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Abstract: (1) Background: dexamethasone is used for the prevention and treatment of chronic lung
disease (CLD) in premature neonates, and its impact on cardiac performance and pulmonary vascular
resistance has not been well studied. (2) Methods: eligible neonates of <30 weeks gestational age (GA)
had echocardiograms performed on them at three time points—before the initiation of dexamethasone
(Echo-1), 2448 h post the completion of dexamethasone therapy (Echo-2), and 7-14 days after course
completion (Echo-3). (3) Results: 28 neonates with a 25.2 week mean GA and 652.9 g birthweight
were included. The mean cumulative dose of dexamethasone was 0.98 mg/kg, given over 8-10 days.
Echo-1 and Echo-2 showed a significant improvement in the right ventricular fractional area change
(RV FAC 44.88 vs. 49.71, p = 0.025), tricuspid annular plane systolic excursion (TAPSE 0.65 cm vs.
0.70 cm, p = 0.013), and RV S’ (7.18 vs. 8.56, p = 0.05). The left ventricular (LV) ejection fraction was
similar but with a significant increase in the LV S’ (4.77 vs. 6.01, p = 0.006). A longitudinal analysis at
three time points showed a significant increase in RV FAC (0.02 units 95% CI (0.00-0.04), p = 0.037),
TAPSE (0.09 units 95% CI (0.06-0.13), p < 0.001), RV S’ (0.97 units (95% CI = 0.11-1.84), p = 0.028),
a reduction in the eccentricity index (0.07 units 95% CI (—0.14-—0.01), p = 0.030), and an increase
in the LV §’ (0.56 units (95% CI = 0.18-0.94)). (4) Conclusion: The use of postnatal dexamethasone
for the prevention/treatment of CLD in premature neonates resulted in an expected improvement
in respiratory status along with a significant improvement in the echocardiographic measures of

biventricular heart performance.

Keywords: preterm neonates; dexamethasone; echocardiograms; chronic lung disease; cardiac
performance; pulmonary vascular resistance

1. Introduction

Chronic lung disease (CLD) is a major morbidity in preterm neonates that is largely
driven by the imbalance between pro- and anti-inflammatory mediators and is influenced
by several factors, including sepsis, ventilation-induced trauma, free radical production,
and pulmonary edema in an immature lung [1]. The use of the steroid dexamethasone in
the prevention and treatment of CLD has been extensively explored [2—6]. Dexamethasone
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induces lung maturational changes, promotes antioxidant activities, and helps with sur-
factant synthesis in the neonatal population [7]. Steroids were liberally used in the past
in preterm neonates to treat and prevent CLD. However, due to concerns about adverse
effects mainly on neuro-developmental outcomes, its use is now restricted for newborns at
high risk for developing CLD or those who are ventilator dependent for prolonged periods
in order to facilitate extubation. The current recommendation by the Canadian Pediatric
Society (CPS) is that clinicians can consider a short course of low-dose dexamethasone in
neonates at high risk for CLD or those with severe CLD [8].

Dexamethasone is known to have a broad range of effects on multiple organ systems,
in addition to the lungs. The heart, in particular, is one such organ that has been postu-
lated to be both directly impacted by steroid use as well as indirectly through possible
changes in lung compliance. The effects of dexamethasone on left heart function are well
documented and include myocardial thickening, hypertrophic cardiomyopathy involv-
ing the inter-ventricular septum and the left ventricle, and left ventricular outflow tract
obstruction [9-12]. Some authors have described these effects as transient [10,13,14]. An
increase in blood pressure has also been reported after dexamethasone use, with specula-
tion on its ability to increase systemic vascular resistance and enhance responsiveness to
catecholamines [15]. However, not much is known about its effects on the right ventricle
and pulmonary vascular resistance (PVR). Pulmonary vascular remodeling with a resultant
increase in PVR is an integral factor in the pathogenesis of CLD. Pulmonary hypertension
(with resultant right ventricular dilatation and dysfunction) is now increasingly being rec-
ognized as a complication of CLD, significantly contributing to the morbidity and mortality
in children with CLD [16-18].

As our understanding of CLD evolves, the interplay between lungs, PVR, right heart
function, and steroids warrants careful attention. Echocardiography provides a safe and
easy method to investigate cardiac function in preterm neonates. With the evolution of
advanced echocardiographic techniques, such as tissue Doppler imaging, cardiac perfor-
mance can be assessed in greater detail, which allows us to gain novel insights into the
cardiopulmonary physiology of the preterm population. Hence, we designed this study
to determine the longitudinal effects of low-dose dexamethasone therapy on echocardio-
graphic parameters that measure PVR and cardiac performance in preterm neonates at risk
of CLD.

2. Materials and Methods

This prospective cohort study was conducted at a level-three neonatal intensive care
unit between April 2019 and July 2022. This center is a high-risk fetal-maternal center and
is one of the largest tertiary perinatal centers in Canada, with around 5700 newborn deliv-
eries per year and admitting an average of 1000 neonates per year. Ethical approval was
obtained from our local Institutional Research Ethics Board (The Western University Health
Science Research Ethics Board; REB 113654). Neonates with gestational age (GA) below
30 weeks who were being started on low-dose dexamethasone therapy for the prevention
and treatment of CLD by the clinical care team were eligible for inclusion. Neonates with
known structural congenital heart defects (except for atrial septal defect (ASD), ventricular
septal defect (VSD), and patent ductus arteriosus (PDA)), lung malformations, genetic or
chromosomal anomalies, and those who received steroids for any other indication (e.g.,
post-extubation stridor, adrenal insufficiency, capillary leak syndrome) were excluded.

2.1. Dexamethasone Protocol

Preterm neonates at high risk of CLD received dexamethasone treatment orally or
through intravenous (IV) injection over 8 to 10 days. Patient selection for this therapy was
as per physician discretion until December 2021, after which patients were treated based
on a standardized unit policy that specified dosage, postnatal days of use, and provided
high-level guidance surrounding patient selection. Prior to the development of the policy,
the cumulative dose of dexamethasone used was 0.35 mg/kg, which was then subsequently
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changed to 1.05 mg/kg (postnatal days 7-14) or 1.925 mg/kg (postnatal day 14 onwards),
administered over 8-10 days.

2.2. Data Collection

We conducted echocardiograms at three time points on all neonates recruited into the
study: the first was completed immediately prior to initiation of dexamethasone (Echo 1),
the second was completed within 24-48 h of completing the dexamethasone course (Echo 2),
and the third was completed 7-14 days after completion of the dexamethasone course
(Echo 3). Relevant clinical information, including GA, weight at time of echocardiogram,
mode of ventilation, pressure parameters on the ventilator (mean airway pressure (MAP),
positive end-expiratory pressure (PEEP), peak inspiratory pressure (PIP), fractional inspired
oxygen (FiO,), use of inotropic/vasoactive medications and diuretics, oxygen requirement,
and blood gas, were obtained and recorded. Other data retrieved from an infant’s chart
included maternal age and obstetric history, namely use of antenatal steroids, mode of
delivery, maternal infection, chorioamnionitis, Apgar scores at the 5th and 10th minutes of
life, resuscitative needs at birth, and surfactant therapy. Data regarding neonatal course
and outcomes such as survival, duration of invasive and non-invasive respiratory support,
intraventricular hemorrhage (IVH), periventricular leukomalacia (PVL), PDA requiring
treatment, pulmonary hemorrhage, necrotizing enterocolitis (NEC), retinopathy of prema-
turity (ROP), and culture-positive sepsis were also collected.

2.3. Echocardiographic Measurements

Echocardiographic images were obtained using the Philips ultrasound machine with a
12 MHz/8 MHz cardiology probe, as appropriate. This was carried out by four experienced
sonographers according to standard protocol using 2D, color, and Doppler imaging in
parasternal, suprasternal, apical, and subcostal views. All measurements were conducted
by experienced sonographers.

PVR was measured by the ratio of pulmonary artery acceleration time (PAAT) to
right ventricular ejection time (PAAT: RVET), and right heart performance was measured
using tricuspid annular plane systolic excursion (TAPSE), RV S’ (Right Ventricle Lateral
Wall Systolic Myocardial Velocity) by tissue Doppler imaging (TDI), right ventricular
fractional area change (RV FAC), and right ventricular output (RVO) in mL/kg/min.
The RVET and PAAT were measured via pulse wave (PW) Doppler imaging of the main
pulmonary artery from the parasternal long-axis or short-axis view of the right ventricular
(RV) outflow tract. We calculated PAAT as the time interval between the onset of systolic
pulmonary arterial flow (onset of ejection) and peak flow velocity. To obtain the RVO,
pulsed Doppler recordings of the flow at the level of the pulmonary valve were made
from the parasternal long-axis or short-axis view, with care taken to minimize the angle of
insonation. An average velocity time integral was derived by tracing the doppler waveform
of three consecutive cardiac cycles using the incorporated cardiac software. The heart rate
was measured from the peak-to-peak intervals of the Doppler velocity time signals. The
diameter of the pulmonary valve insertion was measured at end-systole from a frame-by-
frame videotape analysis of the 2D parasternal long-axis image and was averaged over
three cardiac cycles.

Interventricular septal motion at end-systole (IVSs) was assessed by visual inspection
of the interventricular septum from a 2D short-axis view acquired at the level of the papil-
lary muscle. IVSs were considered ‘flat’ if there was complete absence of concavity towards
the left ventricle. The eccentricity index (EI) was measured at end-systole, with EI defined
as the ratio of D2/D1, where D1 is the left ventricle short-axis diameter perpendicular to
the septum and D2 is the left ventricle short-axis diameter parallel to the septum. The
TAPSE is the downward vertical distance the tricuspid annulus moves during systole, and
we measured this using M-mode echocardiography in an apical 4-chamber view. From
the apical window, an RV-focused apical 3-chamber (RV3C) view was acquired by rotating
the transducer counterclockwise from the standard RV-4C view while maintaining a slight
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rightward tilt to keep the right ventricle in view. The probe was rotated until the left side
of the heart was completely out of view, the aortic valve was in the center of the image,
and simultaneous visualization of RV inflow, outflow, and the inferior wall was achieved.
Precaution was taken to avoid visualizing the anterior wall of the right ventricle. Our
aim was to capture the maximum RV cavity while keeping these anatomic landmarks in
view. Using this view, we measured the three-chamber RV FAC by manually tracing the
endocardial borders at end-diastole and end-systole. The RV FAC (%) was calculated using
the formula RV FAC (%) = (2-chamber RV area at end-diastole — 3-chamber RV area at
end-systole)/3-chamber RV area at end-diastole) x 100%.

The presence or absence of PDA and patent foramen ovale (PFO) was also recorded.
Left ventricular (LV) chamber dimensions, ejection fraction (EF), left ventricular output
(LVO), LV S’ (Left Ventricular Lateral Wall Systolic Myocardial Velocity) with TDI, septal
thickness, and LV posterior wall thickness in M mode were measured as per ASE rec-
ommendations [19]. Relative wall thickness (RWT) was calculated based on the formula
RWT = (LV Posterior wall + Septal thickness)/LVIDd. All measurements were averaged
over three consecutive cardiac cycles.

2.4. Outcome Measures

Our primary outcome was defined as a change in PVR and right heart performance.
PVR was measured via the PAAT: RVET ratio. Right heart performance was measured via
RV FAC, RVO, TAPSE and TDI RV S’. Our secondary outcome was the change in LV size
(measured by septal thickness, posterior wall thickness, RWT) and function (measured by
EE, LVO, TDILV S).

2.5. Sample Size

A sample size of N = 30 was based on a PVR mean (SD) of 0.35 (0.14) for Echo 1 and to
detect a 25% change at Echo 2, using a dependent t-test with 5% alpha, 80% power, and an
attrition rate of 10-20%.

2.6. Statistical Analysis

Continuous variables were summarized with means and standard deviations (or
medians and interquartile ranges for non-normal distributions); paired and unpaired
group differences were examined with dependent and independent ¢-tests, respectively.
A repeated measures analysis of variance was used to examine the relationship between
drug dosing groups and echo parameters between patients’ first and second echo events.
Relationships between continuous variables were examined with Pearson correlations.
Categorical variables were summarized with frequencies and percentages, and paired
group differences were examined with McNemar tests (or McNemar-Bowker tests, as
appropriate). Logistic regression models were used to examine predictors of successful
extubation. Trends over time were examined with linear, mixed models with maximum
likelihood estimation, including echo events as fixed effects and patients as random effects
using a scaled identity covariance structure with a random intercept. SPSS v.29 (IBM
Corp., Armonk, NY, USA) was used for all analyses, and p-values < 0.05 were considered
statistically significant.

3. Results

Thirty neonates were recruited for the study. Two withdrew consent, three patients
were transferred out prior to study completion, two patients died during the study period,
and one patient was clinically unstable (study flow diagram, Figure 1). The mean (SD)
gestational age in the cohort was 25.2 (1.2) weeks, with a mean (SD) birthweight of 652.9
(156.3) grams. Dexamethasone administration was started at a mean (SD) age of 19.6 (9.2)
days, with a mean (SD) cumulative dose of 0.98 (0.6) mg/kg given over 8-10 days. The
baseline demographic and clinical characteristics are summarized in Table 1.
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30 neonates recruited.
Excluded =2
Withdrew consent = 2
Pre-Dexamethasone Echocardiography
Completed = 28 neonates Excluded = 3
< Died=1
24—-48 h Post Dexamethasone Completion Transferred out =2
Echocardiography completed = 25
neonates Excluded = 3
< Died =1
1-2 weeks Post Dexamethasone Transferred out=1
Completion Echocardiography completed Clinically Unstable for
= 22 neonates study activity =1
Figure 1. Study flow diagram.
Table 1. Baseline clinical and demographic characteristics (n = 28).
Variables
Gestation age in weeks, mean (SD) 25.2 (1.2)
Birth weight in grams, mean (SD) 652.9 (156.3)
Male sex, n (%) 15 (53.6)
o  Complete 18 (64.3)
Antenatal steroids, 1 (%) e  Incomplete 8 (28.6)
e None 2(7.1)
C/section delivery, 1 (%) 15 (53.6)
5 min 6 (3.25-8)
Apgar score, median (IQR)
10 min 7 (6-9)
Maternal chorioamnionitis, 7 (%) 3(10.7)
Postnatal surfactant, n (%) 25 (89.3)
Cumulative dexamethasone in mg/kg, mean (SD) 0.98(0.6)
<l mg/kg 16 (57.1)
Cumulative dexamethasone dosage, 1 (%)
>1 mg/kg 12 (42.9)
Duration of dexamethasone course (days), mean (SD) 8.7 (1.5)
Postnatal age in days at dexamethasone course, mean (SD) 19.6 (9.2)

Abbreviations: C/section—cesarean section; SD—standard deviation; IQR—Interquartile range.

We compared the respiratory and echocardiographic parameters prior to the start of
dexamethasone treatment and at the completion of the course (see Table 2). At the time
of initiation of dexamethasone (Echo 1), 96.4% of the study neonates were intubated and
ventilated. Immediately post dexamethasone course completion (Echo 2), the need for
invasive ventilation had decreased to 52%. However, due to small cell sizes, we could not
adequately test the differences in respiratory support between these two time points. In all
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infants, the respiratory parameters showed significant improvement during the treatment
course. The results showed that the MAP, PIP, and FiO, all significantly decreased post
dexamethasone course (all p < 0.05).

Table 2. Echocardiographic parameters prior to dexamethasone (Echol) and immediately after
completion of dexamethasone course (Echo 2).

Immediately after

Prior to Completion of
Parameter Type Parameters Be:az?ethasone, Dexamethasone, p Value
N=25
CMV 7 (25) 10 (40)
Type of ventilatory HFOV 4 (14.3) 2 (8)
support (%) 16 (57.1) 1(4) ’
g::f;f;fgg Non-Invasive 1(3.6) 12 (48)
Mean airway pressure in cm HpO, mean (SD) 12.8 (2.46) 11.38 (2.51) 0.017
FiO, in %, mean (SD) 48.52 (16.71) 37.52 (14.88) 0.003
PIP in cm H,O, mean (SD) 28.93 (6.38) 21.33 (4.71) <0.001
PEEP, cm H,0, mean (SD) 10.17 (2.18) 9.15 (1.40) 0.065
LV FS (%) 41.36 (6.96) 47.8 (14.72) 0.062
LV EF (%) 69.54 (9.82) 70.33 (11.58) 0.779
LVO (mL/kg/min) 271.45 (87.45) 303.01 (135.11) 0.137
LV VTI (cm) 10.5 (2.5) 11.32 (4.12) 0.196
LVIDd (cm) 1.28 (0.28) 1.31 (0.33) 0.395
LVIDs (cm) 0.76 (0.16) 0.73 (0.19) 0.381
LV posterior wall (cm) 0.24 (0.05) 0.26 (0.04) 0.166
Septal thickness (cm) 0.26 (0.07) 0.27 (0.07) 0.695
Echocardiographic Relative wall thickness 0.41 (0.72) 0.43 (0.11) 0.667
Parameters, Mean LV S’ (cm/s) 4.77 (0.97) 6.013 (1.41) 0.006 *
(SD) RV S’ (cm/s) 7.18 (2.10) 8.56 (2.24) 0.05
Septum S’ (cm/s) 4.74 (1.01) 5.57 (0.75) 0.032*
RVET (s) 0.18 (0.04) 0.17 (0.03) 0.672
PAAT (s) 0.06 (0.02) 0.07 (0.02) 0.152
PAAT: RVET ratio 0.36 (0.11) 0.41 (0.13) 0.106
RV VTI (cm) 9.81 (2.53) 10.60 (3.58) 0.358
RV FAC in %, mean (SD) 44.88 (5.85) 49.71 (8.90) 0.025 *
TAPSE (cm) 0.65 (0.12) 0.73 (0.17) 0.013*
PDA, n (%) 17 (60.7) 11 (39.3) 0.453
Eccentricity index in %, mean (SD) 1.24 (0.31) 1.09 (0.16) 0.067

*p <0.05; " Due to small cell sizes, we could not adequately test differences between respiratory support at Echo 1 vs.
Echo 2 (i.e., chi-square test would not run); Abbreviations: CMV—Conventional Mechanical Ventilation, HFOV—
High-Frequency Oscillatory ventilation; HFJV—High-Frequency Jet Ventilation; FiO,—Fractional inspired oxygen;
H,O—water; PEEP—Peak End-Expiratory Pressure; LV FS—Left Ventricular Fractional Shortening; LV EF—left
ventricular ejection fraction; LVO—left ventricular output; LV VTI—left ventricular velocity time integral;, LVIDd—
left ventricle internal diameter in diastole; LVIDs—left ventricle internal diameter in systole; LV S’—left ventricle
systole prime; RV S’—right ventricle systolic prime; RVET—right ventricular ejection time; PAAT—pulmonary
artery acceleration time; RV VTI—right ventricle velocity time integral; TAPSE—tricuspid annular plane systolic
excursion; PDA—patent ductus arteriosus; SD—standard deviation.
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3.1. Longitudinal Analysis of Respiratory and Echocardiographic Changes

Upon examining the change in respiratory parameters and echocardiographic param-
eters at all three echocardiogram time points—prior to course, immediately at steroid
completion, and 7-14 days post steroid course completion—we found that, for each
additional echocardiogram, the MAP significantly decreased, on average by 0.78 units
((95% CI = —1.39-—0.16), p = 0.015); the FiO, significantly decreased, on average by 4.54 units
((95% CI = —8.36——0.71), p = 0.021); and the PIP significantly decreased, on average by
2.50 units ((95% CI = —4.77-—0.22), p = 0.032). The PEEP did not show a significant change
over time (p = 0.496). Figure 2.

\

=—— —e—FiO,, p=0.021

=@=MAP, p=0.015

PEEP, p =0.496
=9=—"IP, p =0.032

Prior to Dexamethasone  Immediately After Treatment 1-2 Weeks After Treatment
Completion Completion

Time

Figure 2. Changes in respiratory parameters at three time points: prior to dexamethasone, immedi-
ately after dexamethasone completion and 7-14 days after dexamethasone completion.

The echocardiographic parameters for each additional echocardiograph RV FAC signif-
icantly increased, on average by 0.02 units ((95% CI = 0.00-0.04), p = 0.037). In addition, the
TAPSE significantly increased, on average by 0.09 cm ((95% CI = 0.06-0.13), p < 0.001); The
eccentricity index significantly decreased, on average by 0.07 units (95% CI = —0.14——0.01),
p = 0.030. These findings are represented in Figure 3. The PAAT and PAAT:RVET ratio did
not show significant change over time. From the LV perspective, the LV S’ significantly in-
creased on average for each additional echocardiography by 0.56 units ((95% CI = 0.18-0.94),
p = 0.005). The septal S’ increased by an average of 0.61 units per additional echocardiog-
raphy ((95% CI = 0.23-1.00), p = 0.003). The RVS’ significantly increased on average per
echocardiography by 0.97 units (95% CI = 0.11-1.84), p = 0.028. No significant changes were
noted in the posterior wall thickness, relative wall thickness, LV chamber dimensions, or
LV EF, or in the presence or absence of PDA.
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Dex Completion Post Dex

Prior to

Time

(d)

Figure 3. Changes in echocardiographic parameters at three time points; prior to dexamethasone
(referred to as the “Prior to Dex” timepoint), immediately after dexamethasone completion (referred
to as the “At Dex Completion” timepoint), and 7-14 days after dexamethasone completion (referred to
as the “1-2 Weeks Post Dex” timepoint. Parameters include (a) PAAT:RVET (ratio, mean), (b) TAPSE
(cm, mean), (c) eccentricity index (%, mean), and (d) RV FAC (%, mean).
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3.2. Exploratory Analysis

We explored the extubation success (defined as successful extubation after dexametha-
sone initiation without need of re-intubation within the next 72 h) in this cohort. The rate
of extubation success was 44.4% (12 out of 27). We ran a regression analysis to assess the
clinical and echocardiographic variables that may predict the chances of a successful extu-
bation. The baseline echo parameters showed no significant association with the outcome
variable. The only significant predictor was a cumulative dexamethasone dose >1 mg/kg,
with the odds of success increasing by 5.5 (95% CI = 1.05-28.88) when the cumulative dose
was higher >1 mg/kg (p = 0.044). The change in RV function parameters (FAC and TAPSE)
before and after the dexamethasone course did not have a significant correlation with
cardiorespiratory outcomes such as days on mechanical ventilation, days on oxygen, and
the development of chronic pulmonary hypertension. Using the oxygen saturation index
(O9I) as a surrogate of the respiratory parameters, we examined the correlation between
echocardiographic parameters and respiratory changes. We found no significant correlation
between the OSI change and an RV FAC change (r = —0.04, p = 0.887) or TAPSE change
(r=0.19, p = 0.399). We examined whether there was a relationship between the dose of
dexamethasone and the change in right ventricular function (TAPSE and RV FAC) and did
not find a significant interaction.

3.3. Neonatal Outcomes

In this cohort, of the 25 patients who completed their follow-up, 23 (82.1%) were diag-
nosed to have BPD at 36 weeks corrected gestational age. Fourteen (50%) were discharged
home on oxygen, 24 (85.7%) of the original cohort survived to discharge, and 4 (14.3%)
received a diagnosis of chronic pulmonary hypertension.

4. Discussion

Our present study evaluated the effects of low-dose dexamethasone therapy in prema-
ture neonates on cardiorespiratory function and physiology. Using standard and advanced
echocardiographic techniques, we investigated the effects of steroids on cardiac perfor-
mance and pulmonary vascular resistance. Our results show that there was a significant
improvement in respiratory parameters with dexamethasone therapy, along with an im-
provement in right heart systolic performance. The longitudinal systolic function of the LV
also improved, as indicated by increases in the LV S’ and Septal S’. There was no significant
reduction seen in the echocardiographic measures of PVR, and no change was seen in
the LV wall thickness with the range of dexamethasone doses used in this cohort. Using
echocardiography, we demonstrate the positive longitudinal changes to the markers of
biventricular systolic heart function in extreme preterm neonates with dexamethasone
therapy. Unlike previous studies, this is the first study to show an improvement in LV
systolic function with dexamethasone therapy using load-independent technology such
as TDL

The use of dexamethasone therapy in the management of CLD is based on the benefi-
cial effects of steroids on the lungs. Steroids have been shown to improve lung function,
reduce inflammation, increase antioxidant activity, and increase surfactant synthesis. In
this study, we saw an improvement in the respiratory parameters of infants with the initia-
tion of dexamethasone. This improvement was sustained 1-2 weeks post dexamethasone
completion and was mainly seen in the form of reduced inflation pressure and oxygen
requirements, subsequently suggesting an overall improvement in compliance and gas
exchange. These findings are in keeping with other studies [2-6,20]. Around 44% of the
cohort was successfully extubated; however, the majority received a diagnosis of BPD.
During the study period, two different dose regimes were used: a very-low-dose regime
of a 0.35 mg/kg cumulative dose and a comparatively higher regimen of a 1.02 mg/kg
cumulative dose. The latter dose was associated with a higher chance of extubation success.
The latter dose is in keeping with the current recommendation by the CPS [8] and in line
with the recently published network meta-analysis [5].
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On examination of the RV indices, we found that dexamethasone therapy had a
significant positive effect on right heart systolic performance, as measured by the RV FAC,
TAPSE, and RV S’ through TDI. There was a longitudinal reduction in the eccentricity index,
suggesting a favorable transition from a pulmonary to systemic pressure relationship.
Interestingly, we did not see any significant changes in the PAAT and PAAT: RVET ratio—a
surrogate measure of PVR. With the improvement in PVR, we expect the PAAT: RVET
ratio to increase. In our study, the PAAT: RVET ratio increased from 0.30 to 0.41 post
dexamethasone therapy but was not statistically significant. Evan et al. in 1994 [21] and
more recently Sehgal et al. in 2022 [22] demonstrated a reduction in PVR with the use
of steroids. In the Evan et al. study, 20 neonates who received dexamethasone therapy
were observed to undergo an increase in the PAAT: RVET ratio after the initiation of
dexamethasone, suggesting a decrease in pulmonary artery pressure; however, this change
was not sustained and did not show a correlation with the improvement noted in the
respiratory status. On the contrary, we did see a significant unit decrease in the eccentric
index over time, which reflects a longitudinal reduction in pulmonary artery pressure. The
lack of significant change in the PAAT: RVET ratio in our study could be due to the small
sample size, two different dosing regimens making the assessment difficult, the inherent
limitations of the measure to accurately reflect the actual state of PVR, technical limitations
in the extreme preterm population, and/or shortcomings of the measurement, especially in
the presence of a PDA.

Interestingly, an improvement in RV performance was consistently demonstrated at
all study time periods. Sehgal et al. also reported an improvement in RV systolic perfor-
mance [22]. Such improvement could be due to a concurrent improvement in pulmonary
compliance and a reduction in inflation pressures. To explore this further, we looked at
the correlation of OSI and RV performance and did not find a significant relation. As such,
our findings suggest that the improvement in RV performance could be independent of
respiratory changes and intrinsically related to dexamethasone. Such improvement may be
linked to improved ventriculo-arterial coupling and reduced RV afterload, as suggested by
the longitudinal decrease in the eccentricity index.

The parameters reflective of LV longitudinal systolic function in TDI were found to
increase over time without changes in the LV EF or LVO. Such improvement in LV function
could be driven by the RV itself based on the principles of biventricular interdependence
and shared myocardial fibers, especially in the septal wall, as well as by the application
of advanced imaging techniques such as TDI, which is load-independent. Both the LV EF
and LVO are influenced by the loading conditions of the LV. Dexamethasone is known to
increase systemic vascular resistance, thereby increasing the afterload on the LV, which
could possibly explain the lack of a significant increase in the LV EF and LVO within
our cohort. Alternatively, it could be a reflection of physiological maturation or a direct
effect of steroids on both right and left ventricular myocytes. Animal model studies have
demonstrated that dexamethasone can stimulate angiotensin-converting enzyme (ACE)
activity in cardiac myocytes, potentially influencing cardiac remodeling [23]. Low-dose
dexamethasone in hypertensive rat models has shown improved LV systolic and diastolic
function, which may be due to LV angiogenesis and a reduction of wall collagen deposition
area [24].

Several researchers have described changes such as increased LV posterior wall thick-
ness and ventricular septal hypertrophy in response to dexamethasone administration to
premature neonates [9-11]. Our results do not show any significant change in the septal and
LV dimensions, possibly because our cumulative dose of dexamethasone was substantially
lower than the doses used in these studies. Similar results were reported by Sehgal et al.,
who used a cumulative dexamethasone dose of 0.89 mg/kg [22], which is a very similar
dose range to that in our study.

From the PDA perspective, 60% of the cohort had PDA prior to their dexamethasone
course. This then dropped to 39% after the completion of the course, but was not statistically
significant (p = 0.453). Specific PDA-related echocardiographic parameters were not further
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investigated in our present study. Sehgal et al. showed significant ductal constriction post
dexamethasone use, along with improvements in metrics of pulmonary over circulation [22].
There have been some other studies that have reported ductal closure with steroids [25,26].
However, a future prospective study to analyze the effects of steroid on ductal parameters
would be interesting.

Given that our study period witnessed two different dose regimes, we had the opportu-
nity to explore a dose response relationship between steroids and right heart performance.
We did not see a significant interaction between the dose and the RV systolic function
parameters. Furthermore, our study explored the role of these changes in predicting respi-
ratory outcomes. Our exploratory analysis showed that the changes in echocardiographic
parameters could not predict successful extubation, days on oxygen, days on mechanical
ventilation, or the development of CPHTN.

Our study’s limitations include a small sample size and a single institution’s ex-
perience, which may limit the generalizability of the findings. In addition, we did not
include a long-term follow-up later in infancy to evaluate the patient’s outcomes beyond
discharge. The two different dosing regimens may have reduced the significance of some
of the cardiac markers. A larger multi-center prospective study that includes advanced
echocardiographic assessment up to 24-26 months of corrected age would be valuable. We
acknowledge that there are technical limitations to echocardiographic measures of PVR,
which may not have allowed us to capture the intricate and subtle physiological changes in
this unique population. We did not examine the effect on diastolic cardiac function. Future
studies utilizing novel echocardiographic techniques such as speckle tracking and strain
analysis are warranted. However, this is the first study to longitudinally examine the effect
of steroids on cardiorespiratory physiology, RV hemodynamics, and LV systolic function
using advanced imaging techniques, as well as explore the dose-response relationship
between steroids and cardiac systolic performance. Our findings reflect that low-dose
dexamethasone (mean cumulative dose 0.98 mg/kg) used in premature neonates at risk of
BPD has a positive cardio-pulmonary effect.

5. Conclusions

In conclusion, the use of postnatal dexamethasone for the prevention/treatment of
CLD in premature neonates resulted in the expected improvements in respiratory status
along with significant improvements in the echocardiographic measures of right heart
systolic performance. This change appeared to be independent of respiratory improvement.
There was also improvement in LV systolic function performance, as measured by TDI,
without any adverse effect on LV wall thickness. There was a longitudinal reduction in
the eccentricity index, but no statistically significant reduction in PVR was demonstrated
in this cohort. While the >1 mg/kg dose allowed a higher chance of extubation, different
dose ranges did not have a significant relationship with changes in the echocardiographic
parameters.

Author Contributions: Conceptualization, S.B.; data curation, J.L., A.S., T.A. and S.B.; formal analysis,
M.R.M.; methodology, J.L. and S.B.; supervision, S.B.; validation, R.L. and M.R.M.; writing—original
draft, J.L. and S.B.; writing—review and editing, A.D.L.H., R.L. and M.R.M. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of Western University (The Western
University Health Science Research Ethics Board; REB 113654; date of approval 16 July 2019).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data are available upon request. Please contact the corresponding author.



Appl. Sci. 2023,13, 11380 12 0f13

Acknowledgments: We acknowledge the contribution of the participants and their families, with-
out whom this work would not have been possible. We thank the NICU team and the Neonatal
Hemodynamics Team for their cooperation and help in study conduct.

Conflicts of Interest: The authors declare no conflict of interest.

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Schmidt, A.R.; Ramamoorthy, C. Bronchopulmonary dysplasia. Pediatr. Anesth. 2022, 32, 174-180. [CrossRef] [PubMed]
Halliday, H.L. Update on Postnatal Steroids. Neonatology 2017, 111, 415-422. [CrossRef] [PubMed]

Halliday, H.L.; Ehrenkranz, R.A.; Doyle, L.W. Early (<8 days) postnatal corticosteroids for preventing chronic lung disease in
preterm infants. Cochrane Database Syst. Rev. 2014, 5, CD001146.

Halliday, H.L.; Ehrenkranz, R.A.; Doyle, L.W. Late (>7 days) postnatal corticosteroids for chronic lung disease in preterm infants.
Cochrane Database Syst. Rev. 2014, 5, CD001145.

Ramaswamy, V.V,; Bandyopadhyay, T.; Nanda, D.; Bandiya, P.; Ahmed, J.; Garg, A.; Roehr, C.C.; Nangia, S. Assessment of
Postnatal Corticosteroids for the Prevention of Bronchopulmonary Dysplasia in Preterm Neonates: A Systematic Review and
Network Meta-analysis. JAMA Pediatr. 2021, 175, €206826. [CrossRef] [PubMed]

Doyle, L.W. Postnatal Corticosteroids to Prevent or Treat Bronchopulmonary Dysplasia. Neonatology 2021, 118, 244-251. [CrossRef]
Hillman, N.H.; Jobe, A.H. Preterm lung and brain responses to mechanical ventilation and corticosteroids. J. Perinatol. 2023, 43,
1222-1229. [CrossRef]

Lemyre, B.; Dunn, M.; Thebaud, B. Postnatal corticosteroids to prevent or treat bronchopulmonary dysplasia in preterm infants.
Paediatr. Child Health 2020, 25, 322-331. [CrossRef]

Werner, J.C.; Sicard, R.E.; Hansen, T.W.; Solomon, E.; Cowett, RM.; Oh, W. Hypertrophic cardiomyopathy associated with
dexamethasone therapy for bronchopulmonary dysplasia. J. Pediatr. 1992, 120 Pt 1, 286-291. [CrossRef]

Skelton, R.; Gill, A.B.; Parsons, ].M. Cardiac effects of short course dexamethasone in preterm infants. Arch. Dis. Child Fetal
Neonatal Ed. 1998, 78, F133-F137. [CrossRef]

Zecca, E.; Papacci, P.; Maggio, L.; Gallini, F; Elia, S.; De Rosa, G.; Romagnoli, C. Cardiac adverse effects of early dexamethasone
treatment in preterm infants: A randomized clinical trial. J. Clin. Pharmacol. 2001, 41, 1075-1081. [CrossRef] [PubMed]

Bensky, A.S.; Kothadia, ].M.; Covitz, W. Cardiac effects of dexamethasone in very low birth weight infants. Pediatrics 1996, 97 Pt 1,
818-821. [CrossRef]

de Vries, W.B.; Karemaker, R.; Mooy, N.E; Strengers, ].L.; Kemperman, H.; Baerts, W.; Veen, S.; Visser, G.H.A.; Heijnen, C.J.; van
Bel, F. Cardiovascular follow-up at school age after perinatal glucocorticoid exposure in prematurely born children: Perinatal
glucocorticoid therapy and cardiovascular follow-up. Arch. Pediatr. Adolesc. Med. 2008, 162, 738-744. [CrossRef] [PubMed]
Wong, I.H.; Digby, A.M.; Warren, A.E.; Pepelassis, D.; Vincer, M.; Chen, R.P. Dexamethasone given to premature infants and
cardiac diastolic function in early childhood. J. Pediatr. 2011, 159, 227-231. [CrossRef] [PubMed]

Marinelli, K.A.; Burke, G.S.; Herson, V.C. Effects of dexamethasone on blood pressure in premature infants with bronchopul-
monary dysplasia. J. Pediatr. 1997, 130, 594-602. [CrossRef] [PubMed]

Slaughter, J.L.; Pakrashi, T.; Jones, D.E.; South, A.P.; Shah, T.A. Echocardiographic detection of pulmonary hypertension in
extremely low birth weight infants with bronchopulmonary dysplasia requiring prolonged positive pressure ventilation. J.
Perinatol. 2011, 31, 635-640. [CrossRef]

Mourani, PM.; Abman, S.H. Pulmonary vascular disease in bronchopulmonary dysplasia: Pulmonary hypertension and beyond.
Curr. Opin. Pediatr. 2013, 25, 329-337. [CrossRef]

Krishnan, U.; Rosenzweig, E.B. Pulmonary hypertension in chronic lung disease of infancy. Curr. Opin. Pediatr. 2015, 27, 177-183.
[CrossRef]

Lai, WW.,; Geva, T.; Shirali, G.S.; Frommelt, P.C.; Humes, R.A.; Brook, M.M.; Pignatelli, R.H.; Rychik, J. Guidelines and standards
for performance of a pediatric echocardiogram: A report from the Task Force of the Pediatric Council of the American Society of
Echocardiography. |. Am. Soc. Echocardiogr. 2006, 19, 1413-1430. [CrossRef]

Doyle, L.W.; Ford, G.W.; Davis, N.M.; Callanan, C. Antenatal corticosteroid therapy and blood pressure at 14 years of age in
preterm children. Clin. Sci. 2000, 98, 137-142. [CrossRef]

Evans, N. Cardiovascular effects of dexamethasone in the preterm infant. Arch. Dis. Child Fetal Neonatal Ed. 1994, 70, F25-F30.
[CrossRef] [PubMed]

Sehgal, A.; Nold, M.E; Roberts, C.T.; Menahem, S. Cardiorespiratory adaptation to low-dose dexamethasone for lung disease in
extremely preterm infants: A prospective echocardiographic study. J. Physiol. 2022, 600, 4361-4373. [CrossRef] [PubMed]
Barreto-Chaves, M.L.; Heimann, A.; Fau-Krieger, ].E.; Krieger, J.E. Stimulatory effect of dexamethasone on angiotensin-converting
enzyme in neonatal rat cardiac myocytes. Braz. |. Med Biol. Res. 2000, 33, 661-664. [CrossRef] [PubMed]

Duchatsch, F,; Tardelli, L.P; Herrera, N.A.; Ruiz, T.ER.; Vicentini, C.A.; Okoshi, K.; Santos, C.F.; Amaral, S.L. Dexamethasone and
Training-Induced Cardiac Remodeling Improve Cardiac Function and Arterial Pressure in Spontaneously Hypertensive Rats. J.
Cardiovasc. Pharmacol. Ther. 2021, 26, 189-199. [CrossRef]


https://doi.org/10.1111/pan.14365
https://www.ncbi.nlm.nih.gov/pubmed/34877749
https://doi.org/10.1159/000458460
https://www.ncbi.nlm.nih.gov/pubmed/28538237
https://doi.org/10.1001/jamapediatrics.2020.6826
https://www.ncbi.nlm.nih.gov/pubmed/33720274
https://doi.org/10.1159/000515950
https://doi.org/10.1038/s41372-023-01692-7
https://doi.org/10.1093/pch/pxaa073
https://doi.org/10.1016/S0022-3476(05)80446-9
https://doi.org/10.1136/fn.78.2.F133
https://doi.org/10.1177/00912700122012670
https://www.ncbi.nlm.nih.gov/pubmed/11583475
https://doi.org/10.1542/peds.97.6.818
https://doi.org/10.1001/archpedi.162.8.738
https://www.ncbi.nlm.nih.gov/pubmed/18678806
https://doi.org/10.1016/j.jpeds.2011.01.008
https://www.ncbi.nlm.nih.gov/pubmed/21397911
https://doi.org/10.1016/S0022-3476(97)70244-0
https://www.ncbi.nlm.nih.gov/pubmed/9108858
https://doi.org/10.1038/jp.2010.213
https://doi.org/10.1097/MOP.0b013e328360a3f6
https://doi.org/10.1097/MOP.0000000000000205
https://doi.org/10.1016/j.echo.2006.09.001
https://doi.org/10.1042/cs0980137
https://doi.org/10.1136/fn.70.1.F25
https://www.ncbi.nlm.nih.gov/pubmed/8117123
https://doi.org/10.1113/JP282973
https://www.ncbi.nlm.nih.gov/pubmed/36068678
https://doi.org/10.1590/S0100-879X2000000600007
https://www.ncbi.nlm.nih.gov/pubmed/10829094
https://doi.org/10.1177/1074248420953271

Appl. Sci. 2023,13, 11380 13 0f 13

25. Morales, P; Rastogi, A.; Bez, M.L.; Akintorin, S.M.; Pyati, S.; Andes, S.M.; Pildes, R. Effect of dexamethasone therapy on the
neonatal ductus arteriosus. Pediatr. Cardiol. 1998, 19, 225-229. [CrossRef]

26. Heyman, E.; Ohlsson, A.; Shennan, A.T.; Heilbut, M.; Coceani, F. Closure of patent ductus arteriosus after treatment with
dexamethasone. Acta Paediatr. Scand. 1990, 79, 698-700. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s002469900290
https://doi.org/10.1111/j.1651-2227.1990.tb11538.x

	Introduction 
	Materials and Methods 
	Dexamethasone Protocol 
	Data Collection 
	Echocardiographic Measurements 
	Outcome Measures 
	Sample Size 
	Statistical Analysis 

	Results 
	Longitudinal Analysis of Respiratory and Echocardiographic Changes 
	Exploratory Analysis 
	Neonatal Outcomes 

	Discussion 
	Conclusions 
	References

