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Abstract

Purpose In congenital diaphragmatic hernia (CDH), ultrasound (U/S) measurements of the contralateral lung commonly
provide the observed-to-expected lung-to-head ratio (O/E LHR) and are used to determine the severity of pulmonary hypo-
plasia. Fetal magnetic resonance imaging (MRI) measurement of the observed-to-expected total lung volume (O/E TLV)
has been used as an adjunct to O/E LHR in predicting outcomes. Since O/E LHR only measures the contralateral lung, we
sought to investigate if MRI measurements of the contralateral lung volume (O/E CLV) can accurately predict outcomes in
CDH. We hypothesize that O/E CLV is a better predictor of CDH outcomes than O/E LHR.

Methods We identified all infants with a prenatal diagnosis of CDH at our fetal center who had both MRI and U/S measure-
ments. Using lung volume ratios of right-left 55:45, we calculated O/E CLV from O/E TLV. We used receiver-operating
characteristic (ROC) curves to calculate the area under the curve (AUC) to compare the predictive accuracy of O/E CLV to
O/E LHR for ECMO support, as well as survival to both discharge and 1 year.

Results Seventy-four patients had complete prenatal imaging with 39% requiring ECMO support. The median O/E CLV
was 48.0% and the median O/E LHR was 42.3%. O/E CLV was a better predictor of the need for ECMO support (AUC 0.81
vs. 0.74). O/E CLV was a better predictor of survival to discharge (AUC 0.84 vs. 0.64) and 1-year survival (AUC 0.83 vs.
0.63) than O/E LHR.

Conclusion O/E LHR is a well-validated standard for predicting outcomes and guiding prenatal counseling in CDH. We
provide evidence that fetal MRI measurements of the contralateral lung volume corrected for gestational age were more
accurate in predicting the need for ECMO and survival. Future prospective studies validating O/E CLV regarding outcomes
and ECMO utilization are warranted.

Level of evidence Level III, retrospective comparative study.
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Introduction Methods
Congenital diaphragmatic hernia (CDH) carries long-term  Setting

morbidity secondary to pulmonary hypoplasia and persistent
pulmonary hypertension [1, 2]. Routine prenatal imaging for
congenital anomalies has led to the prenatal diagnosis of over
60% of CDH cases [3]. Antenatal diagnosis allows for delivery
at fetal care centers that specialize in perinatal management
of CDH. Additionally, prenatal diagnosis and imaging can
potentially be used for determination of prenatal intervention
in severe cases and may improve parental counseling using
imaging characteristics to predict patient outcomes. Unfortu-
nately, there is no consensus on the optimal modality of pre-
natal imaging for predicting patient morbidity and mortality
in CDH.

One of the most widely used prenatal predictive values
for postnatal outcome in CDH is the observed-to-expected
lung-to-head ratio (O/E LHR) [1, 4, 5]. Two-dimensional
ultrasonography is used to measure the volumetric ratio of the
lung contralateral to the diaphragmatic hernia to the fetal head
while correcting for gestational age and expected lung devel-
opment. O/E LHR combined with evidence of liver herniation
is currently the gold standard for determining candidacy for
fetal intervention [6, 7]. Unfortunately, O/E LHR accuracy is
highly sonographer dependent [8], has poor predictive value
when used alone [9], and has a limited role in right-sided her-
nias [10].

Prenatal imaging at many fetal care centers now includes
magnetic resonance imaging (MRI) to further characterize
congenital anomalies. MRI has the added benefit of more
accurate volumetric analysis of the lungs [11, 12]. Total fetal
lung volume when corrected for gestational age (O/E TFLV),
calculated based on fetal MRI, has been shown to be compa-
rable to ultrasound (U/S)-derived parameters as a predictor of
mortality [13-16]. Additional studies suggest that O/E TFLV
may provide superior predictive value when compared to O/E
LHR [17, 18].

Volumetric analysis of the hypoplastic ipsilateral lung can
be challenging and is often underestimated by both U/S and
MRI [19]. MRI quantification of contralateral lung volume
alone may offer a more reliable measurement of lung volume
and allows for the direct comparison to the gold standard on
U/S. As O/E LHR measures the contralateral lung volume
alone, we sought to evaluate the prognostic value of MRI-
derived observed-to-expected contralateral lung volume (O/E
CLV). We hypothesized that O/E CLV is more accurate at
predicting outcomes compared to O/E LHR.

@ Springer

This was an Institutional Review Board approved study.
The records of all infants with a prenatal diagnosis of CDH
who were referred to our Fetal Center between January
2008 and December 2018 were reviewed retrospectively.

Subjects and definitions

We identified all children in our prospectively maintained
CDH database who had both MRI and U/S measurements
within 1 week of each other. Our multi-disciplinary CDH
teams’ practice is to have two clinic visits with all families
with a prenatal diagnosis of CDH. The first visit occurs
at <31 weeks of gestational age (defined as the early
visit) and the second visit occurs at>31 of gestational
age (defined as the late visit). Our rationale for delayed
imaging is that the late gestational MRI has been shown
to be more accurate for determining lung volumes [20,
21]. At each visit, calculated MRI and US volumes were
obtained from studies performed and interpreted by dedi-
cated fetal radiologists. Throughout the study period, our
team of fetal radiologists calculated lung volumes on both
MRI and U/S. One fetal radiologist (senior author, M.L.M)
retrospectively went back through all the patients’ imaging
to calculate any missing values for lung volumes. All non-
contrast fetal MRI studies were performed in a 1.5 Tesla
scanner (either Siemens Healthcare Magneton Avanto;
or Philips Ingenia- Philips Healthcare). All patients were
scanned under the same pre-existing imaging protocol,
specific for fetuses with a working diagnosis of congenital
diaphragmatic hernia.

O/E LHR was calculated from the fetal U/S utilizing the
trace method [6, 22]. MRI measurements of the Observed
fetal lung volume were obtained by manually contour-
ing each lung using a freehand tracing tool in a separate
3D workstation (TeraRecon software, Aquarius iNtuition
INC). After the lungs are contoured in each slice visu-
alized, a volume is generated by the software [23]. The
Expected contralateral fetal lung volume was derived from
the mean TFLV at each gestational age volume published
by Meyers et al. using lung volume ratio of right—left
55:45 to calculate O/E CLV [23]. For example, a 23-week
gestation fetus is expected to have a 24.1 mL of mean
total lung volumes based on the work done by Meyers
et al. Therefore, the expected right lung volume would be
13.3 mL (55% of the total lung volume) and the expected
left lung volume would be 10.8 mL (45% of the total lung
volume). A fetus with a left-sided CDH with a 9.9 mL
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right lung volume calculated on MRI at 23 weeks would
have an O/E CLV of 74% (9.9 mL/13.3 mL).

To determine the generalizability and diagnostic accuracy
of O/E CLV, we included all patients with right-sided CDHs,
as well as those patients with any chromosomal abnormali-
ties and cardiac defects if they had met our inclusion crite-
ria (complete prenatal imaging). In all cases, we examined
the oldest gestational age imaging available. Excluded from
this study were any patients who had missing MRI or U/S
measurements. Study data were collected from the electronic
medical records of identified subjects with CDH, including
baseline demographic data (gestational age at diagnosis and
birth), ECMO support, and mortality.

Statistical analysis

Data are presented as means with standard deviations, medi-
ans with interquartile ranges, or frequencies with percent-
ages as appropriate. Continuous variables were tested for
group differences using Student’s ¢ test, while Chi-squared
testing was utilized for categorical variables. Next, we used
receiver-operating characteristic (ROC) curves to define
the optimal cut-points for early and late prenatal imaging to
predict ECMO support, survival to discharge, and survival
to 1 year. Finally, we used ROC curves to calculate the area
under the curve (AUC) to directly compare the predictive
accuracy of O/E CLV to O/E LHR for ECMO support, sur-
vival to discharge, and survival to 1 year. Significance was
set at 0.05. R version 3.4.1 software (R Foundation for Sta-
tistical Computing, Vienna, Austria, http://www.R-project.
org/) was utilized.

Results
Baseline demographics and imaging characteristics

Seventy-four infants met inclusion criteria and had com-
plete prenatal imaging. A breakdown of the demographic
characteristics of the 74 patients is shown in Table 1. Of
these 74 patients, six had a right-sided defect. Significant
co-morbidities worth noting include two patients who were
never repaired and both expired (one with a complete lar-
yngotracheal esophageal cleft and the other with Trisomy
18). The average gestational age of the last complete set of
imaging was 34 + 1.2 weeks. The average gestation age at
the time of delivery is 36.9 + 1.9 weeks. The overall survival
at discharge was 78.4% (58/74) and the 1-year survival was
77.1% (54/70), with four CDH neonates still alive but less
than 1 year old. Twenty-nine (39%) infants were supported
on ECMO.

Table 1 Baseline demographics of CDH neonates with complete pre-
natal imaging

All patients (n=78)

Gender, female 35 (42%)
Birthweight, kg 2.890 (2.490, 3.200)
GA at delivery, weeks 36.9+1.9
Race
White 63 (85%)
Native American 3 (4%)
Black 1 (1%)
Hispanic 1 (1%)
Other 6 (8%)
Left CDH 68 (92%)
ECMO 29 (39%)
Survival until discharge 58 (78%)
Survival until 1 year* 54 (77%)

Data is presented as Median (IQR) or N (%) as appropriate

CDH congenital diaphragmatic hernia, kg kilograms, GA gestational
age, ECMO extracorporeal membrane oxygenation

*Four neonates with CDH are currently alive, but <1 year old

Table 2 Prognostic cut-off values generated from ROC curves for
early (<31 weeks) fetal MRI and U/S

ECMO Survival to Survival to 1 year
discharge
Total lung vol- 9.55 8.65 8.65
umes (mL) on
MRI
Contralateral lung ~ 7.50 6.80 6.80
volumes (mL)
on MRI
O/E LHR (%) 39.60 34.60 34.60

ROC receiver-operating characteristic, MRI magnetic resonance
imaging, U/S ultrasound, ECMO extracorporeal membrane oxygena-
tion, O/E LHR observed-to-expected lung-to-head ratio

Imaging characteristics in the early visit
(<31 weeks) (n=45)

Forty-five patients (58%) had imaging before 31 weeks. The
median gestational age of the patients at the time of the early
visit was 24 (IQR 23, 27) weeks. On MRI, the median con-
tralateral lung volume was 7.5 mL (IQR 5.4, 12 mL). The
median O/E CLV was 49.0% (IQR 42, 52) and the median
O/E LHR was 39% (IQR 28, 53). To provide prognostic
information for providers who care for a CDH fetus before
31 weeks, we generated ROC curves for the contralateral
lung volume on MRI to determine the accuracy in predicting
ECMO support, survival to discharge, and survival to 1 year.
Furthermore, ROC curves were generated for O/E LHR for
the same outcomes (Table 2).
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Imaging characteristics in late visit (=31 weeks)
(n=74)

All patients underwent imaging >31 weeks. The median
gestational age of the late visit was 34 (IQR 33, 35) weeks.
On MRI, the median late contralateral lung volume was
24 mL (IQR 18, 31). The median O/E CLV was 51% (42,
51). The median O/E LHR for the late visit was 42% (IQR
33, 53). ROC curves were generated for the contralateral
lung volume on MRI for the late visit to determine the accu-
racy in predicting ECMO support, survival to discharge, and
survival to 1 year. Moreover, ROC curves were generated for
O/E LHR (Table 3).

Prognosis accuracy of O/E CLV vs. O/E LHR

Predictive ROC curves for predicting ECMO, survival to
discharge, and survival to 1 year from O/E CLV and O/E
LHR were taken using the oldest gestational age imaging
available for each patient. O/E CLV was a better predictor
than O/E LHR of the need for ECMO support (AUC 0.81 vs.
0.74) (Fig. 1). Furthermore, O/E CLV was a better predictor
of survival to discharge (AUC 0.84 vs. 0.64) (Fig. 2) and
1-year survival (AUC 0.83 vs. 0.63) than O/E LHR (Fig. 3).

Discussion

In this single-center retrospective study of prospectively col-
lected data, we provide evidence that the novel O/E CLV
on fetal MRI is more accurate to O/E LHR at prenatally
predicting the need for ECMO and survival in neonates with
CDH. While O/E LHR is a well-validated standard for pre-
dicting outcomes and guiding prenatal counseling in CDH,
these data provide additional evidence that the contralateral
fetal lung size impacts prognosis in infants with CDH and
may be used in the future. Although it is well established
that fetal lungs undergo exponential growth after 24 weeks,

Table 3 Prognostic cut-off values generated from ROC curves for late
(>31 weeks) fetal MRI and U/S

ECMO Survival to Survival to 1 year
discharge
Total lung vol- 27.80 24.70 24.70
umes (mL) on
MRI
Contralateral lung  23.50 20.00 20.00
volumes (mL)
on MRI
O/E LHR (%) 40.50 40.50 40.50

ROC receiver-operating characteristic, MRl magnetic resonance
imaging, U/S ultrasound, ECMO extracorporeal membrane oxygena-
tion, O/E LHR observed-to-expected lung-to-head ratio

@ Springer
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Fig. 1 Area under the ROC curve (AUC) for predicting ECMO sup-
port among infants with CDH

we provide evidence that there are differences in the early
(<31 weeks) and late (>31 weeks) MRI measurements of
lung volumes (Table 2). In contrast, the accuracy of O/E
LHR generally remains relatively consistent throughout
gestation. This has important implications for ongoing
research into the optimal gestational age by which provid-
ers should order a fetal MRI and provides ideal cutoffs for
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Fig.2 Area under the ROC curve (AUC) for predicting survival to
discharge
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Fig.3 Area under the ROC curve (AUC) for predicting survival to
1 year

lung volumes that are gestational age-specific at predicting
postnatal outcomes.

These findings are intriguing, because our work adds to
a growing body of evidence that fetal MRI provides prog-
nostic measurements that are at least equivalent to US O/E
LHR. A recent systematic review showed that US O/E total
fetal lung volumes could stratify fetuses to predict survival
[16]. Moreover, Oluyomi-Obi T et al. found that MRI O/E
total fetal lung volumes are marginally superior to US O/E
LHR, but this difference dissipates when using the tracing
method on ultrasound. Our study used the tracing method
on ultrasound, yet we found that MRI was more accurate
than ultrasound.

Past studies have shown that MRI does confer several
advantages over U/S in prenatal measurements. First, it
is that U/S is user-dependent, and measurements can be
affected by the angle and the positioning of the ultrasound
probe [14]. Second, early gestation ultrasound measurements
may be prone to error [16]. Third, as we have a team of fetal
radiologists who collaboratively review MRI lung volumes,
the MRI measurements are less vulnerable to single user
error.

What makes our findings unique is that all other stud-
ies comparing MRI to ultrasound examine the total lung
volumes; however, O/E CLV only measures the contralat-
eral lung. One reason for only measuring contralateral lung
is that the ipsilateral lung could be challenging to identify
and therefore measure given the surrounding herniated con-
tents from the CDH defect. Another aspect that makes our
findings more universal is that we included both right- and

left-sided defects and did not exclude CDH neonates based
on underlying genetic or cardiac syndromes. This point high-
lights a significant advantage of using O/E CLV over total
lung volume, as total lung volume has mainly been studied
in left-sided defects. Each fetal center can easily reproduce
these findings as the lung volumes are already being meas-
ured on fetal MRI. Moving forward, the multi-disciplinary
team involved in the care of CDH neonates can use these
novel prenatal prognostic tools to better counsel families and
arrange for appropriate prenatal and postnatal care.

Potential limitations of our study include the single-center
and retrospective nature, which places us at risk for potential
bias. Also, although our series of 74 neonates with CDH is
one of the largest prenatal series, it is still a small sample
size. Until validated in a multi-center prospective fashion,
the results may not be generalizable to other fetal centers.
Finally, our primary outcome measures were ECMO support
and survival to 1 year, and we did not examine the utility
of our novel tool to predict long-term co-morbidities (e.g.,
chronic lung disease).

Conclusions

We conclude that within our center, the novel fetal MRI O/E
CLV provides more accurate prognostic capabilities com-
pared to O/E LHR. This tool can be easily implemented at
centers with fetal MRI capability and should be added to the
prenatal evaluation for CDH. Future multi-institutional pro-
spective studies validating the use of O/E CLV in predicting
postnatal outcomes and ECMO utilization are warranted.
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