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Abstract

Background: Assessment of pulmonary hemodynamics is critical in the diagnosis and
management of cardiopulmonary disease of premature infants, but reliable non-invasive indices of
pulmonary hemodynamics in preterm infants are lacking. Since pulmonary artery acceleration
time (PAAT) is a validated non-invasive method to assess right ventricular (RV) afterload in
infants and children, we investigated the maturational changes of pulmonary artery acceleration
time (PAAT) measures in preterm infants over the first year of age, and discerned the impact of
typical cardiopulmonary abnormalities on the measures.

Methods: In a prospective multi-center study of 239 preterm infants (<29 weeks at birth), PAAT
was assessed at days 1, 2, 5-7, 32 and 36 weeks post-menstrual age, and at 1 year corrected age.
To account for heart rate variability, PAAT was adjusted for right ventricular ejection time (PAAT/
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RVET). Premature infants who developed bronchopulmonary dysplasia or had echocardiographic
findings of pulmonary hypertension were analyzed separately. Intra- and inter-observer
reproducibility analysis was performed.

Results: PAAT was feasible in 95% of the image acquisitions and there was high intra- and inter-
observer agreement (intraclass correlation coefficients > 0.9 and coefficient variations < 6%). In
uncomplicated preterm infants (n=103, 48%) PAAT and PAAT/RVET increased longitudinally
from birth to 1 year corrected age (p < 0.001); and were linearly associated with gestational age at
birth (r=0.81 and r=0.82, p < 0.001) and increasing postnatal weight and postnatal age (r > 0.81,
p<0.001). PAAT measures were significantly reduced (p < 0.001) in infants with
bronchopulmonary dysplasia and/or pulmonary hypertension (n=119, 51%) beyond one week of
age.

Conclusions: PAAT measures increase in preterm infants from birth to 1 year corrected age that
is reflective of the physiologic postnatal drop in RV afterload. Bronchopulmonary dysplasia and
pulmonary hypertension leave a negative impact on PAAT measures. By demonstrating excellent
reliability and establishing reference patterns of PAAT in preterm infants, this study suggests the
PAAT and PAAT/RVET can be used as complementary parameters to assess physiologic and
pathologic changes in pulmonary hemodynamics in neonates.

Keywords

Pulmonary hemodynamics; prematurity; echocardiography; pulmonary artery acceleration time;
right ventricular afterload

INTRODUCTION

Premature birth disrupts the normal maturational process of the developing pulmonary
circulation with impairments resulting in prolonged oxygen requirements, abnormal
vasoreactivity, and pulmonary vascular disease, which in its most severe form will lead to
pulmonary hypertension.! The diagnosis of pulmonary vascular disease and the true
prevalence of pulmonary hypertension in preterm infants has been difficult to discern, in
large part, due to a paucity of reliable non-invasive screening measures to comprehensively
evaluate and track the main components of right ventricle (RV) afterload in these neonates.
L2 Currently, echocardiographic assessment of pulmonary hemodynamics relies on a
combination of qualitative evaluations (septal wall flattening, RV morphological changes)
and quantitative estimates based on the tricuspid regurgitation velocity; these pressure-
dependent measures may not be feasible in some preterm infants with significant
cardiopulmonary disease.3# In the early stages of preterm pulmonary vascular disease, a
significant reduction in pulmonary arterial compliance accompanies the small increases in
pulmonary vascular resistance. These initial responses will not cause an immediate rise in
pulmonary arterial pressure, thus limiting the applicability of the current screening
modalities that focus only on characterizing a rise in pulmonary arterial pressure or vascular
resistance.® With more advanced stages of pulmonary vascular disease, as in established
pulmonary hypertension, increases in pulmonary arterial pressure and vascular resistance are
not associated with further reduction in compliance.® Therefore, a non-invasive index of RV
afterload that captures maturational changes in compliance, vascular resistance, and pressure
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along the spectrum of disease will provide more clinical insight into the (patho) physiology
of pulmonary vascular development and growth than a measure that only reflects one of
these elements.”

Pulmonary artery acceleration time (PAAT) is a quantitative method used to define the blood
flow velocity characteristics in the RV outflow tract in response to changes in ventricular
mechanical performance, pulmonary vascular load and compliance.8° PAAT and its ratio
adjusted to RV ejection time (PAAT/RVET) have been validated against right heart
catheritization as a reliable estimate of invasive pulmonary hemodynamic measures in
children and neonates®, and maturational patterns have recently been established in healthy
children.® However, PAAT is still not utilized in clinical practice to characterize RV afterload
in preterm infants due to the lack of data regarding feasibility, reproducibility and reference
patterns.2 The influence of common prematurity associated cardiopulmonary conditions,
such as bronchopulmonary dysplasia (BPD) and pulmonary hypertension, on the
maturational patterns of PAAT has also not been fully explored, but is a necessary
prerequisite for clinical adoption in preterm infants.10-13

Our group recently demonstrated the maturational patterns of global and regional right
ventricular (RV) deformation patterns in extremely preterm infants increased throughout the
neonatal period, but were negatively affected by the presence of BPD and/or pulmonary
hypertension.14 We therefore, hypothesized that PAAT would similarly increase in
uncomplicated preterm infants, but prematurity-associated cardiopulmonary conditions may
influence the maturational patterns of PAAT changes differently. The primary objectives of
this study were to determine the maturational (age- and weight-related) changes in PAAT
and PAAT/RVET in healthy uncomplicated preterm infants and establish reference patterns
from birth through 1 year corrected age. The secondary aim was to discern the impact that
BPD and pulmonary hypertension will have on the maturational patterns of the PAAT
measures.

METHODS

Patients

In this prospective multi-center study, 239 extreme preterm infants were recruited at birth
and longitudinally followed until 1 year corrected age between August 2011 and January
2016 at hospitals affiliated with two academic institutions (Washington University School of
Medicine, Saint Louis Children’s Hospital, n=137, and Royal College of Surgeons in
Ireland, Rotunda Hospital, n=102). The preterm infants enrolled from the Washington
University site were among infants participating in the Prematurity and Respiratory
Outcomes Program (PROP, Clinical Trials number: NCT01435187).15 Infants with any
suspected congenital anomalies of the airways, congenital heart disease (except atrial septal
defects), chromosomal anomalies, intrauterine growth restriction or small for gestational age
(birth weight < 10th centile for gestation) were excluded from the healthy uncomplicated
cohort arm of the study. Reference values and maturational patterns of RV fractional area of
change (FAC)16:-17 and deformation (strain)14-18-20 from these cohorts have been published.
Comparisons of PAAT measures at 1 year corrected age only between term and preterm-
born infants have been reported from the PROP group,2! but complete PAAT measures from
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birth through 1 year corrected age have not been detailed for the entire cohort. The
institutional review board of Washington University and the ethical committee on human
research at Royal College of Surgeons approved the protocol. Written informed consent was
obtained from the parents or guardians of all participants.

Inclusion Criteria for the Uncomplicated Cohort

We utilized a previous published approach to define a cohort of uncomplicated preterm
infants (supplemental material).1417. We assessed for the contributions of BPD (using a
modified definition of the 2001 National Institutes of Health BPD workshop) and respiratory
disease syndrome in a sub-analysis.22 We have provided a list of terms (Appendix 1) that
describe the definitions for length of gestation and age in the perinatal period based on the
policy statement from the American Academy of Pediatrics.23

Preterm infants with any of the following echocardiographic signs of late onset pulmonary
hypertension, identified at any time point beyond day 5-7 of age through 1 year corrected
age were excluded from the reference cohort: an estimated RV systolic pressure (RVSP) >
than 40 mm Hg, a ratio of RVSP to systemic systolic blood pressure > 0.5, any cardiac shunt
with bidirectional or right-to-left flow, unusual degree of right ventricular hypertrophy or
dilatation, or ventricular septal wall flattening.24

The wide scope of the clinical manifestations arising due to the ductus arteriosus, i.e.
systemic circulatory insufficiency, hypotension, pulmonary overcirculation, and ventricular
failure, are of significant concern in relationship to the evaluation of RV afterload and PAAT
measures. We accounted for the ductus arteriosus and followed the same exclusion criteria
for the presence of a hemodynamics significant ductus arteriosus (hsDA) or patent ductus
arteriosus (PDA) as the original study (supplemental material).14

Echocardiography

Prospective echocardiograms were performed at six time points from birth to 1 year
corrected age, as previously described by our group and detailed in Figure 1.14 At
Washington University School of Medicine site, the echocardiograms were performed
serially at day 1 (n=30), day 2, (n=30), 32 weeks PMA (n=117), 36 weeks PMA (n=117),
and 1 year corrected age (n = 81). At the Royal College of Surgeons in Ireland site,
echocardiograms were performed at day 1 (n=102), day 2, (n=102), days 5-7 (n=98), and 36
weeks PMA (n=47).14 The infants’ antenatal, delivery and demographic characteristic were
obtained.

Two-dimensional and color Doppler echocardiography images in the parasternal and apical
standard views were acquired in the infants in the supine position as per the American
Society of Echocardiography guideline.2> We utilized a published protocol for PAAT image
acquisition and post-processing data analysis.8 A spectral Doppler image was obtained by
placing a pulsed Doppler sample volume at the pulmonary valve annulus in the parasternal
short-axis view. We achieved maximal alignment of Doppler interrogation with blood flow
direction with the placement of the sample volume at the annulus of the pulmonary valve.
We calculated PAAT as the time interval between the onset of systolic pulmonary arterial
flow (onset of ejection) and peak flow velocity. To account for the potential impact of heart
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rate variability, PAAT was adjusted for RVET with a ratio of PAAT/RVET.8 Since we and
others have previously failed to demonstrate a correlation between PAAT or PAAT/RVET
ratio and R-R interval in neonates,8 both PAAT and PAAT/RVET were not corrected for R-R
interval in the analysis.

Ventricular function.—As PAAT measures detect the triad of elevated pulmonary
vascular disease, decreased pulmonary arterial compliance, and RV dysfunction,® we
assessed RV function using previously acquired and described measures of speckle-tracking
echocardiography-derived free wall longitudinal systolic strain1418-20 FAC16.17 and
tricuspid annular plane systolic excursion (TAPSE).1” Since cut-off values to determine
normal vs. abnormal RV function do not yet exist in this cohort, we incorporated the
measures as confounders in the linear regression models to determine their influence on
maturational patterns.

Feasibility and Reproducibility

Intra- and inter-observer variability for PAAT and PAAT/RVET were measured in 50% of
the infants by two investigators at each center, both of whom were blinded to the clinical and
demographic data. Each observer utilized the same measurement protocol® and was blinded
to the other’s results. Equal distributions of studies were chosen at each time point and
coefficient of variation and intraclass correlation coefficient were used to assess the
reproducibility.

Statistical Methods

All data are expressed as mean + standard deviation or as percentages. Continuous variables
of PAAT were tested for normality using the Kolmogorov-Smirnov test and a histogram
illustration of the data. Analysis of variance and student t tests were used to compare the
changes in PAAT values from birth to 1 year corrected age in the preterm infants and to
compare the patterns between uncomplicated preterm infants and those with BPD,
pulmonary hypertension, and/or a PDA, respectively. All outcome variables with non-normal
distributions were analyzed in simple comparisons using Wilcoxon rank sum tests or
Kruskal-Wallis one-way analysis of variance for tests with more than two independent
groups. Chi-square tests (or Fisher Exact test as appropriate) were used to assess the
association between categorical variable. Two-way analysis of variance with repeated
measures was used to compare change over time between infants with and those without
BPD and pulmonary hypertension. Percentile charts (mean * standard deviation) were
created using linear regression to assess the independent effect of postnatal age (in weeks)
and postnatal weight (at time of echocardiogram) on each PAAT measurement, while
adjusting for gestational age at birth and gender. Univariate analysis was used to determine
the best predictors to enter in the model and then backward step-wise regression was
performed to assess the independent effect of gestational age, gender, total oxygen days,
length of stay, and common neonatal morbidities (necrotizing enterocolitis, intraventricular
hemorrhage, and retinopathy of prematurity), while adjusting for weight at examination.?!
As the incidence of pulmonary hypertension ranges from 14-44% of infants with BPD, we
performed stepwise regression to analyze the influence of pulmonary hypertension and BPD
on PAAT patterns.2426 Since we previously determined that measures of RV function4.17
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performed better in preterm infants without BPD or pulmonary hypertension, pairwise
comparison was conducted using the Bonferroni method to detect any difference in PAAT in
a) preterm infants with and without BPD, b) with and without late pulmonary hypertension
at 32 weeks PMA c) and with and without pulmonary hypertension at 36 weeks PMA.
Finally, receiver operating characteristic curves were constructed to determine cutoff values
for PAAT and PAAT/RVET in the first week of age and 32 weeks PMA with the best
sensitivity and specificity to predict pulmonary hypertension at 36 weeks PMA. The
statistical analysis was performed using SPSS version 14.0 (SPSS, Chicago, IL).

Clinical Data

The maternal and infant clinical data has been previously described# and summarized in
Table 1 and the supplemental material as comparisons between uncomplicated preterm
infants and infants classified with cardio-respiratory disease. In addition the clinical and
demographic characteristics of the preterm patients compared by time points are represented
in Appendix 2.

Maturational patterns of PAAT and PAAT/RVET in the uncomplicated reference cohort

In uncomplicated preterm infants (n=103), PAAT increased from a median of 43 msec (IQR:
38-47) and PAAT/RVET ranged from 0.28 (0.23-0.30) on day 1 to a median PAAT of 78
msec (IQR:67-84) and PAAT/RVET of 0.32 (0.28-0.38) by 1 year corrected age (p < 0.001
for both measures, Figure 2). PAAT and PAAT/RVET at birth significantly correlated with
gestational age (r=.81 and .82, p=.001) in uncomplicated infants and infants with BPD and
pulmonary hypertension (r=.80 and .81, p=.001, Figure S3, Appendix 3). Time-specific
maturational patterns revealed that the most rapid rise of PAAT and PAAT/RVET occurred
between day 1 and days 5-7 (Table 2). In the uncomplicated preterm infants, step-wise
regression analysis of the effects of gender, birth weight, respiratory support at birth, and
selected maternal characteristics, revealed that the relationship of decreased PAAT and
PAAT/RVET existed with lower gestational age at birth. A similar statistical approach that
also accounted for common neonatal morbidities (necrotizing enterocolitis, intraventricular
hemorrhage, and retinopathy of prematurity) revealed that at all time points the maturational
patterns of PAAT and PAAT/RVET were associated with both increasing postnatal weight
gain (r = .84, .83. p <.001, Table 3) and postnatal age (r = .81, .74, p <.001, Table 4).

Confounding cardiopulmonary factors.

We evaluated the affect of BPD and pulmonary hypertension on the PAAT measures,
presented below. In addition, we also accounted for the affect of the PDA, ventricular
function, respiratory distress syndrome, antenatal and postnatal administration of steroids,
caffeine, and diuretic use. These analyses are presented in the supplemental material.

BPD.—In infants diagnosed with BPD (n = 116, 52%), the PAAT and PAAT/RVET
increased from day 1 through days 5-7 (p<0.001 for both). Infants with BPD had a lower
day 2 PAAT and PAAT/RVET when compared with infant without BPD (44 £ 8 vs. 47 £ 6, p
=.005 and 0.25 £ 0.02 vs. 0.27 + 0.01, p=.01). The differences did not exist on day 1 (p=.
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34) or day 5-7 (p=.56), but returned by 32 weeks PMA (p < .01) and persisted through 36
weeks PMA (p<.001) to 1 year corrected age (p<.001). Although overall, PAAT and PAAT/
RVET increased from birth to 1 year corrected age (p<.001) in infants with BPD, PAAT and
PAAT/RVET remained stagnant (p=.36 and .45, respectively) from days 5-7 through 36
weeks PMA. PAAT then significantly increased from 36 weeks PMA to 1 year corrected age
(P<.01), but PAAT/REVT did not rise (p=.56) over the same period. Difference in PAAT
measures between infants with BPD and uncomplicated infants persisted even after adjusting
for surfactant, antenatal, and postnatal steroids treatments. Receiver operating characteristic
curve analysis was unsuccessful at determining specific cutoff values of PAAT or PAAT/
RVET during the first week of age in predicting BPD.

Pulmonary hypertension.—Based on echocardiographic evidence, we found an overall
incidence of pulmonary hypertension of 15% (n=17) at 32 weeks PMA, 9% (n=17) at 36
weeks PMA, and 0 at 1 year corrected age. There was no difference in PAAT measures
between infants with and with out pulmonary hypertension during the first week of age.
Receiver operating characteristic curve analysis was unsuccessful at determining specific
cutoff values of PAAT or PAAT/RVET during the first week of age in predicting late
pulmonary hypertension at 32 and/or 36 weeks PMA. In contrast to the first week of age, all
the infants with pulmonary hypertension at 32 weeks PMA and/or 36 weeks PMA had
decreased PAAT and PAAT/RVET when compared to those infants without pulmonary
hypertension at both time points (p < .001 for both measures at each time point), even after
adjusting for the presence of BPD on regression analysis (f = 2.1, p=.002). Infants with
pulmonary hypertension at 32 and/or pulmonary hypertension at 36 weeks also had lower
values PAAT and PAAT/RVET at 1 year corrected age than those without pulmonary
hypertension, even after adjusting for the common maternal variables that may affect
pulmonary vasculature growth and development.?! For detection of late pulmonary
hypertension at 36 weeks PMA, a PAAT < 47 msec and PAAT/RVET < 0.28 at 32 weeks
PMA resulted in sensitivity of 91% and specificity of 95%, with an area under the receiver
operating characteristic curve of 0.93 (95% ClI, 0.88-0.97).

Feasibility and Reproducibility

The measurements were feasible in 95% of the obtained images using the methods
previously described by our group.8 There was high degree of intra-observer agreement for
PAAT measurement (coefficient of variation: 5.6%, intraclass correlation coefficient: 0.96
(0.935-0.98) and inter-observer agreement (coefficient of variation: 5.0%; intraclass
correlation coefficient: 0.94 (0.89-0.97). PAAT/RVET had similar results, (Appendix 4).

DISCUSSION

In a prospective multi-center longitudinal study of a large cohort of premature infants (< 29
weeks at birth), we evaluated PAAT and PAAT/RVET to determine the maturational patterns
of RV afterload and the dynamic interaction between RV mechanical performance,
pulmonary vascular load and arterial compliance.8 This study establishes reference patterns
for PAAT and PAAT/RVET in preterm infants with a linear maturational increase for each
value from birth to 1 year corrected age. PAAT measures are positively correlated with
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gestational age at birth in both healthy uncomplicated preterm infants and preterm infants
that develop BPD and/or pulmonary hypertension. Preterm infants with BPD and/or
pulmonary hypertension have decreased PAAT and PAAT/RVET that track lower to those in
uncomplicated preterm infants beyond 1 week of age and remain stagnant through the late
neonatal period to 1 year corrected age.

Feasibility and Reproducibility

To our knowledge, this is the largest multi-center study to systemically perform and
demonstrate excellent reproducibility analysis with multiple intra- and inter-reliability tests
on PAAT measures in preterm infants. The clinical performance of PAAT as a quantitative
parameter in neonates is dependent on two critical aspects: feasibility and reproducibility.
PAAT and PAAT/RVET, have been utilized in neonatal research studies0-13.19.27-41 tq
characterize pulmonary hemodynamics, but are rarely used clinically because they lacked
proper validation in neonates with structurally normal cardiac anatomy.31:3341 Evans and
Archer demonstrated good inter-observer agreement only between two pairs of
measurements of PAAT/RVET with a correlation coefficient of 0.92.3! Subhedar et al. only
performed intra-observer variability, but found large limits of agreement and high coefficient
of variability.33 In this study we employed a published protocol on PAAT image acquisition
and post-processing data analysis, performed both intra- and inter-observer testing three
months apart at two centers to minimize recall bias, and utilized multiple reproducibility
testing to complement and confirm the results.® The measurements were feasible in 95% of
the image at all times points over the first year of age. In comparison, the tricuspid
regurgitation velocity was only present in 17% (17/98) at days 5-7, 15% (17/117) at 32
weeks of age, 9% (17/164 at 36 weeks PMA and 11% (9/164) of preterm infants at 1 year
corrected age. This degree of feasibility with PAAT measures is in line with commonplace
practices within neonatal echocardiography.18

Maturational Patterns of PAAT and PAAT/RVET

Birth transition is characterized by hemodynamic alterations during the switch from fetal to
post-natal circulation, 171927 and this study demonstrates that PAAT and PAAT/RVET
physiologically increase in uncomplicated preterm infants during this period. Both PAAT
and PAAT/RVET are linearly associated with increasing gestational age at birth in
uncomplicated preterm infants and infants that later develop BPD and/or late pulmonary
hypertension. The measures are also associated with both increasing postnatal weight and
postnatal age through 1 year corrected age. Other studies have also demonstrated the
increase in PAAT values in the transitional period from day 1 to day 2 in both preterm (42
+10 to 45 + 15, p = 0.04) and term infants (49 + 17 to 59 15, p < 0.001).19.27.42 These
changes reflect the physiological decrease in afterload, but the rate of increase is slower in
preterm infants when compared to term infants, reflective of the immature lung
development.30

Beyond the first week of age, PAAT has been shown to increase in both term® and preterm
infants.10.11.3443 The increase in PAAT over the first year of age mirrors the postnatal
developmental patterns described in term infants,® but as expected, the values track lower in
preterm infants at comparable time points.®21 The expected physiological rapid decrease in
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postnatal pulmonary vascular disease may be delayed in the preterm pulmonary vasculature
with the resulting time to peak acceleration of flow in the pulmonary outflow tract shortened
secondary to the persistence of elevated RV afterload.

BPD and pulmonary hypertension.—There was no difference in PAAT and PAAT/
RVET between day 1 and day 2 in preterm infants who required mechanical intervention and
those that required non-invasive respiratory support (p=.56). These findings are in contrast to
Evans and Archer who demonstrated in the pre-surfactant era, that PAAT measures are
decreased in the acute and recovery phases of infants with respiratory disease syndrome.28:40
We likely found no difference in our study because 93% of the infants received surfactant
replacement therapy and 96% of the mothers received antenatal steroids. Hamden and Shaw
demonstrated that PAAT/RVET increased, reflective of a drop in afterload, after the
administration of surfactant replacement therapy in preterm infants.3> The decline of oxygen
support and the resolution of respiratory disease syndrome in the first month of age in
preterm infants has further been shown to correlate to a physiological increase in the
corrected ratio of PAAT/RVET.11 We were unable to properly investigate the effect of
mechanical ventilation on PAAT changes beyond the first week of age because 10/12 (85%)
of the mechanically ventilated infants at 32 weeks PMA and all infants mechanically
ventilated at 36 weeks PMA developed BPD.

In this study, PAAT and PAAT/RVET were lower at day 2 in infants without BPD, but
similar by day 5-7. In most preterm infants we would expect pulmonary vascular resistance
to be elevated on day 1, but begin to dramatically fall by day 2-3. Multivariate analysis
showed that PAAT and PAAT/RVET on day 1 were directly related to gestational age at birth
in both uncomplicated preterm infants and those with BPD and/or pulmonary hypertension
onset beyond the first week of age, consistent with previous reports.21:31.34 By days 5-7 the
PAAT values were the same between cohorts. We suspect that the influence of the ductus
arteriosus and cardiac shunting at one week of age may wash out the ability to detect true
differences in PAAT measures between cohorts. The pathogenesis of pulmonary vascular
disease in BPD is multifactorial, resulting from complex interactions between maternal,
genetic, epigenetic susceptibility, and environmental factors (both prenatal and postnatal).!
By 32 weeks PMA (1-3 months of age), PAAT and PAAT/RVET were indeed lower in
infants with BPD and/or pulmonary hypertension, which is in agreement with previous
literature.10-13 The decline of PAAT and PAAT/RVET in infants with BPD from 32 to 36
weeks PMA is likely reflective of either a failure of the physiologic drop in afterload or their
progressive rise in these parameters from birth.1.21

PDA.—In this study we found no association between PAAT measures and the presence of a
hsDA in the first week of age or any PDA through 1 year corrected age (supplemental
material), similar to previous work.12 Prolonged patency may be associated with numerous
adverse outcomes, but the extent to which these adverse outcomes are attributable to the
hemodynamic consequences of ductal patency, if at all, has not been established.** The
ductus arteriosus has a multifaceted biological role in the context of hemodynamic
instability in preterm infants and its relationship to PAAT measures cannot be explained
solely on the basis of presence of hemodynamic significance, size, or even length of
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exposure.?® In the case of a significant cardiac shunt causing increased volume to the right
heart, i.e. PDA or a large ASD, PAAT may be also falsely increased, and be inaccurate.
PAAT should therefore be utilized in conjunction with measures of right heart function and
assessed cautiously in the setting of high shunt volumes. Prospective studies that test the
reliability of PAAT measures at different points along the pulmonary trunk and main
pulmonary arteries to isolate the different components of RV afterload from the influence of
a hsDA with left to right flow are needed to fully characterize the influence of the ductus
arteriosus on PAAT measures in extreme preterm infants.46

Clinical implications

These findings may have important clinical implications in preterm infants. In the early
stages of pulmonary vascular disease a small increase in pulmonary vascular resistance is
accompanied by a large reduction in compliance “to accommaodate the entire cardiac output
at low arterial pressure with large microcirculatory reserve.” This initial microcirculation
loss in early pulmonary vascular disease is not accompanied by a change in pulmonary
arterial pressure. Unfortunately, many of the current screening modalities are dependent only
on detecting a rise in pulmonary arterial pressure, and the evaluation of pulmonary arterial
pressure with Bernoulli’s equation (and pulmonary vascular disease with the Abbas
equation’) relies on the tricuspid regurgitation velocity that at times imprecisely correlates
with cardiac catheterization indices in infants and children.3 PAAT, as non-invasive index
that more broadly captures alterations in components of RV performance and afterload
(compliance, vascular resistance, and pressure) may prove to be more informative than
pressure estimates alone.8 In this study we even demonstrated that a PAAT < 47 msec and
PAAT/RVET < 0.28 beyond the transitional period detected pulmonary hypertension at 36
weeks PMA.

A systematic review on the use of echocardiography in the assessment of pulmonary
hypertension in infants with BPD suggests that in the absence of a reliable tricuspid
regurgitation velocity, PAAT and the ratio of PAAT/RVET could be complementary indices
for screening and follow up.2 Similarly, a recent systematic review and meta analysis also
suggested that PAAT is useful to identify and monitor pulmonary hypertension and
pulmonary vascular disease in adults.*8 The argument that PAAT is limited in clinical
practice by a paucity of large prospective studies is no longer valid as two recent studies
established PAAT as a non-invasive index of afterload in infants and children with normative
values and maturational patterns.8:9 PAAT is relatively easy to perform, highly reproducible,
and unlike pressure estimates based on tricuspid regurgitation velocity and right atrial
pressures, Doppler recordings from the RV outflow tract are available in almost in all
patients.2? In our current study, an interpretable tricuspid regurgitation velocity was present
in less than 10% of patients during the first week of age, at 32 weeks PMA, and 36 weeks
PMA. In a similar cohort of preterm infants, Mourani et al. evaluated tricuspid regurgitation
velocity at one week of age and 36 weeks PMA as an early echocardiographic sign of
pulmonary vascular disease to the subsequent development of BPD and found tricuspid
regurgitation velocity to be present in 8% of all patients at one week and 6% at 36 weeks
PMA.24 Furthermore, the other conventional echocardiographic indices of pulmonary
arterial pressure (i.e. septal flattening) have been recognized with low sensitivity and
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specificity for detecting mild to moderate manifestations of pulmonary hypertension in
preterm infants.# By demonstrating excellent reliability and establishing reference patterns
of PAAT in preterm infants, our study provides a clinically applicable non-invasive tool that
captures the main elements of afterload and may be useful in evaluating pulmonary
hypertension in preterm infants.

In this study, we elected not to create PAAT z-scores. Indexing PAAT to birthweight, body
length, or BSA in neonates and young infants must be interpreted with caution, because of
the high variability in body size, pulmonary blood flow, and pulmonary vascular disease in
this particular age group.8:° Furthermore, recent work demonstrated that sex specific centile
curves using left ventricular M-mode echocardiographic values indexed to weight alone
were actually similar to curves generated using length and body surface.4® We therefore
elected to present percentile charts (mean +/- standard deviation) using linear regression to
assess the independent effect of postnatal age (in weeks) and weight (at the time of
echocardiography) on each PAAT measurement, while adjusting for gestational age at birth
and gender. There are many approaches to interpret these measures, but understanding both
the advantages and limitations will serve to inform the clinician on how PAAT could be an
important variable during follow-up investigations of neonates at risk to develop pulmonary
hypertension, as it has been shown for pediatric®59 and adult patients.*8

Some additional important considerations should be undertaken when using PAAT and
PAAT/RVET as a measure of pulmonary hemodynamics. The confounding variables for
interpretation of the PAAT measures are imaging acquisition techniques and post-processing
analysis, influence of RV dysfunction, the presence of large left to right shunts, and heart
rate.3! The image acquisition and post process analysis uncertainties were identified in a
previous study and quantified in the published protocol.8 Although we accounted for RV
function in our model, as poor myocardial function will prolong PAAT and PAAT/RVET,
there is still discussion about what constitutes normal RV function using emerging
quantitative measures such as deformation, FAC, and TAPSE.8 Previous studies have only
utilized qualitative assessments of RV function,29:3% but this is the first study to assess the
contribution of these quantitative measures to characterize RV function. Finally, we
determined cut-off values of PAAT and PAAT/RVET at 32 weeks to detect pulmonary
hypertension at 36 weeks PMA. These measures should be considered to be a “best case”
scenario since we determined the cut off value from this same population that we tested.
Future research is needed test how these cut-off values perform in an independent
population.

CONCLUSION

This prospective multi-center study establishes reference patterns for PAAT and PAAT/
RVET measures in preterm infants, and tracks their maturational changes during postnatal
development. These measures increase from birth to 1 year corrected age, and are associated
with both increasing postnatal weight and age that reflects the postnatal decrease in
pulmonary vascular disease and pulmonary arterial pressure, and increase in pulmonary
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arterial compliance. BPD and pulmonary hypertension leave a negative impact on PAAT

measures. This study suggests the PAAT and its ratio to RVET can be used as
complementary modalities to assess physiologic and pathologic changes in pulmonary

hemodynamics in neonates.
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Highlights

. Pulmonary artery acceleration time (PAAT) measures provide a reliable non-
invasive tool to characterize pulmonary hemodynamics in children,

. This study establishes PAAT measures as feasible and reproducible from a
large cohort of extreme preterm infants followed from birth through one year
corrected age.

. PAAT measures increase in uncomplicated preterm infants over the first year
of age that is reflective of the physiologic postnatal drop in RV afterload.

. Common cardiopulmonary morbidities, such as bronchopulmonary dysplasia
and pulmonary hypertension, appear to leave a negative impact on PAAT
measures through the first year of age.

. With the establishment of the range of maturational patterns of PAAT
measures and associated variations up to one year CA, PAAT may now be
implemented in preterm infants as a means to non-invasively characterize
changes in RV afterload in health and disease.
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Eligible preterm infants
(<29 weeks GA) enrolled at birth

N =239
Died < 36 weeks PMA
-—
N=17
Alive at 36 weeks PMA
N =222
* Diagnosed with:
BPD =116
—_—
PH=17
PDA =100
Healthy, uncomplicated
preterm infants
N =103 (46%)
Timing of ) ¢ 32 weeks 36 weeks 1 year
Echocardiograms Al - i oy PMA PMA CA
Total # infants ** 132 132 98 117 164 81
I :
Uncomplicated 65 65 36 48 67 30

preterm infants

Figure 1:
Study Flow Diagram of Uncomplicated Preterm Infants:

BPD, bronchopulmonary dysplasia; PH, pulmonary hypertension; PDA, patent ductus
arteriosus; PMA, postmenstrual age

*119/222 infants were excluded from the uncomplicated cohort because they either were: a)
diagnosed with BPD?2 (n=116, 52%), b) had evidence of PH on echocardiogram at 32
weeks PMA (n=17, 15%) and/or 36 weeks PMA (n=17, 9%)2* and/or c) had a PDA at or
beyond one week (Day 5-7, n=57, 58%; 32 weeks PMA, n=19, 16%, and/or 36 weeks PMA,
n=24, 16%). Therefore, after meeting all inclusion criteria, 103 patients (47%) infants were
classified as “healthy uncomplicated preterm infants.” (Adapted from J Am Soc
Echocardiogr 2017;30:685-98)14 There was significant overlap between these four
categories. ** There were 239 infants recruited for this study (137 infants from the
Washington University School of Medicine site in Saint Louis, USA and 102 infants from
the Royal College of Surgeons in Ireland site in Dublin, Ireland). Echocardiograms were
performed at Day 1 (n=30), Day 2 (n=30), 32 weeks PMA (n=117), 36 weeks PMA
(n=117), and 1 year corrected age (CA, n=81) in Saint Louis, USA. Echocardiograms were
performed at Day 1 (n=102), Day 2 (n=102), Day 5 (n=98), and 36 weeks PMA (n=47) in
Dublin, Ireland.
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Figure 2:

*P<.001

15t week of age
Days 1, 2, 5-7

*P<.001

15t week of age
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~—@— Healthy uncomplicated

- -4 - - BPD
32 weeks 36 weeks 1 year
PMA PMA CA

~——@—— Healthy uncomplicated

- & - - BPD
32 weeks 36 weeks 1 year
PMA PMA CA

Maturational patterns of (A) pulmonary artery acceleration time (PAAT) and (B) the ratio of
PAAT to right ventricle ejection time (PAAT/RVET) in uncomplicated healthy preterm
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infants without cardiorespiratory disease (blue circles) and preterm infants with
bronchopulmonary dysplasia, BPD (red triangles).
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Table 2:

Pulmonary artery acceleration time measures over the 15t week.

Day 1 Day 2 Day5-7 p

Entire cohort

Number of infants 132 132 98

PAAT (msec) 44+ 4 46 + 47T 48 +5% 0.001

PAAT/RVET 024+0.02 026+001% 028+003% 0.001
Healthy uncomplicated cohort

Number of infants 65 65 36

PAAT (msec) 44 +3 47 +3* 49+ 6% <0.001

PAAT/RVET 025+0.02 027+001% 029+003* <0.001

Values are presented as mean (standard deviation). One way ANOVA with repeated measures was used to assess the change in values over time. * =
p < 0.05 compared with previous day measurement;

f: p < 0.05 compared with Day 1 measurement (with Bonferroni adjustment).
PAAT, pulmonart artery acceleration time

RVET, right ventricle ejection time

JAm Soc Echocardiogr. Author manuscript; available in PMC 2020 July 01.
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Table 3

PAAT measures in healthy uncomplicated preterm infants by weight

Weight (kg)  Infants” (n) HR (beats/min)  PAAT (msec) PAAT/RVET
0.5-0.9 66 172 £ 14 434 0.27 £ 0.03
1.0-14 82 168 + 12 52+4 0.28 +0.01
1.5-1.9 62 163+ 11 53+5 0.29 +0.04
2.0-2.4 50 159 £ 15 54+4 0.30 £ 0.02
25-2.9 21 161 + 13 56 £ 6 0.30 £ 0.03
8.0-9.0 16 138 £ 17 77+£5 0.32+0.03
10.0-12.0 14 135+ 15 80+8 0.33+0.02

HR, Heart rate.

Data are expressed as mean + SD.
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*
Healthy uncomplicated cohort, defined as preterm infants without BPD, echocardiographic signs of pulmonary hypertension at 32 or 36 weeks’
PMA, and/or hemodynamically significant PDA at days 5 to 7 or any size PDA at 32 or 36 weeks’ PMA. At day 1, 7= 65; at day 2, 7= 65; at days

5to0 7, n=36; at 32 weeks’ PMA, 1= 48; at 36 weeks’ PMA n=67; and at 1-year corrected age, 7= 30.
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Table 4

PAAT measures in uncomplicated preterm infants by age beyond the 15t week

Age (WK)  Infants® (n) HR (beats/min)  PAAT (msec) PAAT/REVT

3-5 40 165+ 12 51+9 0.28£0.01
6-8 57 163 +13 55+5 0.29 £0.02
9-11 18 158 £ 10 58+4 0.30+0.04
60-79 26 138+ 12 75+4 0.32+0.03
80-99 4 132+11 78+3 0.33+£0.02

Data are expressed as mean + SD.

HR, Heart rate.
*
Uncomplicated, defined as infants without BPD or echocardiographic signs of pulmonary hypertension at 32 or 36 weeks. There were 48

uncomplicated preterm infants at 32 weeks’ PMA, 67 uncomplicated preterm infants at 36 weeks’ PMA, and 30 uncomplicated preterm infants at 1
year corrected age. PMA and/or hemodynamically significant PDA at days 5 to 7 or any size PDA at 32 or 36 weeks’ PMA.
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