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Abstract
Background  In congenital diaphragmatic hernia (CDH), there is pulmonary hypoplasia (PH) and also pulmonary vascular 
and bronchial abnormalities. Few studies have investigated bronchial maldevelopment in CDH. We evaluated bronchial area 
(BA) by bronchography in a fetal lamb DH model to develop a measure of PH.
Methods  We created DH in fetal lambs at 75 days gestation, delivering by cesarean section and killing them at term (DH, 
n = 12). Normal term fetuses provided controls (C, n  = 5). We measured total lung volume (TLV) and performed barium 
bronchography. Using image analysis, BA, total lung area (TLA) and bronchial area/lung area ratio (B/L ratio) were calcu‑
lated. Student’s T test (p < 0.05; significant) and Spearman’s correlation coefficient were performed.
Results  TLV (ml) was 133.3 ± 41.2 in DH and 326 ± 22.5 in C (p = 0.0000001). TLA (cm2) was 78.8 ± 17.4 in DH and 
107.1 ± 10.3 in C (p = 0.006). BA (cm2) was 39.6 ± 11.9 in DH and 52.2 ± 7.7 in C (p = 0.019). The B/L ratio was 0.45 ± 0.06 
in DH and 0.49 ± 0.05 in C (p = 0.28). There are correlations in DH between TLV and TLA (r = 0.79), TLV and BA (r = 0.73) 
and in C between TLV and TLA (r = 0.97) and TLV and BA (r = 0.67).
Conclusion  It may be possible to assess PH on fetal MRI, given the correlation between TLV and TLA, and TLV and BA.
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Introduction

Congenital diaphragmatic hernia (CDH) occurs approxi‑
mately once per 2500 births [1]. Though the management 
for CDH after birth has been improving, there is still a high 
mortality in CDH, especially for those requiring ECMO [1]. 
The feature that determines survival in CDH is not just pul‑
monary hypoplasia (PH), but also the significant abnormali‑
ties of the bronchi and the pulmonary arteries [2–4], which 
contribute to the respiratory failure often seen after birth and 
greatly affect prognosis [4, 5].

Fetal treatment using fetal endoscopic tracheal occlusion 
(FETO) reported by Harrison et al. [6] has been attempted, 
and the TOTAL trial centered on Europe is currently being 
undertaken [7], but the results are not yet available.

In recent years, prenatal diagnosis using ultrasound or 
MRI has rapidly advanced [8]. In the case of severe CDH, 
accurate diagnosis and prognosis are necessary both for 
assessment of the need for prenatal treatment and to opti‑
mize postnatal management. It is known that prolapse of the 
liver through the diaphragmatic defect is associated with a 
poor prognosis [9, 10]. Lung/head ratio (LHR) estimated by 
prenatal ultrasound or MRI has been conventionally used as 
a prenatal predictor of severity [10].

However, these predictors are not reliable [11]. A study of 
risk classification using indicators such as lung/liver signal 
ratio (LLSIR) has also been reported [11]. Even using these 
indicators, it is still difficult to assess the prenatal pulmonary 
bronchial development on fetal MRI, though there is the pos‑
sibility that vascular development may be able to be assessed 
in the near future.
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If we can determine the correlation between total lung 
volume and pulmonary bronchial development before birth 
on fetal MRI, we may be able to improve the accuracy of 
predicting the prognosis of fetuses diagnosed with DH. 
Given that there is a strong correlation between the devel‑
opment of pulmonary vessels and bronchi [2, 3], it could be 
possible to predict the pulmonary bronchial development 
and, possibly, prognosis, using the pulmonary vascular area 
on fetal MRI.

In our previous study [12], we created a CDH lamb model 
and assessed lung maturity using both the type 1 alveolar 
epithelial cell ratio (AT1 ratio) on pathological assessment 
and image analyzing software. In this study, using the same 
image analyzing software, we evaluated the correlation 
between TLA, BA, using X-ray images of the lungs, and 
TLV, to assess the possibility that the BA is significantly 
correlated with TLV and TLA in the hope that this may 
eventually be extrapolated to an assessment of the pulmo‑
nary vascular area as an accurate indicator of prognosis in 
antenatally diagnosed CDH.

Material and methods

The study was approved by the University of Otago, Wel‑
lington, Animal Ethics Committee (Wellington, New Zea‑
land, Approval Number AEC 1–16).

Prior to transport from the farm 24–72 h prior to surgery, 
the ewes were checked by ultrasound to confirm their preg‑
nancy and avoid any unnecessary surgery. The periopera‑
tive management and anesthesia management performed on 
sheep were as previously reported [13, 14].

A left-sided DH was created in 13 fetal lambs at approxi‑
mately 75 days of gestation (Group DH). The uterus was 
exposed through an L flank incision under general anesthe‑
sia. A transverse hysterotomy was performed and the upper 
body of the fetus was exposed down to the umbilical cord. 
An incision was made in the left thorax through the eighth 
or ninth intercostal space. An incision approximately 1.5 cm 
long was made in the left hemi-diaphragm. The stomach 
was pulled into the thoracic cavity through a diaphragmatic 
incision to make a diaphragmatic hernia. The chest wall was 
closed, and the fetus was returned to the uterus. The uterus 
and the abdominal wall of the ewe were closed as we pre‑
viously reported [13, 14]. The ewes were returned to the 
pasture and monitored daily. At term (about 145 days of 
gestation), the fetuses were delivered by caesarean section 
and killed.

The DH lambs were killed as we reported previously [13, 
14]. Five normal fetuses were delivered by cesarean section 
at term and killed as controls (Group C), using the same 
protocols. The body weight and crown-to-rump length were 
measured. The lungs were fixed by tracheal infusion with 

10% buffered formaldehyde at 30 cm water and removed. 
Total lung volume was measured by water displacement. 
The fixed lungs were taken to the radiology suite and barium 
was injected into the trachea in a stepwise fashion until the 
terminal bronchioles were visible on X-ray. The final X-ray 
was taken ensuring that all the lobes were adequately dis‑
played (Fig. 1).

Image analysis was performed on the radiographs using 
“Image J” [15]. Several regions of the lung parenchyma 
and bronchi and other areas were selected to make artifi‑
cial intelligence (AI) data that distinguished the density of 
these regions (Fig. 2a, b). The resulting RGB images of all 
lung and bronchial regions were converted to 8-bit images 
without the trachea and subjected to automatic threshold‑
ing (Fig. 3a, b). Although it would be preferable to calcu‑
late these parameters in three dimensions, in this study we 
examined only two-dimensional X-rays, which is what is 
generally available when MRI or U/S images are displayed. 
The AI data created in the first example were applied to all 
cases, and each image was measured under the same condi‑
tions [16]. Using these images, the total lung area (TLA) 
and bronchial area (BA) were measured, and the bronchial 
area/lung area ratio (B/L ratio) was calculated. These results 
were then correlated with the total lung volume (TLV) in 
each group and these findings were compared between both 
groups.

The values obtained in each measurement were described 
as mean ± standard deviation. Student’s t test and Spear‑
man’s correlation coefficient were used for statistical analy‑
sis, with p < 0.05 considered to be statistically significant for 

Fig. 1   Lung bronchography radiographs taken after barium injection
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the Student’s t test and Spearman’s correlation coefficient, 
and r > 0.3 considered to be correlated for the Spearman’s 
correlation coefficient.

Results

All the lambs undergoing CDH creation survived, and 12 
showed intraabdominal organ prolapse into the thoracic cav‑
ity, but 1 case had minimal prolapse of the abdominal organs 
and was excluded from this study. The 12 lambs with com‑
plete intraabdominal organ prolapse to the thoracic cavity 
were used as the DH group (Group DH). The stomach was 
in the chest in all cases, but hepatic prolapse was rare in this 
model. All Group C lambs survived to term.

There was no significant difference in the body weight or 
the crown–rump length between Group DH and Group C. 
TLV was 133.3 ± 41.2 (ml) in Group DH and 326 ± 22.5 (ml) 
in Group C (p = 0. 0000001). TLA was 78.8 ± 17.4 (cm2) in 
Group DH and 107.1 ± 10.3 (cm2) in Group C (p = 0.006). 
BA was 39.6 ± 11.9 (cm2) in Group DH and 52.2 ± 7.7 (cm2) 
in Group C (p = 0.019). There was no significant difference 
in B/L ratio between Group DH and Group C (p = 0.28) 
(Table 1).

In Group DH, there was a strong correlation between 
TLV and TLA (r = 0.79, 95%confidence interval 0.71–0.85, 
p = 0.002) and TLV and BA (r = 0.73, 95% confidence inter‑
val 0.63–0.81, p = 0.007) (Table 2). In Group C, there was 
also a strong correlation between TLV and TLA (r = 0.97, 
95% confidence interval 0.96–0.98, p = 0.005). There was 
only a weak correlation between TLV and BA (r = 0.67, 95% 
confidence interval 0.55–0.76, p = 0.22). The TLV and B/L 

Fig. 2   The bronchial area selected by red circles (a). Lung paren‑
chyma area and background selected by green circles (a). Classifying 
this result, only the bronchial area was distinguished in red part (b)

Fig. 3   The 8-bit images of total lung area (a) and bronchial area (b) 
converted from RGB images obtained using artificial intelligence data 
by “image J”
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ratios were correlated only in the Group DH (r = 0.62, 95% 
confidence interval 0.49–0.72, p = 0.03) (Table 2).

Discussion

The prognosis in CDH is determined by the severity of the 
pulmonary hypoplasia in a broad sense and by the severity 
of the neonatal persistent pulmonary hypertension (PPHN) 
after birth [17–19]. In addition to the known reduction 
of bronchial generations in pulmonary hypoplasia [2, 3], 
abnormal bronchial development per se is often observed in 
patients with pulmonary hypoplasia. These developmental 
abnormalities may contribute to the poor respiratory func‑
tion. Nose et al. performed bronchoscopy on patients with 
CDH to assess the incidence and associated effects of bron‑
chial tree abnormalities in pulmonary hypoplasia [4]. They 
reported that the percentage of patients with CDH with bron‑
chial malformations and hypoplasia was 43.6%, and their 
long-term survival rate was poor at 23.6% [4]. From these 
results, it can be seen that there is a correlation between 
pulmonary hypoplasia and abnormal bronchial development, 
and that patients with pulmonary hypoplasia in CDH have 
a poor prognosis.

Our hypothesis is that assessment of the severity of the 
abnormality of bronchial development and, by implication, 
the abnormality of vascular development, may allow us to 
assess the degree of lung hypoplasia.

Conventionally, lung area to head circumference ratio 
(LHR) and liver hernia into thoracic cavity as assessed 
using ultrasound or MRI have been used as the mainstays in 
the assessment of prenatal lung development and prognosis 

in CDH. In addition, various predictions of severity such 
as prenatal lung volume measurement using MRI [20] and 
liver/thorax ratio (LiTR) [21] have been reported.

Nishie et al. reported that the lung maturity and postna‑
tal outcome can be predicted using lung/liver signal ratio 
(LLSIR) on fetal MRI [22]. Gabriel et al. reported a virtual 
pre-FETO (fetal endoscopic tracheal occlusion) bronchial 
assessment by creating 3D bronchoscopic images using MRI 
T2 images [23]. However, this was not accurate enough to 
evaluate bronchial development. Our view is that there are 
no consistently reliable methods for evaluating prenatal 
bronchial development.

In this study, we used imaging analysis software of 
bronchography images as a quantitative evaluation of lung 
and bronchial area to evaluate the degree of bronchial devel‑
opment. We then correlated these findings with the total lung 
volume which we had measured at the time of killing. From 
these results, lung development and bronchial development 
can be correlated from the area on X-ray, and can be used to 
easily estimate bronchial development, as a tool for evalu‑
ating the severity of prenatal lung hypoplasia. There were 
significant differences in total lung volume, total lung area 
and bronchial area between DH lambs and controls. From 
these results, it is clearly seen that the lungs are hypoplastic 
in our fetal lamb DH model.

There was no significant difference between the DH 
lambs and controls for the B/L ratio, which simply confirms 
that the poor bronchial development is reflected in a similar 
reduction of pulmonary parenchyma. In DH lambs, there are 
correlations and significant differences between TLV and 
TLA, TLV and BA, and TLV and B/L ratio. This suggests 
that evaluation by area measurement of lung or bronchus 
may be an accurate proxy for total lung volume at least in 
DH lambs. In controls, the correlation between TLV and 
BA did not achieve statistical significance and there was no 
significant difference or correlation between TLV and B/L 
ratio. This is likely to be due to the small number of controls 
and individual differences among healthy lambs. It might 
also be due to there being some areas of one or more of the 
control lamb’s lungs not being fully inflated.

Schopper et al. reported that TLV can be measured by 
fetal MRI [20]. Given the recent significant development 

Table 1   Results of comparison between DH and C

*p < 0.05 was considered to be statistically significant

DH (n = 12) Control (n = 5) p value

Total lung volume(ml) 133.3 ± 41.2 326 ± 22.5 0.0000001
Total lung area(cm2) 78.8 ± 17.4 107.1 ± 10.3 0.006
Bronchial area(cm2) 39.6 ± 11.9 52.2 ± 7.7 0.019
B/L ratio 0.45 ± 0.06 0.49 ± 0.05 0.28

Table 2   Spearman’s correlation 
coefficient of each measured 
value

*p < 0.05 considered to be statistically significant
**r > 0.3 considered to be correlated

Group DH (n = 12) Group C (n  = 5)

correlation coefficient** 
(95% confidence interval)

p value* correlation coefficient (95% 
confidence interval)

p value

TLV and TLA 0.79 (0.71–0.85) 0.002 0.97 (0.96–0.98) 0.006
TLV and BA 0.73 (0.63–0.81) 0.007 0.67 (0.55–0.76) 0.2
TLV and B/L ratio 0.62 (0.49–0.72) 0.03 0.1 (– 0.08 to 0.28) 0.8
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of MRI techniques which now allow the assessment of 
vascular detail in adult MRIs [24], there is a possibility 
that similar developments in fetal MRI techniques will 
soon allow the measurement of pulmonary vascular area. 
Clearly, at this point, this is not possible, but, given the 
rapid advances in MRI technology, it is quite likely to be 
possible in the near future. As noted above, Reid [2, 3] has 
pointed out that there is a strong correlation between the 
development of the bronchi and the pulmonary vascula‑
ture. While this study has focused on the bronchial area, 
we hypothesize that this is an adequate proxy estimate 
of the vascular area, which suggests that measuring the 
vascular area on a fetal MRI in a fetus with DH may well 
provide an accurate indication of prognosis.

The major limitation of this study is that it is difficult 
to follow the terminal bronchi on our X-ray images using 
RGB image analysis using AI, and it is possible that a 
complete bronchial development evaluation has not been 
performed. In a future study, we plan to assess the details 
of the bronchial tree manually for each lamb. It may be 
that such a detailed point analysis method is no more accu‑
rate than our present method, given the strong correla‑
tion with TLV. Another limitation of this study is that the 
lamb’s survival and its actual respiratory function were not 
tested. However, in the initial studies using this model car‑
ried out by the senior author [13], assessing the survival of 
lambs with a non-repaired DH showed that survival with 
maximum support was measured in hours at the most, and 
in some of the lambs, in minutes. It would now be difficult 
to obtain ethical approval to repeat such a study.

Conclusion

Using a fetal lamb model of CDH, image analysis of the 
lung was performed at term. In the DH lambs, strong cor‑
relation was found between TLV and TLA, TLV and BA, 
and TLV and B/L ratio, suggesting a possible application 
to evaluation of bronchial and, by implication, pulmonary 
vascular development on fetal MRI.
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