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Abstract

Objective To evaluate fetal ventricular diastolic function in pregnancies of women with gestational diabetes (GD), to deter-
mine whether minimal anomalies of glucose metabolism may influence fetal cardiac function.

Study design Fetal ventricular filling time was measured by transabdominal ultrasound in singleton pregnancies between
34 and 37 weeks of gestation. We used a measurement which consists in the ratio between the diastolic time and the whole
cardiac cycle time.

Results The study included 35 women with a GD and 217 non-diabetic. Right ventricular filling time (RVFT) was signifi-
cantly lower in the GD group (mean of RVFT=39.2+4.4 vs 43.6 +4.6; p < 0.01). Likewise, left ventricular filling time
(LVFT) was shorter in the GD group compared to the non-GD group, though the difference was not significant (mean of

LVFT=43.6+4.6 vs 44.6 +£5.5;p =0.33).

Conclusions Fetal right cardiac function is altered also in pregnancies where gestational diabetes is well controlled.

Keywords Gestational diabetes - Fetal heart function - Echocardiography - International Association of Diabetes and

Pregnancy Study Groups - Glycemia

Introduction

Gestational diabetes (GD) is associated both with short-
and long-term adverse outcomes in the offspring, such as
large-for-gestational-age fetuses, macrosomia and perinatal
morbidity. Later in life, children of mothers with GD are at
higher risk of developing overweight, diabetes and meta-
bolic syndrome [1, 2]. The fetal heart is among the main
organs which are susceptible to poor glycemic control in the
mother. Fetal myocardium dysfunction is a known condition
which develops in fetuses of women with pre-gestational
diabetes as a consequence of the hyperinsulinemia due to

>< F. D’Ambrosi
dambrosifr@gmail.com

Department of Woman, Child and Neonate, Fondazione
IRCCS Ca’ Granda Ospedale Maggiore Policlinico, Milan,
Italy

Department of Clinical Sciences and Community Health,
University of Milan, Milan, Italy

Department of Clinical Sciences and Community Health,
Branch of Medical Statistics, Biometry and Epidemiology
“G.A. Maccacaro”, University of Milan, Milan, Italy

a poorly controlled glucose metabolism [1-5]. However,
a significant impairment of the cardiac function has also
been observed in women with poorly controlled GD. Still,
the effects of GD on fetal cardiac function remain unclear,
especially in cases of minimally increased levels of maternal
glycaemia [3, 5-17].

The aim of our study was to evaluate fetal ventricular
diastolic function in singleton pregnancies of women with
well-controlled gestational diabetes, to determine whether
minimal modifications of glucose metabolism may influence
fetal cardiac function.

Methods
Study design and setting

Between January 2019 and September 2019, we recruited
all consecutive women with singleton pregnancies attending
our outpatient clinic. Gestational diabetes was diagnosed
according to the International Association of Diabetes and
Pregnancy Study Group’s (IADPSG) recommendations [18]:
fasting plasma glucose >92 mg/dl and a positive 75-g oral
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glucose tolerance test (OGTT) between 24 and 28 weeks of
gestation. Women with fasting plasma glucose >92 mg/dl
(first trimester GD) or > 126 mg/dl (pre-gestational diabetes)
during the first trimester of gestation were excluded from the
study. In the same period of time, we recruited the control
group which included all consecutive women with singleton
pregnancies screened negative at the OGTT.

All patients underwent an ultrasound scan between 34
and 37 weeks of gestational age. This exam is routinely per-
formed in our center for the assessment of fetal and maternal
well-being. Gestational age was determined on the basis of
the first trimester ultrasound [19]; pregnancies with uncer-
tain dating were excluded. Cases of chromosomal or struc-
tural fetal abnormalities, including intrauterine growth fetal
restriction (IUGR) and large-for-gestational-age (LGA) with
an estimated fetal weight above the 90th percentile, were
also excluded. Polyhydramnios, defined as a deepest verti-
cal pocket greater than 8 cm, also represented an exclusion
criteria [20].

Further exclusion criteria included ongoing medication
which may have affected fetal heart rhythm such as ami-
odarone, digoxin, beta blockers, flecainide, sodium and
calcium channel blockers; a diagnosis of type 1 diabetes
mellitus, type 2 diabetes mellitus, first trimester GD as well
as preeclampsia, chronic hypertension, and renal, liver or
hematological disorders.

Maternal and fetal characteristics assessment
and ultrasound measurements

Sonologists were not aware of OGTT results. Thirty-five
women were diagnosed with GD and as such underwent
the protocol in use in our institute for monitoring mothers’
and fetuses’ well-being in pregnancies complicated by GD.
In particular, women were asked to self-monitor blood glu-
cose levels six times per day. Normal fasting glucose levels
were defined as: <95 mg/dl (i.e., measurements were taken
approximately 30 min before meals), while post-prandial
measurements were considered normal when < 120 mg/dl
(i.e., approximately 120 min after meals). In pregnancies
with a fetal abdominal circumference exceeding the 75th
centile of local reference values, normal fasting glucose lev-
els were defined as <90 mg/dl, while normal post-prandial
measurements were defined as < 110 mg/dl [21]. All patients
diagnosed with GD were initially treated with a personal-
ised diet. Insulin was prescribed (starting with 0.1 U/kg IM
before meals) when glucose levels were sub-optimal (i.e.,
when 20% of measurements or more were above reference
values) [22]. This scheme was customized to account for
patients’ glycemic control and fetal growth [23]. Well-con-
trolled GD was diagnosed, independent of the type of treat-
ment patients were assigned, when 80% or more glucose
measurements where within range, estimated fetal weight
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was appropriate for gestational age and the amniotic fluid
index was normal [22]. Women tested negative for the glu-
cose-tolerance test were considered non-diabetic (non-GD).

All women enrolled in the study underwent a transab-
dominal ultrasound scan which was performed by an expert
sonologists using a RAB 4-8 MHz probe, Voluson S10, GE
Medical Systems, Milwaukee, WI, USA. Prior and during
examination, maternal and fetal characteristics were col-
lected. Maternal characteristics included age, parity, height,
weight and blood pressure at time of inclusion in the study;
fetal characteristics included gestational age, estimated
fetal weight calculated using the Hadlock formula [24] and
umbilical artery pulsatility index.

Fetal cardiac function was evaluated combining two-
dimensional ultrasound imaging and targeted pulsed wave
Doppler. A four-chamber view of the fetal heart in an ante-
rior apical projection was obtained, with the interventricular
septum aligned with the Doppler beam. Once the atrio-ven-
tricular valves were identified, the Doppler sample gate was
positioned immediately below them. The angle of insonation
was manually corrected when >20°. The Doppler sample
gate ranged between 2 and 3 mm to avoid contamination of
the signal. Measurements were performed in absence of fetal
movement. Pulse repetition frequency was adjusted to visu-
alize stable Doppler traces for at least 5 cardiac cycles. The
right ventricular filling time (RVFT) and the left ventricular
filling time (LVFT) were then calculated on frozen Doppler
traces. Figure 1 shows the opening and closing of the atrio-
ventricular valves. The first component of the wave is named
E wave (early or passive ventricular filling) and is related
to the distension of the ventricular chamber and to the sub-
sequent negative pressure in the ventricles. The following
component is named A wave (atrial, active or late) and
results from the atrial contraction during ventricular filling.
The two waves together constitute the total ventricular dias-
tolic time, from the opening of the atrio-ventricular valves
to the closure of mitral and tricuspid valves. We considered
the ventricular filling time (VFT) as the time between the
beginning of E and the end of A. To assess the contribution
of ventricular diastolic function to the entire cardiac cycle
(CC), we calculated the ratio between VFT and CC percent-
age, i.e., VFT/CC*100 (Fig. 1).

Statistical analysis

Categorical variables are reported in terms of absolute
frequencies (n) and percentages (%), whereas continu-
ous variables are reported in terms of mean and stand-
ard deviation (sd). Differences in means and proportions
regarding GD were evaluated using Student’s test and Chi-
squared ¢ test, respectively. We compared the agreement
of RVFT and LVFT measurements for a single examiner
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Fig. 1 Ultrasonographic measurement of cardiac cycle (CC) and ventricular filling time (VFT). Each cursor should be placed at the beginning of
each atrium ventricular valve (AVV) click. Fetal heart rate (FHR) was determined on the same scan

and between two different examiners using Bland—Altman
analysis on a sample of study participants (n =31 women)
[25].

We evaluated the relation between LVFT and RVFT
(respectively) and selected maternal and fetal character-
istics using univariate and multivariate linear regression
models. The final models included terms for the following
maternal characteristics: age (years, in continuous), BMI
(Kg/mz, in continuous), mean blood pressure (mmHg,
in continuous) and GD (present or absent); and for the
following fetal characteristics: percentile of estimated
fetal weight (in continuous), gestational age at fetal echo-
cardiography (weeks, in continuous), umbilical artery
pulsatility index (in continuous) and heart rate (bpm; in
continuous).

All statistical tests were two-sided with a significance
level set at <0.05. Statistical analyses were performed using
the SAS 9.4 statistical software (SAS Institute, Cary, NC,
USA).

Results

Descriptive analysis on maternal and fetal
characteristics

Overall, 285 women were identified as potential par-
ticipants. Among these, 33 were excluded as they did
not meet the inclusion criteria. In particular, nine preg-
nancies were complicated by hypertension, six women
failed to perform the OGTT due to side effects connected
with the procedure, and six patients did not satisfy the
definition of well-controlled GD. Following the 34-37-
week ultrasonographic screening, other 12 women were
excluded from the study: 7 pregnancies were complicated
by fetal growth anomalies, 3 by polyhydramnios, and 2
women were lost to follow-up. Thus, the present analy-
sis was based on 252 women, 35 of whom were part of
the GD group and 217 of the non-GD group. Among the
GD group, five women (14.2%) were prescribed insulin
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with a daily mean of 20 international units (min =8 and
max = 34 units). Maternal and fetal characteristics of GD
and non-GD women are reported in Table 1.

RVFT was significantly shorter (p <0.01) in the GD
group with a mean of 39.2 +4.4 ms compared to the non-
GD group (mean=42.9 +5.5 ms). Likewise, LVFT was
shorter in the GD group (mean=43.6 +4.6) compared to
the non-GD group (mean =44.6 +5.5), without, however,
reaching statistical significance (p =0.33) (Tables 2, 3).

Bland-Altman analysis

The mean difference and the corresponding 95% limits of
agreement for paired measurements of LVFT for the same
examiner was — 1.4 (— 9.5; 6.7). The same measurement
for RVFT was — 0.5 (— 5.3, 4.4). The values in paired
measurements performed by two different examiners were
0.6 (— 10.0, 11.3) and 2.2 (- 20.5, 24.9), respectively
(Fig. 2).

Right ventricular filling time

In the univariate analysis, gestational diabetes (3 =— 3.701;
95% CI — 5.636, — 1.767; p<0.01) was significantly
inversely associated with RVFT. Likewise, heart rate
(f=-0.045; 95% CI — 0.093, 0.002; p=0.06) showed a
borderline inverse association with RVFT. Conversely, ges-
tational age (#=0.880, 95% CI — 0.063, 1.824; p=0.07)
showed a slight direct relation with RVFT. A similar pat-
tern was observed in the multivariate analysis with ges-
tational diabetes (f=— 3.653; 95% CI — 5.591, — 1.715;
p<0.01) and heart rate (6=— 0.047; 95% CI — 0.094, 0.001;
p=0.05), which were inversely related, whereas gestational
age at fetal echo-cardiography (f=0.884; 95% CI — 0.056,
1.824; p=0.07) was positively associated with RVFT.

Left ventricular filling time

In the univariate analysis, gestational age at fetal echo-car-
diography (§=1.028; 95% CI 0.115, 1.941; p=0.03) was

Table 1 Maternal and fetal

e ) Characteristics Non-diabetic (n=217) GD p value

characteristics ?.t time qf . (n=35)

ultrasonographic examination

(252 pregnant women, of whom Maternal

élg)“"n'd‘abe“c and 35 with Age (years)? 34.0 (4.8) 35.4 (5.4) p=0.13°
BMI (Kg/m?)? 28.2 (4.8) 28.0 (4.1) p=0.82°
Mean blood pressure (mmHg)* 92.4 (7.6) 91.8 (9.6) p= 0.66°
Fetal
Gestational age at fetal 35.7 (0.7) 35.7 (0.8) p=0.99"
echo-cardiography (weeks)?*
Percentile of estimated fetal weight® 46.8 (19.2) 46.4 (18.1) p=0.91b
Umbilical artery pulsatility index* 0.9 (0.1) 0.9 (0.2) p=0.32"
Heart rate (bpm)* 142.3 (14.8) 140.2 (10.9) p=0.43b
Right ventricular filling time* 42.9 (5.5) 39.2 (4.4) P <0.01°
Left ventricular filling time® 44.6 (5.5) 43.6 (4.6) p= 0.33°
Obstetric
Labour®
Spontaneous 135 (62.2) 21 (60.0)
Induced 76 (35.0) 8 (22.9)
Elective cesarean section 6(2.8) 6(17.1) p<0.01¢
Delivery mode©
Vaginal 153 (70.5) 21 (60.0)
Ventouse 24 (11.1) 5(14.3)
Cesarean 40 (18.4) 8 (22.9) p=0.664
Birth weight (g)* 3385.9 (389.9) 3283.5 (411.7) p=0.15"
Birth weight percentile® 48.3 (28.9) 48.1 (27.1) p=0.97b
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“Expressed as mean and standard deviation (sd)

bStudent’s ¢ test

“Expressed as absolute frequencies (n) and percentages (%)

dChi-squared test

°One missing value
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Table 2 Univariate and multivariate linear regression models for right ventricular filling time (RVFT) according to selected maternal and fetal

characteristics
Characteristics Univariate Multivariate®
B (95% CI) p value £ (95% CI) p value

Maternal
Age (years) —0.087 (- 0.228, 0.053) p=0.22 —0.054 (- 0.191, 0.084) p=0.44
BMI (Kg/m?) 0.073 (- 0.073, 0.220) p=0.33 0.068 (— 0.077, 0.213) p=0.36
Mean blood pressure (mmHg) 0.052 (- 0.034, 0.139) p=0.24 0.049 (- 0.036, 0.134) p=0.26
Gestational diabetes (yes) —3.701 (- 5.636, -1.767) p<0.01 —3.653 (- 5.591, -1.715) p<0.01
Fetal
Percentile of estimated fetal weight 0.002 (- 0.035, 0.038) p=0.93 0.003 (- 0.035, 0.040) p=0.88
Gestational age at fetal echo-cardiography  0.880 (— 0.063, 1.824) p=0.07 0.884 (— 0.056, 1.824) p=0.07

(weeks)
Umbilical artery pulsatility index 1.186 (— 3.595, 5.966) p=0.63 0.994 (- 3.923, 5.912) p=0.69
Heart rate (bpm) —0.045 (- 0.093, 0.002) p=0.06 —0.047 (- 0.094, 0.001) p=0.05

*Mutually adjusted

Table 3 Univariate and multivariate linear regression models for left ventricular filling time (LVFT) according to maternal and fetal characteris-

tics
Characteristics Univariate Multivariate®
£ (95% CI) p value £ (95% CI) p value

Maternal
Age (weeks) 0.082 (— 0.054, 0.218) p=0.24 0.110 (- 0.022; 0.242) p=0.10
BMI (Kg/m?) 0.030 (- 0.112,0.172) p=0.68 0.039 (- 0.100; 0.179) p=0.58
Mean blood pressure (mmHg) 0.059 (- 0.026, 0.143) p=0.17 0.071 (- 0.010; 0.152) p=0.09
Gestational diabetes (yes) —0.962 (— 2.888,0.964) p=0.33 — 1.194 (- 3.058; 0.670) p=0.21
Fetal
Percentile of estimated fetal weight —0.013 (- 0.048, 0.022) p=0.48 —0.008 (— 0.044; 0.028) p=0.65
Gestational age at fetal echo-cardiography  1.028 (0.115, 1.941) p=0.03 0.984 (0.080; 1.888) p=0.03

(weeks)
Umbilical artery pulsatility index 2.850 (- 1.777,7.478) p=0.23 2.378 (- 2.350; 7.107) p=0.32
Heart rate (bpm) —0.095 (- 0.140, — 0.050) p<0.01 —0.094 (- 0.139, — 0.049) p<0.01

*Mutually adjusted

significantly positively associated with LVFT, whereas heart
rate (f=— 0.095; 95% CI — 0.140, — 0.050; p<0.01) was
significantly negatively associated. In the multivariate analysis,
gestational age at fetal echo-cardiography (#=0.984; 95% CI
0.080, 1.888; p=0.03) showed a significant direct association
with LVFT, whereas heart rate (f=— 0.094; 95% CI — 0.139,
—0.049; p=0.09) showed a significant inverse association.

Conclusion

Our study clearly indicates that fetal cardiac function is
altered in well-controlled GD; in particular, we observed
a decrease of the diastolic time (ventricular relaxation and
atrial systole) in the right fetal ventricle.

Alterations in fetal cardiac function in pregnancies
complicated by pre-gestational diabetes and GD have been
documented in several studies [3, 6, 8—16]. It is well known
that maternal hyperglycemia influences the development
of the fetal heart both in terms of embryological organo-
genesis and in terms of cardiac performance [3—7]. It has
been hypothesized that relative intrauterine hyperglyce-
mia and hyperinsulinemia may alter fetal myocardium,
modifying cardiac function. According to the ‘Pedersen
hypothesis’, fetal pancreatic f-cells are over-stimulated by
maternal hyperglycemia, causing fetal hyperinsulinemia,
an increased metabolic rate and a tendency to hypoxemia
[3-7]. Maternal diabetes also activates placental genes
involved in chronic stress and inflammation [8]. Presum-
ably, exposition of myocardial fibers to all these insults

@ Springer
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Fig. 2 Differences between means of left and right ventricular fill-
ing time* for a single examiner and between two different examin-
ers (n=31 women). “The solid line represents the mean difference

increases the risk of cardiovascular morbidity and mortal-
ity in the offspring [5, 7].

In patients with pregestational diabetes, the decrease of
fetal cardiac function may either be caused by a modifica-
tion of ventricular compliance due to the thickening of
the ventricular walls, or by an alteration of the afterload
due to polycythaemia, which has been described in fetuses
of diabetic mothers [3, 6, 8—16]. Interestingly, Bali et al.
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between ventricular filling time measurements; the dotted lines repre-
sent the 95% limits of agreement

[8] showed that the left fetal ventricular myocardial per-
formance index (MP]) is significantly greater in pregnant
women with GD; this may add evidence to the hypoth-
esis of a non-hypertrophy related ventricular dysfunction.
Similar results were obtained by Figueroa et al. [15] who
noticed higher left ventricular MPI values amongst those
women with GD who had worse glycemic control and/
or larger fetuses. In addition, Bhorat et al. [3] observed a
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significant impairment of fetal cardiac activity in poorly
controlled GD.

In our study, patients were selected according to a cru-
cial inclusion criterion: an appropriate estimated fetal
weight for gestational age. In the suspect of [IUGR or LGA,
patients were not admitted to the study. We found no sig-
nificant differences in terms of maternal age, maternal
BMLI, offspring’s birth weight or gestational age at delivery
between patients enrolled in our study. Therefore, women
with gestational diabetes were apparently in good meta-
bolic control and differences found in right ventricular fill-
ing time should be attributed to minimal glycemic changes
which are undetectable with standard clinical tests. Our
paper reinforces the hypothesis that even minimal changes
in levels of maternal glycemia can modify fetal cardiac
function.

In contrast to previous papers, our data show an altera-
tion of cardiac performance limited to the right fetal heart.
This observation may be due to the low sensitivity of the
system we adopted to evaluate cardiac function. On the other
hand, we cannot exclude that long-term changes observed
in the fetal heart of patients with poorly controlled diabetes
start right from the right ventricle. This hypothesis is sup-
ported by the fact that the right heart is predominant in the
fetus [16]. We believe that our contrasting results may be
due to the fact that several of the above mentioned studies
included patients with DM or with GD treated with insulin
at time of diagnosis [3, 6, 11, 13, 15]. In contrast, our study
only includes women with GD with a good glycemic con-
trol, who started treatment and close monitoring at time of
diagnosis, between 24 and 28 weeks of gestation; only 15%
of our patients subsequently received treatment with insulin.
Our hypothesis is that the right ventricle is more susceptible
than the left ventricle to slight variations in maternal and
intrauterine glycemic state.

Detecting early modifications in apparently well-con-
trolled diabetic mothers may be fundamental in fetal sur-
veillance. At the state of art, prenatal screening for adverse
fetal outcomes in pregnancies complicated by diabetes is still
receding. Although umbilical artery Doppler velocimetry is
widely accepted as a technique for the screening of high-risk
pregnancies, the efficacy of this test for the evaluation of
fetal well-being in diabetic pregnancies has not been shown
useful. Similarly, ductus venosus Doppler velocimetry has
not been proven effective in fetuses of diabetic women. Borat
suggested MPI as a prognostic indicator of fetal outcome in
mothers with non-controlled diabetes. Thus, the adoption of
VFT as a new standardized ultrasound technique may repre-
sent an easily obtainable and immediate parameter, a valid
alternative for more complex and less intuitive ultrasound
cardiac measurements. Moreover, the intra-operator and
inter-operator difference in measurements has been proven
to be acceptable.

In conclusion, this study clearly documents that mild
well-controlled diabetes, as is defined by our abovemen-
tioned criteria, may influence right fetal cardiac function.
The adoption of a simple ultrasonographic technique allows
clinicians to identify an early alteration of the fetal cardiac
function in terms of a reduced right ventricular filling time,
which is an index of the diastolic phase. This measurement,
which is characterized by an acceptable intra-operator and
inter-operator difference, could represent an innovative tech-
nique for the assessment of fetal well-being in pregnancies
complicated by GD. However, a greater number of patients,
a more uniform methodology for GD screening and diagno-
sis, as well as a greater consensus regarding the definition
of well-controlled GD, are necessary to identify reference
values for the prediction of fetal and neonatal adverse out-
comes. We believe these represent the main limitations of
our study.
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