 −0.084 0.137 6.47 0.878 0.645 0.963

        Apex

            Transmural −0.592 2.109 −1.867 0.682 3.56 0.814 0.511 0.939

            Endocardial   0.554 2.082 −0.704 1.812 3.76 0.876 0.656 0.960

            Epicardial −0.438 0.922 −0.996 0.119 2.10 0.958 0.874 0.987

            DGCSR e   0.246 0.304   0.062 0.430 1.24 0.753 0.385 0.917

            DGCSR a −0.054 0.282 −0.224 0.116 5.23 0.696 0.277 0.895

    Inter-observer variability

        Base

            Transmural   1.360 1.503   0.440 0.781 1.10 0.959 0.833 0.990

            Endocardial   2.090 1.120   1.289 2.891 0.54 0.992 0.966 0.998

            Epicardial   0.440 0.781 −0.118 0.998 1.77 0.982 0.927 0.996

            DGCSR e −0.140 0.217 −0.295 0.015 1.55 0.940 0.760 0.985

            DGCSR a −0.040 0.143 −0.142 0.062 3.57 0.964 0.856 0.991

        Middle

            Transmural   0.480 1.470 −0.572 1.532 3.06 0.962 0.846 0.991

            Endocardial   0.240 1.755 −1.02　　 1.50　　 7.31 0.971 0.884 0.993

            Epicardial   0.480 1.002 −0.237 1.197 2.09 0.983 0.930 0.996

            DGCSR e   0.060 0.084   0.000 0.120 1.41 0.984 0.934 0.996

            DGCSR a −0.070 0.125 −0.239 0.059 2.31 0.867 0.465 0.967

        Apex

            Transmural −0.755 1.495 −1.759 0.250 1.98 0.960 0.851 0.989

            Endocardial −0.764 1.660 −1.879 0.351 2.17 0.979 0.921 0.994

            Epicardial −0.155 1.140 −0.921 0.612 7.35 0.962 0.858 0.990

            DGCSR e   0.049 0.178 −0.071 0.168 3.63 0.970 0.889 0.992

            DGCSR a   0.036 0.175 −0.081 0.154 4.86 0.902 0.634 0.974

CV, coefficient of variation; GSR, global strain rate; ICC, intra-class correlation coefficient; MSR, myocardial strain rate. Other abbreviations as 
in Tables 1,2.
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estimated due to the high neonatal heart rates. Third, there 
were a few mothers in the GDM group who were being 
treated with insulin, possibly introducing bias. Despite these 
limitations, this study provides some significant new insights. 
Additional studies, involving larger numbers of individu-
als, are needed to confirm the observed correlations.

Conclusions
Favorable systolic and diastolic performance was seen in 
IGDM whose mothers maintained favorable glycemic con-
trol during pregnancy. This suggests that cardiac metabolic 
adaptations restore the balance between glucose utilization 
and FAO to prevent harmful myocardial effects due to 
maternal GDM.
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