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1 | BACKGROUND

Nilkant Phad, MD? |

Nick Collins, MD2 |

Abstract

Background: Sustained volume load due to a patent ductus arteriosus (PDA) leads to cardiac
remodeling. Remodeling changes can become pathological and are associated with cardiovascular
disease progression. Data on remodeling changes in preterm infants is not available.

Methods: Clinical and echocardiography data were collected in preterm infants <30 weeks gesta-
tion on postnatal day 3 and then every 7-14 days until closure of the ductus arteriosus. Images
were analyzed using conventional techniques and speckle tracking. Remodeling changes of infants
with prolonged (>14 days) exposure to a PDA were compared to control infants without a PDA.

Results: Thirty out of 189 infants had prolonged exposure to a PDA. The left heart remodeled to
a larger and more spherical shape and thus significantly increased in volume. Most changes
occurred in the first 4 weeks, plateaued, and then returned to control values. Systolic function and
estimates of filling pressure increased and effective arterial elastance reduced with a PDA, how-
ever contractility was unchanged. Wall thickness increased after 4 weeks of increased volume

exposure.

Conclusion: The preterm PDA induces early and significant remodeling of the left heart. A com-
pensated cardiac physiology was seen with preserved systolic function, suggesting adaptive rather
than pathological remodeling changes with prolonged exposure to a PDA.
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vention is associated with increased morbidity in preterm infants

and should probably be reserved for selected cases.>* For remaining

A patent ductus arteriosus (PDA) is a common problem in very pre-
term infants. More than half of preterm infants less than 29 weeks
gestation develop clinical signs associated with a PDA or will have a
PDA found on routine echocardiography.! Most preterm infants will
receive treatment, as early studies have shown an association
between a PDA and major morbidity in very preterm infants. Phar-
macological treatment with one or 2 courses of nonsteroidal anti-
inflammatory drugs can reduce PDA patency up to 80% before the
infants have reached 14 days of age.2 The remaining preterm infants
who do not undergo PDA closure typically experience sustained
volume overload until closure occurs. Surgical ligation can provide

definite PDA closure, however, reports have shown that such inter-

cases, awaiting spontaneous closure is an alternative approach to
management.5

Although PDA pathophysiology has been extensively studied dur-
ing the first few days of life, little is known in terms of how the preterm
heart remodels with sustained changes in volume loading conditions
during a period of rapid organ development in the neonatal intensive
care setting. Ventricular remodeling refers to the structural changes of
the heart in response to biomechanical stress from ischaemic or inflam-
matory events, or from pressure or volume overload conditions.®®
Remodeling and the associated functional changes are initially an
adaptive response to the new mechanical conditions, but when the

injury or stress is sustained, these remodeling changes can become
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pathological and are associated with cardiovascular disease progression
in adults and children.” 2 The aim of this study is to describe cardiac
remodeling and associated functional changes in preterm infants with

sustained volume overload due to prolonged exposure to a PDA.

2 | METHODS

2.1 | Study population

After approval for this study was obtained from Hunter New England
Local Health District human research ethics committee, we reviewed
clinical and echocardiography data from all preterm infants < 30 weeks
gestation. As part of routine clinical practice, echocardiography exami-
nations were performed on day 3 after birth in all infants of this gesta-
tional age range. When a PDA was present, echocardiography
examinations would be performed every 7-14 days until the PDA was
closed or was less than 1.0 mm in diameter. For the purpose of this
study we defined prolonged exposure to a PDA as infants who had
more than 14 days exposure to a PDA with a diameter of at least
1.5 mm and where the PDA showed a pulsatile blood flow pattern.
This PDA profile is associated with echocardiographic and clinical vol-
ume overload in preterm infants.?°

The control group consisted of preterm infants less than 30 weeks
gestation that were not treated with mechanical ventilation or inotro-
pic support, received an echocardiogram during the study period and
did not have a significant PDA. Most control infants were investigated
for a murmur or were unable to tolerate a trial off positive airway pres-
sure support. Scans of control infants were eligible for analysis if they
had a PDA < 1.5 mm on day 3 and < 1.0 mm, thereafter, without any
other significant cardiac abnormalities. A foramen ovale <3 mm was
considered normal.

Infants were excluded from this study if they had significant addi-
tional congenital abnormalities with or without congenital heart

disease.

2.2 | Echocardiographic image acquisition
and data analysis

A 12 MHz phased-array transducer was used with an iE33 echocardio-
graphic scanner (Philips Medical Systems, Best, The Netherlands). Four
chambers, long and short axis views were acquired according to the
American Society of Echocardiography.'® Two to four cardiac cycles
triggered by the R wave were stored at acquired frame rate (typically
90-110 Hz).

The ductus arteriosus diameter and flow pattern were assessed
according the methodology of Evans and lyer'* Left and right ventricu-
lar outputs (LVO and RVO) were calculated from the cross sectional
area of the respective valve annulus, velocity time integral and heart
rate. A LVO:RVO ratio was calculated as indication of PDA shunt
volume.

Remodeling changes were assessed by measuring parameters of
cardiac dimensions, wall thickness, cardiac shape and cavity size. Left

ventricle (LV) length (LV major axis from the 4 chamber view) and LV
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internal diameter (LV minor axis dimension in short axis view) were
taken at end diastole. Relative wall thickness (RWT) was calculated
from (2X posterior wall thickness)/LV internal diameter in diastole of
the short axis images. Cardiac shape was assessed with a sphericity
index, defined as the end diastolic LV internal diameter divided by the
LV length. A ratio closer to 1.00 indicates increased sphericity.

Cavity sizes were measured by tracing the inner dimension of the
left atrium (LA) and the endocardial border of the LV from the apical 4
chamber images. LA area was estimated by manually tracing the LA
with exclusion of the appendage and pulmonary veins at end systole
and LA volume was calculated using a monoplane summation of disks
method. The endocardial border of the LV was manually traced using
speckle tracking software (Cardiac Performance Analysis, version 1.1;
TomTec Imaging Systems, Munich, Germany). Speckle tracking is a
novel non-Doppler technique that uses computer software to track
and follow speckles generated by the 2D image from frame to frame,
and allows for calculation of segmental and global parameters of
motion (velocity, displacement) and deformation (strain and strain rate).
With the trace placed on to the endocardial border, speckle tracking
allows for a semi-automated method to determine maximum and mini-
mum LV cavity size and calculate end diastolic and end systolic vol-
umes using a monoplane summation of disks method. A detailed
description of our methodology of the speckle tracking parameters has
been published previously. In this study the interobserver and intraob-
server correlation coefficient for deformation and LV volume parame-
ters ranged from 0.78 to 0.94.1°

Cardiac function was assessed by conventional and speckle tracking
parameters. Systolic function was assessed by reviewing changes in cav-
ity size (ejection fraction, [EF]), changes in inner dimensions (fractional
shortening, [FS]), basal myocardial velocities during peak systole (V| sys-
tole) and longitudinal peak systolic strain and strain rate (S, SR)).

Diastolic function was assessed by measuring the rate of volume
changes over the mitral valve, basal myocardial velocities during dias-
tole (V| early diastole and V| atrial contraction), and a speckle tracking
derived E/e’ ratio as an estimate of LV filling pressure.?>¢

The interaction between the LV and the arterial system was
explored by assessing blood pressure and ventriculo-arterial coupling
(VAC), a simplified estimate of cardiovascular efficiency.t”*® VAC is
defined as the ratio of the arterial elastance (Ea, derived from end sys-
tolic pressure divided by stroke volume) to ventricular elastance (Ees,
derived from end systolic pressure divided by end systolic volume).
End systolic pressure was estimated from 0.9 X systolic blood pressure.

Data on respiratory support, blood gas details, blood pressure, and
the use of cardiovascular medications were recorded at the time of

echocardiography.

2.3 | Statistics

We anticipated that the final data set would contain a variable number
of echocardiography studies per patient and per time point due to PDA
closure, transfer back to referral hospitals and newborn mortality. A lin-
ear mixed model analysis was used to assess the within subject effects

over time using a fixed effect model with autoregressive covariate
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TABLE 1 Antenatal demographics and clinical complications of the total cohort of infants < 30 weeks gestation during the study period and
the 30 infants with prolonged (> 14 days) exposure to a PDA > 1.5 mm. Data is presented as n (%) or median (range)

Any antenatal steroids

Pregnancy induced hypertension
Caesarean section

Gestational age

Birth weight

Male

Small for gestational age (<p5)
Intraventricular hemorrhage grade 3 or 4
Died

Necrotizing enterocolitis stage 2b or above
Retinopathy of prematurity receiving treatment (in survivors)

Chronic lung disease at 36 weeks (in survivors)

type. No repeat measure statistical tests could be performed for the
control infants, as most were not longitudinally assessed. Multiple com-
parisons between the infants with a PDA and the control infants at
each time point were determined using ANOVA with a post hoc Bon-
ferroni test. Statistical analyses were performed using SPSS version 21
(IBM, Armonk, NY) and GraphPad (La Jolla, CA) version 6 with P val-

ues < .05 considered to indicate significance.

3 | RESULTS

During a 24-month study period, 189 infants < 30 weeks were admit-
ted to our unit of which 30 preterm infants had at least 14 days’ expo-
sure to a PDA. The antenatal demographics and clinical complications
of the whole cohort and the infants with prolonged PDA exposure are
presented in Table 1. Postnatal dexamethasone was used in 4 PDA
infants (12 studies) and diuretics in 4 PDA infants (10 studies).

The median PDA diameter for the 30 infants with a PDA was
2.1 mm (range 1.8-3.8 mm). All were unsuccessfully treated with ibu-
profen before 14 days of age. In 18 infants, the PDA closed spontane-
ously at various time points after 14 days of age and 2 infants
underwent surgical ligation of their PDA (weeks 5 and 8). Three infants
in the PDA group died during the study period (weeks 4, 5, and 8) and
3 infants were transferred back to referral hospitals with a PDA still
present (weeks 7 and 8), leaving 4 infants with an open PDA at the end
of a 10-week exposure period. The echocardiography parameters are

presented in Tables 2-4 and in Figure 1.

3.1 | The PDA and shunt volume

The PDA diameter and the LVO:RVO ratio did not change significantly
over a 10-week exposure period (P =.195 and P =.282, respectively).
The LVO:RVO ratio was significantly higher in the first weeks of PDA

exposure compared to controls, suggesting a mean Qp:Qs ratio of 1.5.

Total cohort <30 weeks
gestation (n = 189)

Infants with prolonged
exposure to a PDA (n=30)

181 (96%) 28 (93%)
31 (16%) 4 (13%)
103 (54%) 14 (47%)
27 (23-29) 26 (23-29)

925 (500-1670) 790 (500-1490)

103 (54%) 16 (53%)
18 (10%) 2 (7%)

4 (2%) 0 (0%)
12 (6%) 3 (10%)
8 (4%) 2 (7%)

6 (3%) 3 (11%)
66 (37%) 14 (52%)

With increasing exposure time, the LVO:RVO ratio reduced due to a

combination of decreasing LVO and increasing RVO.

3.2 | Cardiac shape and dimensions

Left ventricular length, LV diameter and posterior wall thickness
increased over time in both PDA exposure and control group reflecting
body growth. LV length and diameter were not significantly different
between the groups, but cardiac sphericity was higher in the first 4
weeks of PDA exposure. Posterior wall thickness during diastole was
significantly higher from 4 weeks of PDA exposure compared to con-

trols, with an increase in RWT occurring subsequently.

3.3 | Cardiac volumes

All cardiac volumes (LA volume, ESV, EDV) increased significantly over
time in the infants with a PDA (P < .001), and were significantly higher
compared to controls up until 8 weeks of PDA exposure. Most of the
volume changes occurred in the first 4 weeks when chamber volumes

reached a plateau.

3.4 | Systolic function

Parameters representing peak systolic performance did not change
during the study period (V. systole P=.215, SR_ P =.495) and were
comparable to control values. Systolic function as measured by EF
and S, was initially increased and then returned to control values

over time.

3.5 | Diastolic function

Early diastolic and atrial velocities of the basal segments of the LV
increased over time (P =.003 and P =.014 respectively) but were not

significantly different from control values. The E/e’ ratio increased over
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FIGURE 1 Mean(SD) of selected echocardiography parameters on the y-axis and PDA exposure time in weeks on the x-axis. Red lines
represent the infants with prolonged exposure to a PDA and black lines represent the control infants. LVO:RVO ratio, left to right
ventricular output ratio; LA volume, left atrium volume in mL/kg; EDV, end diastolic volume in mL/kg; PWTd, posterior wall thickness in
diastole in mm; VAC, ventriculo-arterial coupling index; EF, ejection fraction in %; S, longitudinal strain in %.

time (P<.001) and was higher in infants with a PDA in the first 4

weeks of PDA exposure.

3.6 | Ventriculo-arterial interactions

Systolic and diastolic blood pressures in the infants with a PDA
increased over time (P =.017 and P = .040, respectively) and were sig-
nificantly lower compared to control values in the first 6 weeks of vol-
ume overload. Ventricular elastance in PDA infants reduced over time
(P=.045), but was comparable to controls. VAC was lower in PDA

infants due to a lower arterial elastance.

4 | DISCUSSION

This study describes cardiac remodeling changes and physiological
adaptation during prolonged exposure to a PDA in preterm infants. Sus-
tained volume overload from a PDA leads to significant changes in size
and shape of the preterm left heart. The remodeling changes can be
found early and peak at 4 weeks of volume overload, and then return

to control values at the end of a 10-week exposure period. Although

the absolute increase in left sided chamber size was significant (LA vol-
ume +83%, LV volume +57%), the relative increase is more difficult to
estimate. The control infants without a PDA also showed an increase in
heart size as one would expect with rapid growth and increased meta-
bolic demand after preterm birth. However, it took the control infants
approximately 4 weeks to reach the same LA and LV size as 3 day old
infants with a PDA, suggesting much of the early increase in left heart
size seen in infants with a PDA was due to remodeling.

The change in shape and size led to altered cardiac function, espe-
cially in the first 4 weeks of volume overload. Increased preload was
followed by an increase in stroke volume, indicating that Frank-Starling
mechanisms were intact. Estimates of LV filling pressure were higher,
presumably because the less compliant preterm heart has limited capa-
bilities in altering its diastolic properties at this gestational age.!>'?
Cardiac function was preserved predominantly by increasing EF and
base-to-apex wall shortening (S,). We expected a simple shift up the
Frank-Starling curve with the increase in preload, but we could not
demonstrate an increase in force of myocardial contraction. Parameters
closely related to contractility such as SR, and systolic myocardial

velocity were not increased.?®?! These findings are consistent with
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previous reports, showing no effect of the PDA on contractility as
measured by rate-corrected velocity of fiber shortening and wall stress
at peak systole.??

One mechanism to achieve higher left heart stroke volume without
increasing contractility is by lowering afterload. Arterial blood pressure
and effective arterial elastance were lower in the PDA infants. Ventric-
ular elastance was unchanged, resulting in decoupling of the ventricular
and arterial system. Decoupling with increased VAC, characterized by
increased arterial elastance and a decline in ventricular elastance as
seen in adults with aging hearts, hypertension or septic shock is associ-
ated with decreased energy efficiency.2>2* However, decoupling with
reduced VAC in the absence of changes in LV stiffness as found in
infants with a PDA might act as an adaptive mechanism when the heart
is not capable of increasing contractility to maintain function. It remains
unclear if is this process occurs at the cost of metabolic efficiency.

A second mechanism to cope with the increased preload may be
mechanical. Higher LV filling pressure will increase the left-to-right
shunt through the foramen ovale. Although we did not measure blood
flow velocity at the level of the foramen, we found that a foramen
ovale with left-to-right shunt was present in almost all preterm infants
with a PDA and that RVO was increased with prolonged exposure to a
PDA, consistent with findings of others.2>%¢

Our findings suggest that cardiac function adapted to the
increased preload and decreased afterload. The new equilibrium was
noted after approximately 4 weeks, and coincided with an increase in
wall thickness which may potentially reflect an attempt to normalize
wall stress. This adaptive response can also be found in children and
adults with a PDA.2” Interpretation of wall thickness changes was con-
founded, however, by the fact that 4 infants were exposed to postnatal
dexamethasone which can induce hypertrophy in preterm hearts.?®

The term cardiac remodeling was initially used to describe the
prominent changes that occur after myocardial infarction, but current
understanding of cardiac remodeling suggests a broader concept.®~°
Kehat and Molkentin describe cardiac remodeling as the shared path-
ways in molecular, biochemical, cellular and mechanical events that col-
lectively change the shape of the myocardium, irrespective of the
underlying stimuli. Classification of remodeling is usually based on geo-
metric shape changes, with a compensatory and adaptive phase to
reduce wall stress and maintain output, followed by a pathological
phase with wall thinning and loss of cardiac performance. Overall car-
diac performance and wall thickness were maintained in all infants with
a PDA, even in those infants who died or underwent surgical ligation.
This would suggest that the remodeling changes were in the compen-
satory phase. Our hypothesis that the changes were not pathological
to the heart is supported by the finding that all echocardiographic
changes were reversible. Cardiac size and shape and function returned
to control values within one week after PDA closure (data not shown).

Cardiac function, development and remodeling are strongly linked.
During both cardiac development and homoeostatic adaptation, cardiac
tissues sense physical forces generated by the heartbeat and respond
with changes in gene expression.?’ The role of mechanical forces in

shaping the heart during cardiovascular development has been studied

in a variety of fetal models, but none are representative for the pres-
sure and volume changes of a PDA.2® In mice with a surgically placed
aortocaval shunt, volume load induces an increase in titin stiffness that
can be beneficial and limit eccentric remodeling, but prolonged expo-
sure to volume load leads to further unwanted microscopic changes of
the heart.3%*2 Our study cannot comment if remodeling led to altered
microscopic cardiac structure. In a sheep model examining remodeling
after preterm birth, Bensley et al. found cardiac hypertrophy, altered
cardiomyocyte maturation and increased collagen deposition with pre-
term birth with no effect on cardiomyocyte numbers.>® Additional
effects of a PDA were not examined in this study. Volume overload in
the adult heart is characterized by minimal fibrosis and a preferential
addition of sarcomeric units in series to help preserve ventricular func-
tion.1° These units can increase the shortening capacity of the myocyte
and thus maintain EF and Sy, as found in our study.

Our study has several limitations. All volume measurements and
deformation parameters were calculated from monoplane images and
not from bi- or triplane images. This approach is uniformly practiced in
speckle tracking research studies and echocardiography in preterm
infants in an attempt to minimize handling time, but it is unclear if this
approach affects accuracy.

The small sample of infants with prolonged exposure to a PDA,
especially in the last few weeks, limits generalization of the data. We
also did not encounter any infant in clinical category 1 or 2 according
to the Toronto PDA triaging system, and none of the infants included
in this cohort had a PDA > 3.0 mm for more than 1 week.* Of note,
patients referred for surgical ligation in other studies had comparable
preligation findings of LV size and function, which might add to the
generalizability of our data.?>2634

We could not explore if the addition of nonsteroidal anti-
inflammatory drugs attenuated the process of remodeling. Ventricular
dilation induces adrenergic and renin-angiotensin-aldosterone activa-
tion. Nonsteroidal anti-inflammatory drugs can inhibit aldosterone
metabolism and possibly contribute to the changes found.3> Further
studies are needed to describe signaling pathways of cardiac remodel-
ing in preterm infants and how current treatments can interact.

In conclusion, PDA volume overload induces a marked increase in
left heart size and altered shape with a compensated cardiac physiol-
ogy and preserved systolic function. Our findings suggest that the car-
diac remodeling as diagnosed with conventional and novel

echocardiography techniques is adaptive rather than pathological.
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