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Abstract

Purpose: A major determinant of survival in patients with congenital diaphragmatic hernia
(CDH) is severity of pulmonary hypoplasia. This study addresses the comparative effectiveness of
prenatal methods of lung assessment in predicting mortality, extracorporeal membrane
oxygenation (ECMO), and ventilator-dependency.

Methods: We retrospectively reviewed all patients born with isolated CDH between 2004-2008.
Lung-to-head ratio (LHR) and observed-to-expected LHR (OELHR) were obtained from prenatal
ultrasounds. Percent-predicted lung volume (PPLV) was obtained from fetal MRI (fMRI).
Postnatal data included in-hospital mortality, need for ECMO, and ventilator-dependency at day-
of-life 30.

Results: Thirty-seven patients underwent 81 prenatal ultrasounds, while 26 of this sub-cohort
underwent fMRI. Gestational age during imaging study was associated with LHR (p=0.02), but
not OELHR (p=0.12) or PPLV (p=0.72). PPLV, min-LHR, and min-OELHR were each associated
with mortality (p=0.03, p=0.02, p=0.01), ECMO (p<0.01, p<0.01, p=0.03), and ventilator-
dependency (p<0.01, p<0.01, p=0.02). For each outcome, PPLV was a more discriminative
measure, based on Akaike’s information criterion. Using longitudinal analysis techniques for
patients with multiple ultrasounds, OELHR remained associated with mortality (p=0.04), ECMO
(p=0.03), and ventilator-dependency (p=0.02), while LHR was associated with ECMO (p=0.01)
and ventilator-dependency (p=0.02) but not mortality (p=0.06).
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Conclusion: When assessing fetuses with CDH, OELHR and PPLV may be most helpful for
counseling regarding postnatal outcomes.

Index Words:

Congenital Diaphragmatic Hernia

Congenital diaphragmatic hernia (CDH) is a defect occurring in one of 2,200 live births,
which impacts lung parenchymal and vascular development. Mortality ranges from 30%
overall® to 20% at tertiary care centers experienced in the treatment of CDH patients?3.
Even among survivors, morbidity remains high? due to the pulmonary hypoplasia and
pulmonary hypertension associated with CDH>7. The degree of prenatal pulmonary
hypoplasia has been found to be a useful prognostic index for persistent pulmonary
hypertension of the newborn® and mortality®-11,

The most common method of prenatal lung assessment is the lung-to-head ratio (LHR) as
measured by ultrasound, given its widespread availability2. The observed-to-expected LHR
(OELHR) was later developed in response to the finding of variation in LHR with estimated
gestational age (EGA) at the time of ultrasound.11:13 More recently, percent-predicted lung
volume (PPLV) as measured by fetal MRI (fMRI) has become available to evaluate lung size
in three dimensions.14

The purpose of this study was to compare the effectiveness of LHR, OELHR, and PPLV in
predicting mortality, need for extracorporeal membrane oxygenation (ECMO), and
ventilator-dependency among patients born with CDH.

METHODS

Study base

Lung size

After receiving institutional review board approval, we retrospectively reviewed the medical
records of all patients born with CDH at a single tertiary care institution between January
2004 and December 2008. Inclusion criteria consisted of diagnosis with isolated CDH.
Patients were excluded from the study due to lack of available prenatal ultrasound. Variables
collected included prenatal imaging studies, perinatal data, ventilator data, and clinical
outcomes. To quantify the severity of CDH in our patients, each patient’s predicted
probability of survival was calculated using the CDH Study Group equation:

Predicted probability of survival = 1 — 1/[1 + exp(5.0240 + 0.9165(BW) + 0.4512* Apgars)]

where exp is the exponential function, BW is birth weight, and Apgars is the Apgar score at
five minutes of life.1>

Measures of lung size included LHR, OELHR, and PPLV. Prenatal ultrasounds were
retrieved to determine LHR and OELHR. LHR was assessed by measurement of the
contralateral lung in two-dimensions at the level of the atria and division by the head
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circumference.11:13 We computed the EGA-normalized measure of LHR, OELHR, by the
following equation:16

OELHR = observed LHR/ expected LHR

Next, fMRI lung volumes were calculated from consecutive sections in two out of three
imaging planes. An expected lung volume was calculated for each patient based on the
patient’s EGA using the equation developed by Osada et al.:1”

Expected Lung Volume (cc) = (2.41x EGA) — 37.6.

PPLV was then derived from the equation:18

PPLYV = LV (observed)/ LV (predicted).

The primary outcome was in-hospital mortality. The secondary outcomes were need for
ECMO during hospital course and ventilator-dependency at day of life (DOL) 30.

Statistical analysis

We tabulated patient characteristics for the overall cohort. Percentages were based on
available data. Next, we assessed variation with EGA among the measures of prenatal lung
size. Because several patients had more than one prenatal ultrasound performed, we used
univariable generalized linear mixed modeling (GLMM) to assess variation of LHR and
OELHR with EGA. GLMM is a longitudinal analysis random-effects technique that
accounts for patient-specific repeated measures. Because no patient had more than one
fMRI, simple linear regression modeling was used to evaluate the association of PPLV with
EGA.

We then used two different analyses to address the association between mortality, need for
ECMO, and ventilator-dependency and prenatal lung size as measured by each of the three
imaging techniques. First, the minima values of LHR (min-LHR) and OELHR (min-
OELHR) were used for patients with multiple prenatal ultrasound studies. Simple logistic
regression was used to model the association of min-LHR, min-OELHR, and PPLV with
mortality, need for ECMO, and ventilator-dependency. Because each measure of lung size
was a ratio, the distributions were non-normal and thus the log-transformation was employed
to stabilize the variance of each. The three models were compared using Akaike’s
information criterion (AIC), with lower AIC indicating better fit. They were visually
compared using receiver operating characteristic (ROC) curves, with higher area under the
curve indicating better fit. Second, to further quantify the effect on mortality and ventilator-
dependency of LHR and OELHR without requiring a summary statistic (i.e. minima values),
simple GLMM was again utilized. Patients with missing data were excluded from each
respective univariable and multivariable analysis. A pvalue < 0.05 was considered
statistically significant. All data were analyzed using SAS version 9.3 (Cary, NC).
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RESULTS

Baseline patient characteristics

Of the 74 patients born with isolated CDH between 2004 and 2008, thirty-seven patients had
undergone pre-natal ultrasound imaging and met inclusion and exclusion criteria. Twenty-six
patients also underwent an fMRI study. Baseline characteristics and outcomes are tabulated
in Table 1. Patients were followed to hospital discharge with a median follow-up time of 40
days (26 — 87). 62.2% of patients were male. Median EGA at birth was 38.0 weeks
(interquartile range [IQR] = 36.0 — 39.0). In-hospital mortality for the overall cohort was
21.6%. The median predicted survival of the overall cohort based on the CDH study group
equation was 64.9% (IQR = 40.4 — 80.0). 45.9% of patients underwent one or more courses
of ECMO. At DOL30, 43.7% of patients were dependent on a ventilator for respiration.

Consistency across EGA

For the 81 prenatal ultrasounds performed, the median EGA during study was 30.2 weeks
(range, 18.1 — 38.5 weeks). The median min-LHR and min-OELHR were 1.34 (IQR = 0.9 -
1.8) and 0.4 (IQR = 0.3 - 0.7), respectively. For the 25 fMRIs performed, the median EGA
during study was 24.3 weeks (range, 20.0 — 38.0). The median PPLV was 0.5 (IQR =0.3 -
0.7). EGA was found to be associated with LHR (p=0.02), but not OELHR (p=0.12) or
PPLV (p=0.72), as illustrated in Figures 1A-C.

Primary outcome: mortality

In-hospital mortality for the overall cohort was 21.6%. We compared the association with
mortality of min-LHR, min-OELHR, and PPLV, using simple logistic regression in order to
develop ROC curves for each of the three measures. As reported in Table 2, all three
measurements were significantly associated with mortality. PPLV had the smallest AIC,
indicating superior discrimination. Of the measures, PPLV had the highest area under the
ROC curve, followed by OELHR, and then LHR, as displayed in Figure 2. Next, we
assessed the association between the ultrasound measures of lung size and mortality, without
utilizing the minima values. Using a longitudinal analysis technique for repeated measures
(GLMM) of all 81 ultrasounds that controlled for individual-patient effects, OELHR was
found to be associated with mortality (p = 0.04), while LHR was not (p = 0.06).

Secondary outcomes: need for ECMO and ventilator-dependency

Among all patients, 45.9% of patients underwent one or more courses of ECMO. The three
measurements of lung size, min-LHR (p < 0.01), min-OELHR (p< 0.01), and PPLV (p=
0.03) were each associated with need for ECMO, as reported in Table 3. The AIC of PPLV
was the lowest, indicating this model had the best fit of the three. Again, using GLMM to
analyze all 81 ultrasounds, both LHR (p=0.01) and OELHR (p = 0.03) were associated
with need for ECMO.

At DOL30, 43.7% of all patients were dependent on a ventilator for respiration. The three
measurements of lung size, min. LHR (p< 0.01), min. OELHR (p< 0.01), and PPLV (p=
0.02) were each associated with ventilator dependency at DOL30, as reported in Table 4.
The AIC of PPLV was the lowest, indicating this model had the best fit of the three. Finally,
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using GLMM to analyze all 81 ultrasounds, both LHR (p=0.02) and OELHR (p=0.02)
were associated with ventilator-dependency at DOL30.

DISCUSSION

When assessing fetuses with CDH, our findings showed that min-LHR, min-OELHR, and
PPLV were each independently associated with mortality, need for ECMO, and ventilator-
dependency. Only OELHR and PPLV were associated with mortality without using minima
values (i.e. using all ultrasounds performed, rather than min-LHR and min-OELHR). While
LHR varied with EGA, PPLV and OELHR were both found to be independent of EGA. The
three-dimensional modality, PPLV, was found to be slightly more discriminative for the
outcomes of need for ECMO, ventilator-dependency, and mortality, compared with LHR and
OELHR.

Similar to previous reports, we found that OELHR does not vary with EGA, in contrast to
LHR.1219.20 | the present study we found that PPLV likewise did not vary with EGA. LHR
has been shown to be most reliably associated with mortality when measured on prenatal
ultrasound performed between 24 — 26 weeks gestation.1? Outside of this range however, the
association between LHR and mortality is controversial, 1921 because LHR varies with EGA.
22 This is likely due to the fact that early in pregnancy (among non-CDH fetuses), the lateral
and vertical growth of the developing pulmonary parenchyma are roughly equivalent, while
later in pregnancy there is a greater increase in vertical, as compared with lateral growth.23
The contralateral lung is measured in the transverse two-dimensional plane to calculate
LHR, thus lateral growth affects the measure.11 Furthermore, research suggests that for
CDH fetuses, the contralateral lung compression due to the herniation is more severe in the
lateral than in the vertical direction.23 These findings suggest that the ratio measures of lung
size (OELHR and PPLV) are indicators of post-natal outcome that are valid across a wide
spectrum of prenatal development.

In our study, OELHR and PPLV were independently associated with mortality, while LHR
was not. The min-LHR value was also found to be associated with mortality, but the need to
obtain LHRs at several different EGA time points and record the minimum value is more
cumbersome and, thus, potentially less clinically useful. While several studies have shown a
correlation between LHR and mortality, most restrict the timeframe of measurement to a
tight window within which LHR may be more valid. For example, a recent meta-analysis
reported that prior to 32 weeks EGA, LHR < 1.0 was associated with mortality.®

There are similar existing knowledge gaps in the literature regarding the newer measures of
lung size, OELHR and PPLV. The association between OELHR and mortality has typically
been shown among cohorts with relatively high mortality rates. The present study addressed
the utility of the measures of lung size among lower mortality cohorts at a tertiary care
center experienced in the care of patients with CDH. Although the CDH study group
equation predicted a survival of only 65% in our cohort, our actual survival was 79.4%. Jani
et al. in their 2007 retrospective analysis showed OELHR from 18 — 38 weeks of gestation to
be validly associated with mortality.24 However, the mortality rate in the report was
relatively high at 37.3%, which may better power the analysis. A more recent report from
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the same group, in which overall mortality was 36%, showed PPLV to be more strongly
associated with post-natal survival, as compared with LHR.25 The mortality rate in our study
was 21.6%, potentially making this sample a more realistic assessment of the utility of the
measures of lung size. After adjusting for liver position, a 2012 retrospective study by
Schaible et al. found an association between mortality and combined OELHR and PPLYV,
however did not assess the utility of these measures of lung size as independent markers.2%
In a 2009 study with a 21% mortality rate comparable to that of the present analysis, Kilian
et al. found PPLV, LHR, and OELHR in order of strength of association to be significant
predictors of survival.2’ The present study found OELHR to be a superior predictor of
survivor compared to LHR.

In infants with CDH, ECMO is the gold standard of many therapies directed toward
alleviating pulmonary hypertension. ECMO allows the lungs to “rest,” avoiding barotrauma,
while pulmonary arterial reactivity diminishes.28-30 In our cohort, nearly half of patients
(46%) underwent one or more courses of ECMO. During the study period, we routinely
followed a strategy of “gentle ventilation” for patients with CDH.3 Our institutional criteria
for ECMO entails failure of the “gentle ventilation” strategy and our overall ECMO
utilization is approximately 40%. In this particular cohort, we had a disproportionately high
percentage of patients with right-sided CDH (35%). We have previously shown that patients
with right-sided CDH require higher ECMO utilization at our institution.32 Each of the
measures of prenatal lung size (min-LHR, min-OELHR, LHR, OELHR, and PPLV) were
associated with need for ECMO. This finding corroborates existing literature which suggests
a relationship between lung size and need for ECMO.26

Given that pulmonary dysfunction is the leading cause of death in CDH, ventilator
dependency is a critical outcome. Furthermore, in patients with CDH, persistent ventilator
dependency is often taken as an indicator of chronic lung disease.28 In our study, nearly half
of patients (44%) relied on ventilator support at DOL30. We found all measures of prenatal
lung size (min-LHR, min-OELHR, LHR, OELHR, and PPLV) to be associated with
ventilator-dependency at DOL30. In a conflicting 2005 retrospective analysis, Heling et al.
did not find an association between LHR and ventilator parameters, however the study was
underpowered to detect a difference with a sample size of seventeen patients.33 Schaible et
al. in their 2012 retrospective analysis showed OELHR and PPLV to be superior to OELHR
alone in prediction of ventilator-dependency, but did not assess whether the measures of
prenatal lung size were significantly associated with the outcome.26

There were several limitations to the present study. This was a retrospective analysis, which
carries an inherent risk of bias. Variables that were not collected for the purpose of clinical
management were unavailable. Furthermore, as a study of a congenital defect, those patients
who did not survive to birth were not able to be included in the analysis. Perhaps most
importantly, prenatal imaging studies were not available for all patients. Similarly, the
prenatal measures were not assessed at the same EGA in all patients. While this variability
in timing may have introduced statistical noise, the wide range of times at which prenatal
studies were obtained may provide a more realistic estimation of clinical application and
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may improve the study’s generalizability. We chose to assess three common and feasible
measures of lung size, LHR, OELHR, and PPLV. The gold standard measure of pulmonary
hypoplasia, post-mortem lung-to-body weight,3# was not assessable. Other studies have
employed pulmonary vascularization as a marker of severity of pulmonary disease, 3536
which was likewise not available for our cohort.

Given that PPLV and OELHR were independent of EGA and associated with mortality, need
for ECMO, and ventilator dependency, these measures were found to be superior to LHR.
When assessing fetuses with CDH, OELHR using ultrasound or PPLV utilizing fetal MRI
may be most helpful for counseling regarding postnatal outcomes, including mortality, need
for ECMO, and ventilator-dependency.
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Association of LHR (Figure 1A), OELHR (Figure 1B), and PPLV (Figure 1C) with EGA.
EGA, estimated gestational age; LHR, lung-to-head ratio; OEL HR, observed-to-expected

lung-to-head ratio; PPLV; percent-predicted lung volume.
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Figure 2.
Receiver operating characteristic curves of LHR, OELHR, and PPLV for the primary

outcome of mortality. AUC, area under the curve; LHR, lung-to-head ratio; PPLV, percent-
predicted lung volume.
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Table 1.

Patient characteristics of 37 patients born with CDH.

Variable n (%)
Male sex 23(62.2)
Left-sided defect 24 (64.9)
Intra-thoracic liver 18 (48.6)
Need for ECMO 17 (45.9)
Ventilator-dependent (DOL30) 14 (43.7)
In-hospital mortality 8(21.6)
Variable median (IQR)
Predicted survival, % 64.9 (40.4 —80.0)
Lung size
Min. LHR 1.3(0.9-1.8)
Min. OELHR 0.4 (0.3-0.7)
PPLV 0.5(0.3-0.7)
EGA, weeks 38.0 (36.0 - 39.0)
Birth weight, kg 3.1(2.7-3.3)
5-minute Apgar score 7.0 (5.0-8.0)

CDH, congenital diaphragmatic hernia; DOL, day of life; ECMO, extracorporeal membrane oxygenation; £GA, estimated gestational age at birth;
IQR, interquartile range; kg, kilogram; LHR, lung-to-head ratio; OELHR, observed-to-expected LHR; PPLV; %- predicted lung volume; SEM,
standard error of the mean; 7V/kg, tidal volume per kilogram
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Table 2.

Association of pre-natal measures of lung size with mortality.

Variable n | Odds ratio | 95% Confidence interval P AlC
Min. LHR 37 0.062 0.006 - 0.606 0.02 | 356
Min. OELHR | 37 0.033 0.002 -0.472 0.01 | 356
PPLV 26 0.061 0.005 -0.807 0.03 | 27.8

AIC, Akaike’s information criterion, LHR, lung-to-head ratio; OR, odds ratio; PPLV, percent-predicted lung volume
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Association of pre-natal measures of lung size with need for ECMO.

Table 3.

Variable n | Odds ratio | 95% Confidence interval P AlIC
Min. LHR 37 0.06 0.01-0.41 <0.01 | 39.9
Min. OELHR | 37 0.002 <0.001-0.188 <0.01 | 44.7
PPLV 26 0.01 <0.001 - 0.641 0.03 33.3

Page 15

AIC, Akaike’s information criterion; ECMO, extra-corporeal membrane oxygenation; LAHR, lung-to-head ratio; OR, odds ratio; PPLV; percent-

predicted lung volume
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Association of pre-natal measures of lung size with ventilator-dependency.

Table 4.

Variable n | Odds ratio | 95% Confidence interval P AlIC
Min. LHR 32 0.035 0.003 -0.387 <0.01 | 45.9
Min. OELHR | 32 0.019 0.001-0.308 <0.01 | 45.9
PPLV 23 0.045 0.003 - 0.660 0.02 276

AIC, Akaike’s information criterion, LHR, lung-to-head ratio; OR, odds ratio; PPLV, percent-predicted lung volume
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