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Abstract

Objective—To compare the left ventricular Eccentricity Index (EI) and tricuspid valve
systolic:diastolic (SD) ratio in infants at risk of bronchopulmonary dysplasia (BPD) and
pulmonary hypertension (PH).

Study Desigh—Review of echocardiograms performed on infants born at <28 weeks
postmenstrual age, categorized into three cohorts: BPD and PH (n=13); BPD only (n=16); and
controls (n=59). EI was measured from a parasternal short axis 2D image. The SD ratio was
measured from the continuous wave Doppler tracing. Groups were compared using Kruskal-Wallis
and Wilcoxon rank sum tests.

Result—EI and SD ratio were successfully measured in all infants. There were no differences
between controls and BPD cohort. In contrast, the BPD and PH cohort had increased systolic El
(1.46 vs 1.00-1.01), diastolic EI (1.47 vs 1.00), and SD ratio (1.12 vs 0.97-1.00) compared to
controls and BPD only cohort (P<0.01 for all).

Conclusion—The El and SD ratio may be useful as a screening tool for PH in this population.
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Introduction

Bronchopulmonary dysplasia (BPD) is a risk factor for developing pulmonary hypertension
(PH) in extremely low birth weight infants.! The pathology underlying BPD, poor
development of immature lungs leading to fewer and smaller alveoli, also leads to poorly
developed pulmonary vessels, thus increasing the risk for pulmonary hypertension.? In these
infants two year survival after diagnosis of PH is less than 50%, and infants with more
severe BPD tend to have more severe PH.13

Diagnosis and screening for PH in infants with BPD has proven difficult. The gold standard
for establishing the diagnosis of PH is cardiac catheterization, which is impractical for
screening as it is invasive, expensive, and is associated with morbidity and mortality.*® The
more commonly used transthoracic echocardiography has the benefits of being noninvasive
and generally available at centers with intensive care nurseries.5.” However,
echocardiographic measurements have not accurately and consistently correlated with PH,
especially in infants.482 Commonly reported echocardiographic indices used to characterize
PH in infants include systolic pulmonary artery pressure approximated by tricuspid valve
regurgitant and pulmonary valve insufficiency velocities, interventricular septal shape, right
atrial and right ventricular size, and direction of color flow Doppler across intra-atrial and
ductal shunts. These measurements all have disadvantages. Some measurements are affected
by acoustic windows and variable degrees of valve insufficiency, while others are difficult to
quantify on a meaningful scale.?

Left ventricle eccentricity index (El) is a quantifiable measure of the amount of distortion of
ventricular septal geometry due to elevated right ventricular systolic or diastolic pressures
and/or volumes. Greater degrees of left ventricular EI have been associated with PH in
children and adults, but have not been studied in premature infants.10-15 The left ventricular
El has the added benefit of being easily measured from any short axis view of the mid-left
ventricle.

Similarly, the tricuspid valve systolic to diastolic (SD) ratio represents a quantifiable
echocardiographic measure that can be readily obtained from the tricuspid valve regurgitant
jet. This measurement has been evaluated in healthy neonates as a measurement of systolic
function and has the advantage of being measured even when there is an incomplete
tricuspid regurgitant jet that prevents estimation of the peak systolic regurgitant velocity.10:16
Elevated SD ratios have been associated with worse clinical outcomes in children with PH
and has been shown to be abnormal in children with systolic and/or diastolic dysfunction.’
However, this measurement has not been previously described in infants with PH.

Because PH complicating BPD is of growing concern for extremely low birth weight infants,
and no consensus, evidence-based guideline exists for what measures to use for screening,
we sought to assess systolic and diastolic El and SD ratio in existing echocardiographic
images on 3 groups of extremely low birth weight infants: 1) BPD and previously diagnosed
PH; 2) BPD only; and 3) controls with neither BPD nor PH as a first step towards including
these measures in a BPD-PH screening guideline.
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We performed a retrospective review of infants born <28 weeks postmenstrual age admitted
to the Duke University Intensive Care Nursery from 2010 to 2012. All infants having a
trans-thoracic echocardiogram performed after 36 weeks’ corrected postmenstrual age were
screened. Infants with evidence of congenital heart disease (with the exception of patent
ductus arteriosus or patent foramen ovale) or structural lung and airway malformations were
excluded. Acquired vascular abnormalities, including pulmonary venous stenosis, were
excluded as well. Remaining infants were divided into 3 groups: infants with both BPD and
PH, infants with BPD only (without PH), and infant controls without BPD or PH. BPD was
defined as continued need for respiratory support (supplemental oxygen with FiO5,
mechanical ventilation, or provision of continuous positive airway pressure) persisting at 36
weeks corrected postmenstual age.1® PH was defined by cardiac catheterization data, peak
tricuspid valve regurgitant jet velocity and/or clinical need/response to pulmonary
vasodilators. Ventricular septal geometry was excluded from this definition. Nine of the
thirteen infants with BPD and PH were defined as having PH by any echocardiogram
demonstrating tricuspid valve regurgitant jet velocity greater than one-half systemic pressure
during their stay in the intensive care nursery. The remaining four infants with clinically
suspected of having PH were diagnosed by cardiac catheterization after the date of the
reviewed echocardiograms of this study. Infants were identified using a clinical database
developed and maintained by the Duke Neonatal-Perinatal Medicine department. The
indications for echocardiograms varied by groups, noted by associated diagnosis with the
ordered study. The BPD and PH group’s and BPD only group’s studies were most
commonly obtained for evaluation for pulmonary hypertension. The control group’s
echocardiograms were most commonly obtained for evaluation for patent ductus arteriosus.
This study was approved after meeting all waivers of informed consent requirements by the
Duke University Health System Institutional Review Board.

Echocardiography

Complete echocardiograms with on-axis images were reviewed using the first study
performed at >36 weeks corrected postmenstrual age. Images were obtained using Phillips
IE33 ultrasound scanner with an 8 or 12 MHz transducer and analyzed using Xcelera
(Phillips Medical Systems, Koninklijke, Netherlands) after standard data compression to 30
frames per second. Tricuspid valve Doppler tracings were obtained from the apical 4-
chamber view by continuous wave Doppler. A single reviewer performed the initial
measurements. A random sample of 20 studies was reviewed by a blinded second reviewer
to determine inter-observer reliability, and repeated a second time by the initial observer to
determine intra-observer reliability. The echocardiographic variables that were analyzed
included the following:

1 Left Ventricular Eccentricity index (EI), measured at end-systole and end-
diastole, from the parasternal short axis 2D image at the mid-papillary muscle
level (Figure 1A, 1B). The formula (EI=D4/D1) was used where D1 is the
ventricular diameter perpendicular to the interventricular septum bisecting Do,
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the diameter parallel to the interventricular septum.1® A single cardiac cycle was
evaluated for all echocardiograms and reported.

2. Systolic:Diastolic (SD) Ratio was measured from the continuous wave Doppler
tracing of the tricuspid valve regurgitation jet. Appropriate angle of isonation
was guided using 2D imaging with simultaneous color flow mapping
immediately prior to continuous wave Doppler interrogation, with the infant in a
still position. Swas defined as the duration of the tricuspid regurgitation flow,
and Dwas defined as the interval between successive tricuspid regurgitation
jets10 (Figure 1C), with the ratio calculated using the formula (SD=5/D).

Statistical analysis was performed using Stata 13 (College Station, TX). Continuous
variables were described using number of observations, median and interquartile range
(IQR). Categorical variables were described using counts, proportions, and percentages.
Echocardiographic measurements and demographic values between the 3 groups were
compared using Kruskal-Wallis tests or Fisher’s Exact Probability Tests, where appropriate.
When significant, pairwise comparisons were performed using Wilcoxon rank sum tests.
Intra- and inter-observer agreements between two readers were evaluated in a random
sample using Bland Altman analysis. A p-value < 0.05 was considered significant.
Additionally, a power calculation was performed for our sample size. At an alpha of 0.05,
our calculated power was 86%, and our significant values were within our limits of
detection.

88 infants were included in the study population. Demographic data and statistical analyses
between groups are presented in Table 1. There were 13 infants who had BPD and PH, 16
with BPD only, and 59 controls with neither diagnosis. The median postmenstrual age of the
entire cohort at birth was 25 weeks (interquartile range (IQR) 24-26) and the median
birthweight was 730 g (628-843). One patient in the study (from the BPD and PH group)
had a patent ductus arteriosus at time of first echocardiogram after 36 weeks corrected age.
No other patients in any group had a patent ductus arteriosus at the time of the study
echocardiogram. This patient subsequently underwent device closure of the patent ductus
arteriosus. The analysis was completed separately with the first echocardiogram after 36
weeks corrected postmenstrual age and then repeated with the first echocardiogram after
device closure of the patent ductus arteriosus. The statistical significance of the study results
was unchanged between the two analyses. For consistency the data from the first
echocardiogram after 36 weeks corrected postmenstrual age data were included in the data
presented. There was no difference between groups in presence of symptomatic patent
ductus arteriosus. All patients had qualitatively normal right ventricular systolic function by
visual assessment.

The BPD and PH group was significantly older at time of study echocardiogram. Earlier
echocardiograms were not available for review due initial treatment of these infants at other
facilities. The control group had a larger median birth weight compared with the BPD and
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PH group and the BPD only group, and may be related to the birth weight as a risk factor for
BPD.19 Treatment with a pulmonary vasodilator and cardiac catheterization was limited to
the BPD and PH group, while there were no differences between BPD and PH compared to
BPD only groups in treatment with hydrocortisone and dexamethasone.

Adequate images for measurement of the eccentricity index were available in all infants.
Differences in the Eccentricity Index and SD ratio between groups are shown in Figures 2A,
B and C. The end-systolic El from infants with BPD and PH (1.46, IQR: 1.29-1.59) was
significantly higher than the BPD only group (1.01, IQR: 0.99-1.16; p<0.01) and the control
group (1.00, IQR: 0.94-1.08; p<0.01) (Figure 2A). The BPD only and control groups were
not statistically different (p=0.36). Similarly, the end-diastolic El from infants with BPD and
PH (1.47, IQR: 1.17 — 1.53) was significantly higher than the BPD only group (1.00, IQR:
0.98 — 1.07, p<0.01) and the control group (1.00, IQR: 0.94-1.04; p<0.01) (Figure 2B). The
BPD only and control groups were not statistically different (5=0.06). The statistically
significant differences in end-systolic and end-diastolic EI between BPD and PH compared
to other groups persisted when all three groups were compared using the Kruskal-Wallis test

(p<0.01).

The SD ratio was successfully measured in all infants, compared to only 54% of infants with
clinical PH having a measurable peak tricuspid regurgitant velocity. The SD ratio from
infants with BPD and PH (1.12, IQR: 1.06-1.92) was significantly higher than the BPD only
group (0.97, IQR: 0.89-1.15; p=0.01) and the control group (1.00, IQR: 0.82-1.16; p<0.01)
(Figure 2C). The BPD only and control groups were not statistically different (p=0.93). The
Kruskal-Wallis test comparing the SD ratio among all 3 groups was significant (p=0.01).
Since the systolic and diastolic components of the SD ratio will vary with heart rate,20 the
mean heart rates from each group were compared with no statistically significant difference
detected between groups.

Intra-observer and inter-observer reliability data are presented in Table 2. Intra-observer
variability was minimal for all three measurements, while inter-observer variability was
minimal for El, with greater variability present for SD measurements.

Discussion

Despite consistently improving care, ELBW infants, and in particular those at the limits of
viability, are at risk for developing BPD. There is a need to effectively screen this population
for closer follow-up with attention to the possibility of PH as they graduate from the
nursery.2! To date, there have been significant challenges screening and diagnosing PH in
infants with BPD. No guidelines exist so individual centers have developed center specific
protocols.1:922 Echocardiography is typically the primary study, though it may be part of a
multipronged approach.2! Timing and frequency of echocardiographic screening is also
inconsistent as some centers initiate screening by the first month while others wait until
infants reach 36 weeks corrected age.8:21

This study demonstrates that extremely low birth weight infants from our center with BPD
and PH have significantly higher left ventricular end-systolic and end-diastolic El and
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tricuspid valve SD ratios when compared to similar infants with only BPD or no BPD or PH.
We also found that these measurements can be reliably measured in the ELBW population as
they approach 40 weeks post-menstrual age.

Abnormal ventricular septal geometry, primarily septal flattening, is an echocardiographic
finding associated with elevated right ventricular systolic and diastolic pressures, and in the
absence of right ventricular outflow obstruction, reflects pulmonary arterial pressures.14:15.23
Efforts to quantify the degree of change from normal ventricular septal geometry have been
described in children and adult patients, but this has not been extensively studied to date in
the premature infant population. In contrast to the challenges of obtaining well-aligned
Doppler indices in all infants, and especially in infants with coexisting lung disease limiting
transthoracic windows, it is possible to obtain a short axis view of the left ventricle at the
mid-cavity level in almost all infants. More specificity, the advantages of El are: 1) an on-
axis short axis view of the left ventricle at the appropriate level can be obtained from either
the traditional parasternal view (prone to lung artifact) or from the subcostal sagittal view
(much less prone to lung artifact); 2) systolic El and diastolic EI can be measured from the
same beat, reducing any confounding data from using non-simultaneous measurements; 3)
the measurements are relatively independent of angle of insonation; and 4) there is no
dependence on adequate valve regurgitation to capture a complete Doppler envelope. The
simplicity of the eccentricity index in providing a quantifiable measurement of ventricular
septal flattening, as well as the high correlation between reviewers in this study suggests its
utility with a complement of other measurements to diagnose and predict infants at risk of
developing PH.

Traditionally, a tricuspid valve regurgitant peak velocity has been the standard for estimating
right ventricular systolic pressures by echocardiography. Early studies validated the use of
this measure in different populations by simultaneous comparison to cardiac
catheterization.242> However, in extremely low birth weight infants approaching 40 weeks
post menstrual age there is frequently not a well-characterized regurgitant jet. Of note, only
six of the thirteen patients with PH in this study had a measurable peak tricuspid valve
regurgitant velocity. Mourani ef a/ compared catheterization data with echocardiography in
infants with BPD and PH and reported only 61% of echocardiograms with an adequate TR
jet.9 This finding was consistent with our study with a similar percentage of complete TR
jets permitting a measurable peak velocity. Measurement of the SD ratio from the tricuspid
regurgitant jet was much more feasible in our study, with 100% success despite incomplete
Doppler envelopes, although with a wider range of values and greater intra- and inter-
observer variability.

The greater feasibility in measuring the SD ratio results from it being measurable from a
tricuspid regurgitant jet that may display clear acceleration and deceleration edges, but an
incomplete peak velocity. The SD ratio has been published as a non-invasive marker of
cardiac dysfunction in children with congenital heart disease and impaired systolic
function,1926 and in children with restrictive cardiomyopathy and impaired diastolic
function.19 An abnormal SD ratio has been shown to correlate with multiple indicators of
poor functional and clinical outcomes in children with pulmonary hypertension.1” In healthy
patients, the duration of systole represents approximately 40% of the duration of the cardiac
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cycle, 10 producing an SD ratio <1. With either systolic or diastolic dysfunction the duration
of systole increases and diastole decreases, producing an elevated SD ratio >1. Multiple
alterations in cardiac structure and function contribute to an elevated SD ratio. These range
from prolongation of isovolumic and ejection times due to poor contractility (Iengthening
systole), to shortening ventricular filling times due to ventricular hypertrophy or fibrosis
producing poor ventricular compliance (shortening diastole). The distinction in this study
between infants with PH (abnormal SD ratio) and infants with BPD only (normal SD ratio)
suggests impaired cardiac function in PH and preserved cardiac function in BPD only
patients. In contrast with qualitative assessment of right ventricular function, which did not
distinguish between groups, the abnormal SD ratio in patients with PH supports the
incremental usefulness of this measurement in a non-invasive PH evaluation.

Limitations of this study include its retrospective nature and small size, as seen in the
difference between control and BPD groups for end-diastolic El that neared statistical
significance, despite both being significantly different from infants with both BPD and PH.
This highlights both the importance of careful measurement as well as the challenges in
assessing ventricular septal geometry in diastole, when the magnitude of difference between
ventricular filling pressures will be less. Potential bias may also be introduced by measuring
the El and SD ratio on echocardiograms obtained as part of the clinical assessment of at-risk
infants. To reduce this potential bias, all echocardiograms in infants with PH were reviewed
by a third, blinded reviewer to confirm that PH was defined by measures other than
ventricular septal flattening. Changes in heart rate affect both the systolic and diastolic
components of the SD ratio (systole varies linearly with heart rate, diastole varies
exponentially with heart rate), which may confound the use of this measurement.20
However, statistical analysis of heart rates between the groups in this study demonstrated no
significant difference. This study is also limited by the lack of direct comparison to
catheterization data, since cardiac catheterization was not performed in all subjects.
However, the risks of cardiac catheterization in the former ELBW population makes this is a
common limitation in the majority of hemodynamic studies in this group, and speaks highly
to the need to optimize our use of non-invasive tools.

In conclusion, the left ventricular El and SD ratio are significantly different in extremely low
birthweight infants with BPD and PH when compared to infants with BPD or normal
controls. The simplicity and reliability of these measurements may facilitate their
incorporation into a screening protocol of infants receiving the diagnosis of BPD.
Distinguishing patients with PH could significantly change clinical follow up and
medication therapies. A larger prospective trial is needed to validate the use of these
measurements in identifying extremely low birthweight infants who develop BPD and PH,
as well as the changes in measurements after initiation of therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Measurement of Eccentricity Index and Systolic-Diastolic Ratio

A) Systolic eccentricity index in control, E1=1.00.

B) Systolic eccentricity index in infant with bronchopulmonary dysplasia and pulmonary
hypertension, E1=1.89.

C) Systolic-Diastolic ratio in infant with bronchopulmonary dysplasia and pulmonary
hypertension, SD=2.36.

Legend: D1 — diameter perpendicular to the interventricular septum; D,- diameter parallel to
the interventricular septum; S- systolic duration; D- diastolic duration.
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Figure 2. Eccentricity Index and Systolic-Diastolic Ratio
BPD- bronchopulmonary dysplasia; PH- pulmonary hypertension; Controls-infants without

bronchopulmonary dysplasia or pulmonary dysplasia.
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Intra- and Inter-observer Variability in Eccentricity Index and Systolic-Diastolic Ratio

Table 2

Intra-observer Mean Difference
(limits of agreement)

Inter-observer Mean Difference
(limits of agreement)

Systolic EI -0.032 (-0.275 t0 0.211)
Diastolic EI -0.028 (-0.217 t0 0.161)
SD Ratio 0.02 (-0.515 to 0.555)

0.025 (-0.263 t0 0.313)
0.004 (-0.314 to 0.321)
0.184 (-0.846 to 1.213)

Data represented: median (25th%, 75th%)

El- Eccentricity Index; SD- Systolic-Diastolic Ratio; BPD- Bronchopulmonary Dysplasia; PH- Pulmonary Hypertension
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