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cytokine concentrations are increased [24], can induce
greater differentiation of grafted cells to astrocytes, de-
crease the survival rates and/or decrease the beneficial
treatment effects in various models such as spinal cord
injury [25] and stroke [26] in adult rodents, and irradia-
tion-induced brain injury in young mice [9]. In addition,
early administration of mononuclear cells from bone
marrow showed fewer treatment effects in a model of
adult stroke [27]. However, in neonatal HI, there are two
phases of pathological events: primary and secondary en-
ergy failure [28, 29]. Primary energy failure occurs within
minutes after initial cerebral ischemia; in this phase, aci-
dosis and depletion of oxygen, glucose and adenosine tri-
phosphate lead to acute derangement of intracellular me-
tabolism, resulting in necrosis and cell death. The subse-
quent secondary energy failure occurs after a variable
period following the initial insult. Inflammation, excit-

UCBCs Transiently Decreased HI Brain
Injury in Neonata] Rats

atory amino acid release, intracellular calcium inflow,
and production of nitric oxide and reactive oxidative spe-
cies occur in this stage. Therefore, it is reasonable that
most therapies, including hypothermia therapy, should
be commenced at least before the second phase. The
treatment effect induced by UCBC administration for
brain injury is considered to be involved in secretion of
neurotrophic factors that promote endogenous neuro-
genesis, prevent loss of neuronal cells and regulate immu-
nity [28], which was shown also in the effect of bone mar-
row-derived mesenchymal stem cells [30]. Expression
levels of various pro-inflammatory cytokines, including
interleukin-1 and tumor necrosis factor, are elevated in
the early phase of perinatal HI; UCBC administration can
decrease these levels, which are also accompanied by de-
creased expression of cluster of differentiation 68, a bio-
marker of activated microglia/macrophages in the brain
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[31]. Our study showed a decrease in the number of acti-
vated microglia by UCBC administration in the early
phase of neonatal HI (fig. le, 2¢). Pimentel-Coelho et al.
[13] also reported that intraperitoneal administration of
UCBC:s 3 h after insult decreased apoptosis and microg-
lial activation, and improved primitive reflexes in a neo-
natal HI rat model. Therefore, to suppress the elevation
of such proinflammatory cytokines, which lead to de-
creased apoptosis, UCBC administration in the early
phase may be a reasonable therapeutic approach, as dem-
onstrated in the present study.

Oxidative stress plays an important role in HI brain
damage [32]. Here, we demonstrated a decrease in 4-HNE-
and nitrotyrosine-positive cells in the dentate gyrus fol-
lowing UCBC administration (fig. 1c, d, 2¢, d). To our
knowledge, this study is the first to report antioxidative
effects of UCBCs in a neonatal HI rat model. Arien-Zakay
et al. [33] reported antioxidative effects of UCBC-derived
neural progenitor cells on insulted PC12 cell lines. Fur-
ther, suppression of oxidative stress after adult transient
focal ischemia was observed in an interleukin-1 knockout
murine model [34]. As described above, UCBC adminis-
tration can decrease the elevated expression of proinflam-
matory cytokines including interleukin-1 [31]. Moreover,
the decreased expression of ED1 in the present study
(fig. 1e, 2e) indicates that UCBC administration decreased
HI-induced inflammation. Thus, the antioxidative effect
of UCBC administration might be exerted directly and/or
via suppression of inflammation.

Calculations of the immunohistochemically stained
cells were focused on the dentate gyrus of the hippocam-
pus, which is one of the most vulnerable areas to hypox-
ic ischemic insult. Although we calculated the immuno-
histochemically stained cells with density counts, which
is less sensitive than stereological counts, the results re-
vealed that UCBC administration suppressed apoptosis,
as indicated by the decrease in the number of cells posi-
tive for active caspase-3 and AIF (fig. 1a, b, 2a, b). In the
present study, we performed high-resolution analyses of
walking patterns using the CatWalk system; however,
they were not sensitive enough to detect motor impair-
ment after HI injury. In contrast to human neonates, rat
pups after HI injury did not show obvious locomotor
abnormalities, as in other studies using the same model
[35]; this may have been because of the higher degree of
plasticity of the immature rat brain [36]. We also evalu-
ated the learning memory after HI with the shuttle avoid-
ance test and found only a mild tendency to improve the
learning memory in the UCBC group; the difference was
not significant. This may be a type 2 error, and further

8 Dev Neurosci
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studies are required to clarify the potential effects of
UCBC therapy on motor impairment and cognitive def-
icits after HI. In addition, we found no differences be-
tween the vehicle and UCBC groups in absolute tissue
loss or the number of neurons in the cortex, corpus cal-
losum or hippocampus (fig. 5). Similarly, some former
studies failed to show histological improvement follow-
ing UCBC therapy [12, 16], whereas others did [14, 15].
We have summarized the experimental protocols and re-
sults [37]. In many previous reports, 1 x 10’ mononucle-
ar cells were administered intraperitoneally 24 h after the
insult. We administered the same dose of cells at an ear-
lier time point. Pimentel-Coelho et al. [13] administered
UCBC:s even earlier (3 h after the insult) using a lower
dose (2 x 10°) of cells, and showed improvement in mor-
phology and behavior. It is still unclear how the differ-
ences between protocols can affect the results. Other pos-
sible reasons for the different outcomes can be the sever-
ity of the insult and other experimental settings.
Considering the fact that the present study failed to show
any effect on morphological changes in the chronic phase
or improvement of behavioral impairments, despite the
fact that several acute injury markers were suppressed, a
modified protocol (e.g. repeated administration, combi-
nation with some other treatments) should be tried with
an aim to achieve sustained neuroprotection.

In the present study, cryopreserved mononuclear cells
were used. Even frozen-thawed UCBCs are known to
produce various cytokines and chemokines [38], and ex-
ert a neuroprotective effect in various animal models [13,
37, 39]. Moreover, from the viewpoint of clinical applica-
tions, cryopreservation is essential in the case of alloge-
neic transplantation, which may be applicable for patients
without access to their own cord blood cells.

We used human UCBCs in a rodent injury model. It
might have been more suitable to use rat UCBCs. How-
ever, it was very difficult to get sufficient numbers of cells
from the umbilical cord of rats without expansion in cul-
ture. Because the purpose of the present study was to eval-
uate the treatment effect of mononuclear cells from the
umbilical cord without using culture procedures, we used
human cells, as in previous publications [13-18].

Another possible limitation in the present study is that
we could not monitor/control body temperature in each
pup. We placed the pups on/into the temperature-con-
trolled plate/chamber during the HI insult, and returned
them to the dam in a temperature-controlled room after
the insult. There might be some variation in brain tem-
perature, leading to variation in the degree of brain dam-
age [40].
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The choice of injection site is an important issue when
using cell infusion for the treatment of brain injury. We
administered UCBCs intraperitoneally, as in most previ-
ous studies. According to our recent unpublished results,
only a small number of cells either injected intraperitone-
ally or intravenously could be found in the brain, and cells
injected intraperitoneally were less seen in the liver, lung
or spleen than cells injected intravenously, indicating that
many intraperitoneally injected cells might have stayed in
the peritoneal cavity. The treatment effect might be
through trophic factors secreted by the cells [41]. The ex-
tent of brain damage can be influenced by the peripheral
inflammatory response [42]. Modulating peripheral in-
flammation can be a therapeutic target. In a traumatic
brain injury model, multipotent adult progenitor cells ex-
erted a neuroprotective effect through interaction with
resident splenocytes [43].

In summary, these results indicate that a single intra-
peritoneal injection of UCBC-derived mononuclear cells

6 h after HI reduced caspase-3, AIF, microglial activa-
tions and oxidative stress, but it did not induce morpho-
logical or functional protection. Repeated administration
or a combination treatment may be required to achieve
sustained protection.
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Abstract

Purpose This study aimed to characterize the surgical
complications, especially gastroesophageal reflux disease
(GERD), intestinal adhesion obstruction (IAO), and dia-
phragmatic hernia recurrence, in patients with congenital
diaphragmatic hernia (CDH).

Methods Between January 1995 and December 2013, we
determined the incidence of surgical complications and
their predictors in CDH patients. We also examined whe-
ther the CDH repair and patch closure were associated with
the incidence of IAO and the severity of adhesion.
Results  Seventy-four CDH survivors were evaluated.
GERD occurred in 28 patients (37.8 %) and recurred in 8
patients (10.8 %). Stomach herniation was a risk factor for
GERD, and occurred in 25 patients. IAO occurred in 13
patients (17.6 %). In 240 neonatal laparotomies in the same
period, the incidence of IAO was significantly higher in
patients who underwent CDH repair than in patients who
underwent other neonatal laparotomy (p = 0.023). Surgi-
cal time and intraoperative bleeding were significantly
greater following CDH repair with an artificial patch
compared with CDH repair with direct closure.
Conclusion Surgical complications are major sequelae in
survivors of CDH repair. CDH repair and artificial patch
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closure were significantly associated with the incidence of
IAO and the severity of adhesion.

Keywords Congenital diaphragmatic hernia -
Complication - Hernia recurrence - Gastroesophageal reflux
disease - Intestinal adhesion obstruction

Introduction

Congenital diaphragmatic hernia (CDH) is a life-threaten-
ing congenital anomaly that occurs in between 1 in 2,500 to
1 in 4,000 live births. Advances in neonatal intensive care
and ventilatory management have led to an improvement in
the overall survival rate of CDH patients of up to 90 % in
single-institution studies [1-3]. However, the improved
survival of patients with CDH has also resulted in an
increase in the incidences of early and late postoperative
complications [4, 5]. Consequently, clinicians are now
focusing on the long-term outcomes of these patients.
Common disorders associated with CDH include pulmon-
ary sequelae, neurodevelopmental deficits, chest wall and
spinal deformations, hearing loss, and other abnormalities
[6]. To date, however, very few studies have described the
surgical complications, especially intestinal adhesion
obstruction (IAO), in survivors of CDH.

The aim of this study was to describe the incidence and
characteristics of surgical complications, focusing on gas-
troesophageal reflux disease (GERD), IAO, and diaphrag-
matic hernia recurrence. We also retrospectively examined
the surgical data to identify possible risk factors for specific
adverse surgical outcomes. Focusing on IAO after CDH
repair, we compared the incidence of IAO after CDH repair
with that of IAO after neonatal laparotomy. We also
compared operative time and the amount of intraoperative
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bleeding during ileus surgery between artificial patch repair
and direct closure.

Patients and methods

Between January 1995 and December 2013, 83 patients
with early symptoms of CDH were managed in Nagoya
University Hospital. Seventy-four patients (89 %) survived
and were included in this study. The treatment regimen
comprised delayed closure, which was preceded by pre-
operative stabilization with high-frequency oscillatory
ventilation, inhaled nitric oxide (iNO), and administration
of drugs (e.g., prostaglandin) until pulmonary hypertension
was attenuated. The median duration of preoperative sta-
bilization was 4 days. All 74 patients underwent repair of
the diaphragmatic defect via subcostal laparotomy. Direct
closure was attempted to the best of our ability. Artificial
patches (Goretex; W. L. Gore & Associates, Inc., Tokyo,
Japan) were only used when it was impossible to perform a
primary repair without significant tension. Twenty-four-
hour esophageal pH-metry was performed just before dis-
charge and at about 6 months old.

The following information was recorded from the
patients” medical records as possible predictors: prenatal
diagnosis of CDH, presence of the liver or the stomach in
the thoracic cavity, iNO, use of extracorporeal membrane
oxygenation (ECMO), and the method used to close the
diaphragmatic defect (i.e., direct closure or use of an arti-
ficial patch). The data were analyzed to determine which of
these factors were significantly associated with GERD,
TIAO, or hernia recurrence.

In the same period, 240 patients underwent open lapa-
rotomy to treat a variety of diseases other than CDH clo-
sure, including necrotizing enterocolitis, intestinal atresia,
meconium ileus, and malrotation. We, therefore, compared
the incidence and characteristics of IAO between patients
who underwent CDH repair or other neonatal laparotomies.
We also compared the effects of direct closure or closure
with an artificial patch on complications after CDH repair.

Univariate analyses were performed using the y> test or
Fisher’s exact test for categorical variables, and the Mann—
Whitney U test for continuous variables. Values of
P < 0.05 were considered statistically significant.

This retrospective survey was approved by the ethics
committee in Nagoya University Hospital.

Results
Seventy-four newborns who were diagnosed with CDH

<24 h after birth and who were alive at hospital discharge
were included in this study. Their characteristics are shown

2| Springer

Table 1 Characteristics of the infants

n %

Total 74 100

Males 44 59.5
Right side hernia 4 54
Prenatal diagnosis 60 81.1
Liver located in the thoracic cavity 29 39.2
Stomach located in the thoracic cavity 50 67.6
Inhaled nitric oxide 47 63.5
Use of ECMO 13 17.6
Patch repair 25 33.8

ECMO extracorporeal membrane oxygenation

Table 2 Surgical complications and timing of operations after CDH
repair

n (%) Timing of
subsequent
operation (months)®

GERD 28 (37.8 %) 8 (0-83)
IAO 13 (17.6 %) 4 (1-48)
Hernia recurrence 8 (10.8 %) 2.5 (0-10)

CDH congenital diaphragmatic hernia, GERD gastroesophageal reflux
disease, JAO intestinal adhesion obstruction

? Median (range)

in Table 1. The median birth weight was 2,760 g (range
982-4,102 g). The median follow-up of the 74 patients was
50 months (range 4-225 months). Four patients had the
right side hernia. Of the 74 patients, 47 (63.5 %) were
ventilated with iNO. Thirteen (17.6 %) patients were
treated with ECMO and 25 (33.8 %) received artificial
patch repairs. The most common surgical complications
that needed another operation after CDH repair were
GERD, TAO, and hernia recurrence. The numbers and
timing of the operations after CDH repair are shown in
Table 2. The relationships between the clinical variables
and the surgical complications are shown in Table 3.
Patients with their stomach located in the thoracic cavity
were significantly more likely to undergo surgery for CDH
recurrence and fundoplication for GERD than patients with
the stomach in the correct location. Prenatal diagnosis,
liver located in the thoracic cavity, iNO, use of ECMO, and
patch repair method were not significantly associated with
complications of CDH repair.

Reoperation for IAO was required in 13/74 (17.6 %)
patients who underwent CDH repair compared with 16/240
(6.7 %) patients who underwent other neonatal laparoto-
mies. Of these 16 patients with IAO after neonatal lapa-
rotomy, 6 had intestinal perforation, 4 had intestinal
atresia, 3 underwent Ladd’s operation, 1 had
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Table 3 Associations between clinical variables and surgical complications after CDH repair (n = 74)
Variables GERD TIAO Hernia recurrence
Yes No 14 Yes No i Yes No P
(n == 28) (n = 56) (n=13) (n == 61) (n=238) (n = 66)
Prenatal diagnosis 24 (86 %) 34 (714 %) 055 1077 %) 50 (82 %) 0.7 8100 %) 52 (79 %) 0.34
Liver located in the thoracic 15 (54 %) 14 (30 %) 0055 754 %) 22 (36 %) 0.35 5(63 %) 4 (36 %) 0.25
cavity
Stomach located in the thoracic 25 (89 %) 25(54 %) 0.602  9(69 %) 41 (67 %) =099 8 (100 %) 42 (64 %) 0.048
cavity
Inhaled nitric oxide 20 (80 %)  27(59 %) 033 1077 %) 37 (61 %) 035 563 %) 4264 %) >0.99
Use of ECMO 4 (12 %) 920 %) 0.76 323%) 1016 %) 0.69 3 (38 %) 10 (15 %) 0.14
Patch repair 12 (43 %) 13 (28 %) 0.22 646 %) 19 (31 %) 0.34 5 (63 %) 20 (30 %) 0.11

CDH congenital diaphragmatic hernia, GERD gastroesophageal reflux discase, JAO intestinal adhesion obstruction, ECMO extracorporeal

membrane oxygenation

Bold values are statistically significant at p < 0.05

Table 4 Comparative of operative time and blood loss during reop-
eration for IAO after CDH repair with an artificial patch, CDH repair
with direct closure, or neonatal laparotomy other than CDH repair

Blood loss relative to

Operative time (min) body weight (g/kg)

CDH repair with direct closure 79.7£36.3 ] § 3.68£3.8 §
CDH with an artificial patch 199.4 504 s 40.0 = 48.8 ﬂ
Neonatal laparotomy other than 125.6 +70.0 :| 744101

CDH repair

IAO intestinal adhesion obstruction, CDH congenital diaphragmatic
hernia

§ p <005

retroperitoneal tumor, 1 had torsion of small intestine and 1
had gastroschisis. Median timing of these IAO operations
after neonatal laparotomy was 8 months (range 1-190).
The incidence of IAO was significantly greater in patients
who underwent CDH repair than in patients who underwent
other neonatal laparotomies (p = 0.023). The mean dura-
tion of the reoperation for IAO was 129.6 4 72.9 min after
CDH repair compared with 125.6 &£ 70 min after other
neonatal laparotomies (p = 0.98). The mean intraoperative
blood loss during IAO reoperation relative to the patient’s
body weight was 18.8 & 36.3 g/kg after CDH repair
compared with 7.4 £ 10.1 g/kg after other neonatal lapa-
rotomies (p = 0.26). The severity of intestinal adhesion in
all patients of the CDH repair was not significantly dif-
ferent from that in patients of other neonatal laparotomies.

In terms of CDH repair methods, the operative time and
intraoperative blood loss relative to body weight were
greater in patients who received an artificial patch com-
pared with patients who underwent direct closure or
patients who underwent other neonatal laparotomies
(Table 4). These results suggested that ileus operation after

CDH repair with an artificial patch is a technically difficult
procedure associated with increased blood loss.

Discussion

Surgical complications that require another laparotomy are
thought to be common in CDH survivors, but data are
limited regarding the long-term incidences of these com-
plications and their risk factors [4, 6-9]. According to prior
reports, the most common conditions that require surgical
treatment after CDH repair include GERD, TAO, and dia-
phragmatic hernia recurrence [8-14]. In our study, we
examined the relationships between CDH repair and these
complications, and evaluated possible risk factors, includ-
ing prenatal diagnosis, location of the liver or stomach in
the thoracic cavity, iNO, use of ECMO, and the use of an
artificial patch for hernia repair.

Gastroesophageal reflux disease is a well-known com-
plication of CDH repair, and is thought to occur in
12-81 % of patients with CDH, including 38 % of patients
who underwent CDH repair in our study [6]. The mecha-
nisms responsible for GERD have not been fully clarified
in CDH survivors. In our study, stomach translocation to
the thoracic cavity was the only risk factor for GERD.
Liver located in the thoracic cavity or patch repair was not
associated with GERD. Three patients with liver herniation
and two with patch repair did not have stomach herniation
because they had CDH on the right. All of them did not
have GERD. So in this study, liver herniation or patch
repair was not significantly associated with GERD. Kieffer
et al. [15] reported that the presence of an intrathoracic
stomach at operation is associated with pathological
GERD, and that a shortened abdominal esophagus and
obtuse angle of His were implicated in the phenomenon.

@_ Springer
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Closing a large defect by approximation and direct suture
under tension may place excess strain on the crus,
increasing the risk of a hiatal hernia [11]. Esophageal and
gastric manometry in CDH patients revealed that abnormal
peristaltic contractility and propagation could predispose to
GERD. Therefore, a combination of these congenital
abnormalities may result in GERD after CDH repair.

Hernia recurred in eight CDH survivors (10.8 %).
Recurring diaphragmatic hernias have been reported in
8-50 % of patients with CDH [8]. Therefore, a large defect
that requires patch repair might increase the risk of recur-
rence [10]. However, in our study, only the location of the
stomach in the thoracic cavity was a significant risk factor
for hernia recurrence. In our patients, the hernias recurred
soon after CDH repair, but they can recur several months to
several years after the CDH repair. Patients may remain
asymptomatic and the recurrence is often found inciden-
tally. Therefore, the long-term risk and incidence of
recurrence are still unclear.

Intestinal adhesion obstruction was one of the most
common reasons for reoperation after CDH repair in our
patients. TAO was reported to occur in approximately
10-20 % of CDH patients [11]. Some prior studies have
described about GERD or diaphragmatic hernia recurrence,
but very few studies have described IAO after CDH repair.
So we performed a close examination of the cases of IAO
after CDH repair. In our study, IAO was found in 13
patients (17.6 %) after CDH repair; this rate was signifi-
cantly greater than that in patients who underwent other
neonatal laparotomies. Other neonatal laparotomies were
performed under many different causes and conditions. In
this point of view, our comparative study may include any
bias, but it has some informative one. In other reports, the
incidence of IAO ranged from 2.2 to 6 % after neonatal
laparotomies other than CDH repair [16-18]. Although
comparative studies of CDH patients and patients under-
going neonatal laparotomy have not been performed, these
earlier data support our findings. Several mechanisms may
contribute to the increased susceptibility to IAO in CDH
patients. For example, abnormal positioning of the intestine
may cause intestinal kinking and increased intra-abdominal
pressure may impair peristalsis [13]. Furthermore, pro-
longed illness and intestinal paralysis could increase the
risk of intestinal adhesion and bowel obstruction.

We also showed that the mean operative time and blood
loss were significantly greater in CDH patients who
received an artificial patch than in CDH patients who
underwent direct closure or patients who underwent other
neonatal laparotomies. It was reported that patch repair
significantly increased the risk of IAO in CDH patients
[11]. We did not observe a similar association between
IAO and CDH repair, but patch repair did increase the
severity of intestinal adhesion and ileal release. Large CDH

@ Springer

defects requiring an artificial patch for closure pose a
surgical challenge, and may increase the risk of future
operations, which will also be technically difficult. It is
possible that intraperitoneal placement of a patch may have
pathologic effects that promote tissue adhesion. Therefore,
operative time and intraoperative blood loss were signifi-
cantly greater in patients who received an artificial patch
compared with patients who underwent direct closure.
Adverse surgical outcomes were reported to be more
common in patients with a large CDH defect requiring
patch repair [7, 10, 19-22], and our results support the
validity of this clinical condition.

In conclusion, although advances in the treatment of
CDH have remarkably improved its survival rates, CDH
survivors frequently develop surgical complications,
including GERD, IAO, and hernia recurrence. The loca-
tion of the stomach in the thoracic cavity at initial surgery
was the only predictor of these complications in this
study. The incidence of TAO was significantly greater
after CDH repair than after other neonatal laparotomies.
The operative procedure involved in the release of an IAO
after CDH repair with an artificial patch is very difficult
and is associated with a high risk of bleeding because of
the formation of firm adhesions. Neonates are faced with a
long time to experience complications associated with
CDH repair. Therefore, it is vital that pediatric surgeons
evaluate new strategies to reduce the risk of these surgical
complications.
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ARTICLE INFO ABSTRACT

Background/Purpose: The purpose of this study was to clarify the relationship between the lung to thorax
transverse area ratio (L/T ratio) and the observed to expected lung area to head circumference ratio (O/E LHR),
based on the results of a nationwide Japanese survey conducted in 2011, and to evaluate the compatibility
of these prognostic predictors of fetal CDH.

Methods: Two hundred and forty-two prenatally diagnosed isolated CDH patients born between 2006 and
2010 were included in the present analysis. A regression analysis was conducted to investigate the relationship
between the L/T ratio and the O/E LHR based on 191 simultaneous measurements of these parameters in
120 patients.

Results: The linear regression equation between the L/T ratio and the O/E LHR was: L/T ratio = 0.0233 +
(0.00222 x O/E LHR), (R = 0.847, p < 0.0001). According to this equation, 25% of the O/E LHR, the cut-off
value used in the fetal intervention for CDH, was equivalent to an L/T ratio of 0.08, a commonly accepted
cut-off value for identifying the most severe cases of fetal CDH.

Conclusions: As there is a positive correlation between the L/T ratio and the O/E LHR, these two parameters
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proved to be used interchangeably according to the linear regression equation.

© 2014 Elsevier Inc. All rights reserved.

The mortality and morbidity of infants with congenital diaphrag-
matic hernia (CDH) mainly depend on the severity of pulmonary
hypoplasia. Therefore, an accurate prenatal assessment of pulmonary
hypoplasia is necessary to establish an optimal treatment strategy for
individuals before birth. Although many prenatal prognostic param-
eters have previously been proposed by various investigators [1-4],
measurement of the residual lung size seems to be one of the most
reasonable and realistic methods [5-8].

The lung area to head circumference ratio (LHR) was the most
commonly used predictor for CDH in the past [5,9,10]. The observed
to expected (O/E) LHR has become a standard parameter used for
determining the indications for fetal intervention to treat severe cases
of CDH [11]. Of note, the O/E LHR was used in the Tracheal Occlusion
To Accelerate Lung growth (TOTAL) trial of left CDH patients with

* Corresponding author at: Department of Pediatric Surgery, Osaka University Graduate
School of Medicine, 2-2 Yamadaoka, Suita, Osaka, 565-0871, Japan. Tel.: +81 6 6879
3753; fax: +81 6 6879 3759.

E-mail address: usui@pedsurg.med.osaka-u.acjp (N. Usui).

http://dx.doi.org/10.1016/j.jpedsurg.2013.10.021
0022-3468/© 2014 Elsevier Inc. All rights reserved.

severe pulmonary hypoplasia [12,13]. On the other hand, the lung to
thorax transverse area ratio (L/T ratio), which was proposed before
the publication of the LHR [5,6,9], has been widely used in Japan for
the assessment of pulmonary hypoplasia in fetal CDH patients [6,14~16].
The LHR is no longer considered to be independently predictive of
survival [17,18], as it was shown to increase according to the gestational
age [11,19-21]. In contrast, the O/E LHR is not influenced by gestational
age [22] as is the case with the L/T ratio [6,14,19], because it is
standardized by the normal mean value of the LHR corresponding to
the specific gestational age [11]. Both of the indicators are similarly
based on the measurement of the contralateral lung area by using
tracing methods [6,21,23] at the transverse section containing the four-
chamber view of the heart.

The relationship between the L/T ratio and the O/E LHR has not
been studied, despite their similarities. The purpose of this study was
to clarify the relationship between the L/T ratio and the O/E LHR and
to evaluate the compatibility of these parameters as prognostic
predictors of fetal CDH based on the results of a nationwide Japanese
survey.
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1. Materials and methods
1.1. Study population

This retrospective cohort study was performed as part of a
nationwide Japanese survey of neonatal CDH conducted in 2011.
This study was conducted after being approved by the ethics
committee of Osaka University Hospital (approval number 11017)
and the independent ethics committees of five other participating
institutions: Hyogo College of Medicine, National Center for Child
Health and Development, Kyushu University, Nagoya University
Hospital and Osaka Medical Center and Research Institute for
Maternal and Child Health. The data obtained from 72 institutions
that consented to participate in a questionnaire survey targeted to the
departments of pediatric surgery and/or tertiary perinatal care centers
of 159 educational hospitals were retrospectively evaluated. Data
were collected as case report forms requesting further details about
the patients by the data center located in Osaka University Graduate
School of Medicine. The entered data were crosschecked twice by the
data center and then were fixed after data cleansing. A total of 614
neonates with CDH were born between 2006 and 2010; the overall
profiles of the patients are described elsewhere [24]. Among those
subjects, the present study was conducted using the data of the 364
isolated CDH cases that were prenatally diagnosed.

Isolated CDH was defined as being present in CDH infants who did
not have other serious congenital anomalies, such as major cardiac
anomalies or unfavorable chromosomal abnormalities. Three cases
of bilateral diaphragmatic hernia were excluded from the study. The
contralateral lung area accompanied by the thorax area and/or the
head circumference was measured at least one time in 242 out of
the 364 cases. The initial and final measurements were reported in
the case report form if those parameters were measured more than
two times. A total of 242 study subjects (400 measurements), which
accounted for 39.4% of all 614 CDH patients treated at 45 institutes,
were ultimately included in the present analysis. Among those
subjects, the thorax area measurement was reported 339 times for
210 patients and the head circumference measurement was reported
251 times for 154 patients. The contralateral lung area, the thorax area
and the head circumference were simultaneously measured 191 times
in 120 patients.

1.2. Collected data

The primary outcome measure was the survival to discharge,
which was defined as surviving at the time of discharge from the
hospital. The secondary outcome measure was the “intact discharge”,
which is a new concept for prognostic evaluation, defined as being
discharged from the hospital without any major morbidity that
requires home treatment, including ventilatory support, oxygen
administration, tracheostomy, tube feeding, parenteral nutrition or
vasodilator administration [4]. The patient demographics, including
the gestational age, birth weight, Apgar score at 1 minute, presence of
liver and stomach herniation, mode of delivery, gender and side of
hernia, were reviewed. Whether a surgery could be performed, the
size of the diaphragmatic defect, the surgical procedure performed,
the use of high-frequency oscillatory ventilation (HFOV), nitric oxide
inhalation (iNO), prostaglandin E; or extracorporeal membrane
oxygenation (ECMO) were also reviewed. As the indication criteria
for surgery were not defined prospectively, the operability of each
case was determined according to the clinical decisions of each
institution. The highest preductal Pa0,, best oxygenation index and
the right to left shunting at the ductus which were determined within
24 h after birth, were reviewed. The contralateral lung area (in square
millimeters) and the thorax area (in square millimeters) were
measured by manual tracing of the limit of the lung and thorax at
the transverse section containing the four-chamber view of the heart

in ultrasonography. The head circumference (in millimeters) was
measured in the standard biparietal view of ultrasonography. The L/T
ratio was defined as the area of the contralateral lung divided by the
area of the thorax [19]. The observed LHR, which was the ratio of the
contralateral lung to the head circumference, was divided by the
appropriate normal mean for gestational age and multiplied by 100 to
derive the O/E LHR and expressed as a percentage [21]. The expected
LHRs were determined by the published formulas, which are freely
available to all by the official calculator in the Tracheal Occlusion To
Accelerate Lung Growth (TOTAL) trial website (access http://www.
totaltrial.eu/) [12].

1.3. Analysis of the relationship between the L/T ratio and the O/E LHR

A simple regression analysis was conducted to investigate the
relationship between the L/T ratio and the O/E LHR based on the
simultaneous measurements in 120 cases. Although the initial and final
simultaneous measurements were available in 71 cases, only a single
simultaneous measurement was available in 49 cases. We decided to
use all simultaneous measurements in order to obtain more accurate
relationships between the two parameters. The linear regression
equation between the L/T ratio and the O/E LHR was derived from
the regression analysis. The L/T ratio values which corresponded to the
cut-off values of the O/E LHR used in the TOTAL trial entry criteria were
calculated according to the linear regression equation.

1.4. Patient outcome according to the prenatal prediction of the
disease severity

In the 226 cases of left isolated CDH whose liver herniation was
evaluated, the survival to discharge rate was reviewed according to
the classification of the disease severity used in the TOTAL trial, which
was defined by the combination of the O/E LHR and the presence of
liver herniation, as proposed by Deprest et al. [25]. In the cases whose
O/E LHR was not measured, the O/E LHR was estimated from the L/T
ratio using the linear regression equation. The patient demographics,
prenatal and postnatal profiles, including parameters indicating the
respiratory status, circulatory status, surgical findings and outcome,
were compared among the prenatal risk-stratified classifications
defined by the combination of the L/T ratio and the presence of liver
herniation, as proposed by Usui et al. [ 16]. In the cases whose I/T ratio
was not measured, the L/T ratio was estimated from the O/E LHR using
the linear regression equation. The values of the O/E LHR and /T ratio
were represented by the initial values of two measurements in
principle, and the final values were substituted for the patients whose
initial value was not available in the case report form.

1.5. Statistical analysis

The statistical analyses were performed using the JMP software
program (version 9.02; SAS Institute, Inc, Cary, NC, USA). The
frequencies and percentages were used to describe categorical data.
The means and standard deviation were used to describe continuous
variables. The median and interquartile ranges were used to describe
Apgar scores. The chi-square test and Fisher’s exact test were used
to analyze categorical data. The one-way analysis of variance with
Tukey's post-hoc honestly significant difference test was used to
compare continuous variables. The Kruskal-Wallis test was used for
the comparison of the Apgar scores. The log-rank test and Kaplan-
Meier method were used to compare the survival times. Values of
P < 0.05 were considered to indicate statistical significance.

2. Results

An outline of the patient demographics is shown in Table 1. Of the
242 neonates with prenatally diagnosed isolated CDH, 177 (73.1%)
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Table 1

The patient demographics.
Number of patients 242
Gestational age (days)? 2643 £ 86
Birth weight (g)? 2746 + 386
Apgar score at 1 min® 4 (2-6)

68/239 (28.5%)
35/236 (14.8%)
177 (73.1%)
138 (57.0%)
229 (94.6%)
224 (92.6%)
56, (30-95)
81/224 (36.2%)

Liver-up®

Contralateral stomach herniation?
Caesarean section delivery

Gender (male)

Side of hernia (left)

Surgery performed for diaphragmatic hernia
Time of surgery after birth (h)®

Patch closure

Use of HFOV 212/233 (91.0%)
Use of iNO 166/241 (68.9%)
Use of ECMO 19 (7.9%)
Survival to discharge 200 (82.6%)
Intact discharge 177 (73.1%)

HFOV: high-frequency oscillatory ventilation, iNO: inhaled nitric oxide, ECMO:
extracorporeal membrane oxygenation.

# Mean =+ standard deviation.

b Median (interquartile range).

¢ Liver-up, liver occupying more than one-third of the thoracic space.

d Contralateral stomach herniation, more than half of the stomach was herniating
into the contralateral thoracic cavity.

were delivered by Caesarean section and 224 (92.6%) underwent
surgical repair for diaphragmatic hernia at a median age of 56 h after
birth. Surgery could not be performed in 18 cases (7.4%) based on the
clinical decisions of each institution. It was therefore assumed that
these cases were extremely unstable and were considered to be in too
serious of a condition to undergo a surgical repair. Two hundred
patients (82.6%) survived until discharge, 177 (73.1%) of whom were
discharged from the hospital without any major morbidity that
required home treatment (Table 1).

2.1. Relationship between the L/T ratio and the O/E LHR

Eighteen of the 120 infants whose L/T ratio and O/E LHR were
simultaneously determined died, resulting in an 85.0% survival rate.
We found a strong positive correlation between the L/T ratio and
the O/E LHR. The linear regression equation between the L/T ratio and
the O/E LHR was: L/T ratio = 0.0233 + (0.00222 x O/E LHR), where
the regression coefficient was 0.00222, correlation coefficient was
0.847 and coefficient of determination was 0.717 (p < 0.0001) (Fig. 1).
According to this equation, 15%, 25%, 35% and 45% of the O/E LHRs, the
cut-off values used in the TOTAL trial of left CDH patients, were found
to be equivalent to 0.06, 0.08, 0.10 and 0.12 L/T ratios, respectively.

2.2. Patient outcome according to the prenatal prediction of the
disease severity

In the 226 cases of left isolated CDH, the survival to discharge rate
was reviewed according to the four-step stratification proposed by
Deprest et al. [25]. The survival rate exhibited a trend toward a
decrease as the severity of the disease increased. However, the effect
of the liver herniation seemed to be stronger in our series compared to
those in the series described by Deprest et al. (Fig. 2). In the prenatal
risk-stratified classification [16], there were no significant differences
in the patient demographics except for the side of hernia. There were
unsurprisingly significant differences in the rate of liver-up and the L/T
ratio based on how the each group was defined (Table 2). The highest
preductal Pa0, decreased, and the best oxygenation index increased,
as the severity of the disease increased. The right to left shunting at
ductus evaluated within 24 h after birth, which suggests the severity of
pulmonary hypertension, differed significantly among the three
groups, which resulted in the differences in the numbers of patients
who used iNO, prostaglandin E; and ECMO. Although surgical repair

L/T ratio = 0.0233 + (0.00222 X O/E LHR)
0.35 -3

A alive
0.30

¥ dead

0.25

0.20

L/T ratio

0.15

0.10
0.08

0.05+

T T T T T
0 2025 40 60 80 100 (%)

O/E LHR

Fig. 1. The relationship between the O/E LHR and the L/T ratio. There was a linear
positive correlation between the L/T ratio and the O/E LHR. The linear regression line
was: L/T ratio = 0.0223 -+ (0.00222 x O/E LHR), where the regression coefficient was
0.00222, the correlation coefficient was 0.847 and the coefficient of determination was
0.717 (p < 0.0001). The open triangles represent the survivors and the closed triangles
represent the non-survivors. The 25% O/E LHR was equivalent to an L/T ratio of 0.08
according to this equation, as indicated by broken lines.

could not be performed in only two (1.3%) cases in group A, surgery
was not possible in six out of 16 (35.3%) cases in group C due to their
unstable conditions. There were also significant differences in the
proportions of patients with diaphragmatic defects exceeding 75%, as
rated by the surgical record, as well as the need for patch repair. There
were significant differences in the morbidity and mortality among the
three groups. The rate of survival to discharge was 93% and the intact
discharge rate was 87% in group A, whereas the corresponding rates
were 72% and 58% in group B and 35% and 18% in group C, respectively
(Table 3). There were also statistically significant differences in the
survival curves among the three groups (Fig. 3).

3. Discussion

Since the mortality and morbidity of neonates with CDH primarily
depend on the severity of pulmonary hypoplasia, an accurate prenatal
assessment of pulmonary hypoplasia is necessary for making a decision
about the optimal treatment. Although many prenatal prognostic
parameters have been reported previously [1-4], the assessment of
the residual lung size seems to be one of the most reasonable and

extreme severe moderate mild
43% 52% 80% 93%
(o/o) r A 1T A — 1 1 f ! 1

100

80

Liverup *

Liver down

60

40

20

0
O/ELHR  <15%

15-25% 25-35%

35-45% | 45%s

Fig. 2. The survival rates depending on the O/E LHR measurements and presence of liver
herniation. *Liver-up, liver occupying more than one-third of the thoracic space.
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Table 2
The patient demographics and prenatal findings according to the prenatal risk-stratified classification [16].
Definition of the group [16] Group A Group B Group C P
L/T ratio z 0.08 L/T ratio z 0.08 with liver-up® or L/T ratio < 0.08
with liver-down L/T ratio < 0.08 with liver-down with liver-up®
Number of patients 151 71 17
Gender (male) 89 (58.9%) 36 (50.7%) 12 (70.6%) 0.265
Side of hernia (left) 149 (98.7%) 64 (90.1%) 13 (76.5%) <0.001
Gestational age at birth (days) 265 ok 7.7 263 - 10.6 264 - 6.9 0.313
Birth weight (kg) 2.76 £ 037 2.68 4 045 2.87 4 0.26 0.141
Caesarian section delivery 109 (72.2%) 53 (74.7%) 12 (70.6%) 0.908
Liver-up® 0 (0.0%) 51 (71.8%) 17 (100%) <0.001
Contralateral stomach herniation 5/148 (3.4%) B 20/71 (28.2%) 10/17 (58.8%) < 0,001
L/T ratio 0.148 4 0.053" 0.106 + 0.039™ 0. 059 - 0.020""* <0.001

@ Liver-up, liver occupying more than one-third of the thoracic space; Contralateral stomach herniation, more than half of the stomach was herniating into the contralateral

thoracic cavity; L/T ratio, contralateral lung to thorax transverse area ratio,
* P<.05AvsB.
* P<.05BvsC
P <.05CvsA.

realistic methods. It has previously been reported that the LHR, which
was first described in 1996 [5], was increased according to the
gestational age in normal fetuses [21] and also in the fetuses with
CDH [11,19]. The reason for this increase in the LHR with the gestational
age is due to the difference in the rate of the increase of the lung area and
head circumference, Peralta et al. reported that there was a four-fold
increase in the LHR between 12 and 32 weeks of gestation in normal
fetuses because of these differences [21]. Approaches to standardize
the LHR by using the normal mean value of the LHR have been proposed
to provide a constant value throughout the gestational period [11]. The
LHR was originally defined as the contralateral lung area determined
using a two-dimensional perpendicular linear measurement, divided by
the head circumference [5]. However, two other methods to determine
the lung area were subsequently proposed [9,21], and the tracing method
was finally found to be the most reproducible method to measure the
lung area [21,23].

The L/T ratio has been widely used in Japan, because it was first
described in 1990 for the assessment of pulmonary hypoplasia in CDH
[6], and has been applied for the assessment of pulmonary hypoplasia

Table 3

in CDH neonates since then [15,16,26]. The L/T ratio was originally
reported to be constant throughout the gestational period in normal
fetuses [6]. This parameter was redefined as the contralateral lung
area, to make it more consistent with the LHR, divided by the area of
the thorax as measured by the tracing method [19], although the
original definition was determined by using the area of both lungs.
Thus, there are several similarities between these two parameters.
First, both parameters exhibit constant values throughout the
gestational period, and the other is that only the contralateral lung
area is measured by using the tracing method. However, the
relationship between these two parameters has not been studied,
despite their similarities.

A strong positive correlation between the L/T ratio and the O/E LHR
was found, and a linear regression equation between the L/T ratio
and the O/E LHR was obtained. According to this linear regression
equation, several important cut-off values of both parameters can be
interchanged. Interestingly, a 25% O/E LHR, the cut-off value for the
most severe cases as used in the TOAL trial for fetal CDH, was found to
be equivalent to an L/T ratio of 0.08, a commonly accepted cut-off

The respiratory status, circulatory status, intraoperative findings and outcomes according to the prenatal risk-stratified classification [16].

Definition of the group [16] Group A

Group B

Group C p

L/T ratio = 0.08 with liver-down

L/T ratio = 0.08 with liver-up?® or
L/T ratio < 0.08 with liver-down

L/T ratio < 0.08 with liver-up®

Number of patients 151
Apgar score at 1 min 5 (3-7)
(n = 143)
Highest preductal PaO, (Torr)® 257 + 134"
(n = 145)
Best oxygenation index” 57 4+ 59"
(n = 143)

Right to left shunting at ductus® 55/143 (38.5%)

Use of HFOV 130/145 (89.7%)
Use of iNO 85/151 (56.3%)
Use of prostaglandin E; 45/149 (30.2%)
Use of ECMO 4 (2.7%)
Inoperable cases 2 (1.3%)

Diaphragmatic defects > 75%¢
Patch closure

Survival to discharge

Intact discharge

27/149 (18.1%)
31/149 (20.8%)
141 (93.4%)
131 (86.8%)

7 17
4 (2-5) 2.5 (1.25-4) <0.001
(n = 66) (n = 16)
199 4+ 135™ 75 + 70" <0.001
(n = 69) (n=17)
143 + 17.5™ 32.0 & 245" <0.001
(n = 68) (n=17)
40/68 (58.8%) 13/17 (76.5%) 0.001
64/69 (92.8%) 16/17 (94.1%) 0.680
63/71 (88.7%) 15/16 (93.8%) <0.001
35/71 (49.3%) 14/17 (82.4%) <0.001
9 (12.7) 5 (29.4%) <0.001
10 (14.1%) 6 (35.3%) <0.001
38/61 (62.3%) 8/11(72.7%) <0.001
40/61 (65.6%) 8/11 (72.7%) <0.001
51 (71.8%) 6 (35.3%) <0.001
41 (57.8%) 3 (17.7%) <0.001

HFOV, high-frequency oscillatory ventilation, iNO, nitric oxide inhalation; ECMO, extracorporeal membrane oxygenation.

¢ Liver-up, liver occupying more than one-third of the thoracic space.

b The highest pre PaO,, best oxygenation index and the right to left shunting at ductus were determined within 24 h after birth.
€ The size of the diaphragmatic defect was rated by a surgeon according to the surgical record.

* P<.05AvsB.
** P<,05BvsC
¥ P<.05CvsA.
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Fig. 3. The survival curves for patients with isolated CDH, compared using the prenatal
risk-stratified classification [16). *P < .001; **P < .001; TP < .001.

value for identifying the most severe cases of fetal CDH in Japan. These
results suggested that the patients considered to be the most severe
cases in Japan also met the criteria for fetal intervention for left
CDH patients with severe pulmonary hypoplasia in the TOTAL trial
protocol, which was the first international prospective randomized
controlled trial for fetoscopic tracheal occlusion [12,13]. In the nation-
wide Japanese survey for fetal CDH, 57.7% of the patients were measured
for the L/Tratio, and only 42.3% of the patients were measured for the
O/E LHR. However, owing to this conversion equation, both of the
parameters can be generated for the evaluation of the patient CDH
severity if either of the parameters was measured.

To verify the accuracy and the universal applicability of the
prenatal risk-stratified classification, which was proposed by Usui
et al., and was defined as the combination of the L/T ratio and the
presence of liver herniation [16], we applied the classification to this
cohort as a different population from the original cohort using the
conversion equation. Although the patient demographics except for
the side of the hernia, were similar between the three groups
classified using this system, the prenatal and postnatal profiles,
" including the stomach position, parameters indicating the respiratory
status, circulatory status, surgical findings and outcome were
significantly different between the three groups, suggesting that the
prenatal risk-stratified classification is also valid in other cohorts,
such as that in the nationwide Japanese questionnaire survey. The
indication for a fetal intervention of the patients proposed by Deprest
et al. [25] can be estimated by using the conversion eq. in the patients
whom the L/T ratio was solely measured without measurement of
LHR. The rate of survival to discharge was 93% in the mild group,
80% in the moderate group, 52% in the severe group and 43% in the
extreme group (Fig. 2). Compared to this four-step stratification used
in the TOTAL trial, our prenatal risk-stratified classification therefore
seems to have better discrimination of disease severity. It is possible to
describe the prenatal risk-stratified classification as shown in Table 4
using the O/E LHR instead of the L/T ratio according to the linear
regression equation (Table 4).

When the characteristics of both parameters were compared, the
gestational variation and the procedure of the lung area measure-
ments were similar. However, there were concerns that the individual
fetal growth variation is not considered when determining the O/E
LHR. There may be a possibility for an overestimation in a small-for-

Table 4
The prenatal risk-stratified classification described using the O/E LHR instead of the
L/T ratio.

Group A O/E LHR > 25% with liver-down
Group B O/E LHR > 25% with liver-up 4, or O/E LHR < 25% with liver-down
Group C O/E LHR < 25% with liver-up ?

2 Liver-up, liver occupying more than one-third of the thoracic space.

date fetus, as the O/E LHR of these fetuses, which should have a lower
LHR compared to an appropriate-for-date fetus, would be evaluated
based on the normal mean value. The L/T ratio includes, by nature,
individual fetal growth variation, and it can be determined with
standard values for gestational age or with for a relevant population.
More importantly, calculating the 1/T ratio is a simple task to perform.

A major limitation of this study is that it was conducted in a
retrospective manner using a questionnaire. Many of the institutions
had a small number of cases, and the treatment strategies, including
the indication criteria for surgery, were determined by each
institution. There may have been inaccurate measurement of both
parameters due to the limited experience of the physicians with such
infants. More accurate prospective studies and an analysis of the
correlation based on the timing of the measurement are therefore
needed to confirm the present findings. Despite these limitations, an
excellent positive correlation was observed between the L/T ratio and
O/E LHR in the present study, and these two parameters proved to be
compatible according to a linear regression equation. These results
suggested that the linear regression equation may become a useful
tool for all populations.
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Materlals and. Methods A retrospectlve cohort study was: performed as part of a
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-bethe prlmary cause of death also mcreased as the severity of the disease worsened The

sun/rval rate of the patlents with pneumothorax was S|gnrfcantly lower than that of the

- patients without pneumothorax among the groups wrth 25 to 75,6 defects and 75/, or

‘more defects : : ,

Conclusrons Pneurnothoraces was found to more hkely occur in neonates wrth CDH o
~associated with a Iarge defect of the draphragm The survival rate and rntact drscharge“
rate decreased as the severlty of the disease worsened especrally among the | patlents

‘who developed pneumothorax accompanred by large dlaphragmatlc defects. No other
risk factors related to pneumothorax occurrence were found except for the seventy of
 the drsease itself, thus suggesting that pneumothorax was - assoaated with a Iethal

: 'ou’ccome |n neonates wrth CDH assouated wrth a Iarge defect’of the d:aphragm.‘ o

Introduction

Congenital diaphragmatic hernia (CDH) remains one of the
most challenging neonatal diseases facing neonatologists and
pediatric surgeons, as it continues to be associated with a high
mortality and morbidity due to pulmonary hypertension and
pulmonary hypoplasia. Over the past several decades, there
have been advances in treatment strategies including extra-
corporeal membrane oxygenation (ECMO), high-frequency
oscillatory ventilation (HFOV), inhaled nitric oxide (iNO), and
fetal interventions that have improved the outcomes of CDH
patients. However, CDH patients exhibit a broad range of
disease severity depending on the components of pulmonary
hypertension and pulmonary hypoplasia, which directly
affects mortality and morbidity.

Accumulating evidence has shown that ventilator-induced
lung injury caused by hyperventilation can have a significant
negative impact on short-term outcomes'? and long-term
pulmonary sequelae®* in neonates with CDH. To prevent the
negative effects of hyperventilation, “gentle ventilation”
strategies based on the concept of permissive hypercapnia
and permissive hypoxia have been adopted as standard
protocol for the treatment of neonatal CDH in many institu-
tions.>® However, even under treatment with a gentle
ventilation strategy, the incidence of pneumothorax occur-
rence, a life-threatening preoperative and/or postoperative
complication, reportedly remains high, with rates ranging
from 18 to 36%.19-13 The aim of this study was to evaluate the
prevalence of pneumothorax as a fatal complication during
the management of CDH and to analyze factors contributing
to the development of pneumothoraces based on the results
of a nationwide Japanese survey conducted in the era of
gentle ventilation strategies.

Materials and Methods

Patient Selection

This retrospective cohort study was performed as part of a
nationwide survey of neonatal CDH conducted in 2011 with
the support of the Ministry of Health, Labor and Welfare of
Japan.'* The study was performed after being approved by the
ethics committee of Osaka University Hospital (approval

European journal of Pediatric Surgery  Vol. 24 No. 1/2014

number of 11017) and the independent ethics committees
of five other participating institutions: Hyogo College of
Medicine, National Center for Child Health and Development,
Kyushu University, Nagoya University Hospital, and Osaka
Medical Center and Research Institute for Maternal and Child
Health. Data obtained from 72 institutions that consented to
participate in a questionnaire survey targeted to the depart-
ments of pediatric surgery and/or tertiary perinatal care
centers of 159 educational hospitals were retrospectively
evaluated. Data were collected as case report forms request-
ing further details about the patients by the data center that
was located in Osaka University Graduate School of Medicine.
The entered data were cross-checked twice by the data center
and then were fixed after data cleansing. A total of 614
neonates with CDH were born between 2006 and 2010; the
overall profiles of the patients are described elsewhere.'* This
study was conducted using only the data of 520 isolated CDH
cases defined as CDH infants who did not have serious
congenital anomalies, such as major cardiac anomalies or
unfavorable chromosomal abnormalities. Four patients with
no description of the development of a pneumothorax and six
patients whose diaphragmatic defect size was not rated by a
surgeon were excluded from this study. Therefore, 510 pa-
tients with isolated neonatal CDH were ultimately included in
the following analysis.

Data Collection

The primary outcome measure was the occurrence of pneu-
mothorax independent of surgical repair of the diaphragm.
We defined pneumothorax as an air leakage from the lungs
which was diagnosed by chest X-rays. The cases of preopera-
tive and/or postoperative pneumothorax and of ipsilateral,
contralateral, and bilateral pneumothoraces were all included
in the primary outcome measures. The secondary outcome
measures were survival to discharge, defined as surviving
until the time of discharge from the hospital, and “intact
discharge,” which is a new concept for prognostic evaluation,
defined as being discharged from the hospital without any
major morbidity that requires home treatment including
ventilatory support, oxygen administration, tracheotomy,
tube feeding, parenteral nutrition, or vasodilator administra-
tion.'® The patient demographics, including gestational age,
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birth weight, Apgar score at 1 minute, prenatal diagnosis with
findings of liver herniation, and lung-to-thorax transverse
area ratio,'® mode of delivery, gender, and side of hernia,
were reviewed. Whether a surgery could be performed, the
incidence of right-to-left shunting at the ductus within 24
hours after birth and the use of HFOV, iNO, or ECMO were also
reviewed. As arterial blood gas data, the highest Pao, within
24 hours after birth, including the ventilator settings and the
lowest Paco, within 24 hours after birth were analyzed.
Although the blood gas data were in principle obtained
from the preductal artery, data for the postductal artery
were substituted in patients whose preductal arterial data
were not available.

Stratification According to Disease Severity

Among the patients who underwent surgical intervention for
a diaphragmatic hernia, the time of surgery after birth,
diaphragmatic defect size, and operative method were re-
viewed. The diaphragmatic defect size was rated by a surgeon
to evaluate and classify the severity of disease based on the
three levels. The patients were divided into four groups
according to operative findings related to the diaphragmatic
defect size and operability: defects less than 25%, defects
more than 25% but less than 75%, defects more than 75%,and a
patient group that was unable to undergo surgery. The
prevalence of pneumothorax was compared between the
disease severity groups. Each case was evaluated to deter-
mine whether the development of pneumothorax was the
primary cause of death using a questionnaire. In each sub-
group having the same severity of disease, several parameters
related to pneumothorax occurrence were compared be-
tween the patients who developed pneumothorax and those
who did not.

Statistical Analysis

The statistical analyses were performed using the JMP soft-
ware program (version 9.02; SAS Institute, Inc, Cary, North
Carolina, United States). The mean and standard deviation or
median and interquartile range were used to describe con-
tinuous variables. The frequency and percentages were used
to describe categorical data. Student t-test and an analysis of
variance were used to compare continuous variables. The x°
test and Fisher exact test were used to analyze categorical
data. p values of less than 0.05 were considered to indicate
statistical significance.

Results

Prevalence of Pneumothorax and the Survival Rate
An outline of the patient demographics is shown in =Tabls 1.
Of the 510 neonates with isolated CDH, 361 (70.8%) neonates
were diagnosed prenatally and 471 (92.4%) neonates under-
went surgical repair for diaphragmatic hernia at a median age
of 56 hours after birth. A total of 429 patients (84.1%) survived
until discharge, 380 (74.5%) patients of whom were dis-
charged from the hospital without any major morbidity
that requires home treatment. (= ¥abis 1).

Table 1 Patient demographics

Patient number 510
Gestational age (d), mean £ SD 265.4 + 13.8
Birth weight (g), mean & SD 2,645 + 452

Apgar score at 1 min, 5(3-7.3)
median (interquartile range)

361 (70.8)
86/339 (25.4)
57/200 (28.5)

Prenatal diagnosis, (%)

Liver-up, (%)

L/T ratio < 0.08
(equivalent of ofe LHR < 25%), (%)

Caesarean section at delivery, (%)
Gender (male), (%)

309 (60.6)
287 (56.3%)

Side of hernia (left/right/both) 463/44/3
Surgery performed for 471 (92.4)
diaphragmatic hernia, (%)

Time at surgery after 56 (28-96)

birth (h), median
(interquartile range)

Patch closure, (%)

118/471 (25.1)

Use of HFOV, (%) 367 (78.9)
Use of iNO, (%) 282 (55.4)
Use of ECMO, (%) 37 (7.3)

Survival to discharge, (%) 429 (84.1)
Intact discharge, (%) 380 (74.5)

Abbreviations: ECMO, extracorporeal membrane oxygenation; HFOV,
high-frequency oscillatory ventilation; iNO, inhaled nitric oxide; L/ T ratio,
lung-to-thorax transverse area ratio; ofe LHR, observed-to-expected lung
area-to-head circumference ratio; SD, standard deviation.

Of the 510 neonates with isolated CDH, 69 (13.5%) neo-
nates developed a pneumothorax before and/or after surgical
intervention. Of the 69 patients, 38 (55.1%) patients died and
only 26 (37.7%) patients were discharged from the hospital
without any major morbidity that requires home treatment.
The prevalence of pneumothorax increased as the severity of
disease, represented by the operative findings, worsened.
Indeed, the prevalence of pneumothorax in the inoperable
group was 46%, whereas that observed in the less than 25%
defects group was only 2%. The number of patients whose
pneumothorax was presumed to be the primary cause of
death increased as the severity of the disease increased.
Approximately 40% of the patients died of pneumothorax
in both the 75% or more defects group and the inoperable
group (=Taie 2). The survival to discharge rate and intact
discharge rate decreased in association with the size of the
diaphragmatic defects, and all patients in the inoperable
group died. The survival rate was significantly lower in the
patients who developed pneumothorax compared with that
observed in the patients who did not develop a pneumotho-
rax among the patients with 25 to 75% defects. In the 75% or
more defects group, the survival-to-discharge rate as well as
the intact discharge rate was significantly decreased among
the patients who developed pneumothorax (= ¥abie 2).
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Takie 2 Incidence and outcomes of pneumothorax occurrence according to the disease severity evaluated based on the operative

findings
. | <25%defects | 25-75% defects | > 75% defects | Inoperable cases | p

Patient number, n , 87 259 125 39

Pneumothorax, n (%) 2(2) 23 (9) 26 (21) 18 (46) < 0.001

Pneumothorax as primary 0 (0) 2(9) 10 (38) 8 (44) 0.035

cause of death, n (%)

Survival to discharge, n (%) 87 (100) 251 (97) 91 (73) 0 (0) < 0.001
Survival without pneumothorax, n (%) | 85 (100) 232 (98)2 81 (82) 0 (0) < 0.001
Survival with pneumothorax, n (%) 2(100) 19 (83)? 10 (38)? 0 (0) < 0.001

Intact discharge, n (%) 87 (100) 228 (88) 67 (54) 0 (0) < 0.001
Intact discharge without 85 (100) 210 (89) 61 (62)* 0(0) < 0.001
pneumothorax, n (%)

Intact discharge with 2(100) 18 (78) 6 (23)2 0(0) < 0.001
pneumothorax, n (%)

%p < 0.01, with pneumothorax versus without pneumothorax.

Analysis of Risk Factors for the Development of
Pneumothorax
In the 25 to 75% defects group, the best oxygenation index
within 24 hours after birth was higher and a higher mean
airway pressure was required in the patients who developed a
pneumothorax compared with that observed in the patients
who did not. This may be related to the higher incidence of
persistent pulmonary hypertension of the neonate (PPHN),
determined based on the incidence of right-to-left shunting at
the ductus, in the patients with pneumothorax compared with
that observed in patients without pneumothorax. The higher
incidence of PPHN resulted in higher rates of iNO and ECMO
use in the patients with a pneumothorax compared with those
observed in the patients without a pneumothorax (= 7zbia 3).
Patients in the 75% or more defect group showed a higher
best oxygenation index and a higher rate of patch closure
compared with the patients in the 25 to 75% defects group
regardless of pneumothorax occurrence (~%able 32
and =7¥abie 4). In the 75% or more defects group, there were
no significant differences in the parameters, except for a slight
difference in the rate of iNO use between the patients who
developed pneumothorax and the patients who did not
(»7zbie 4). Inoperable patients clearly showed a lower highest
Paoy, a higher lowest Paco,, and a higher best oxygenation
index, thus suggesting a more severe condition of the disease,
compared with the patients in the 75% or more defect group
without reference to pneumothorax occurrence (»7Tabiz 4
and =¥sbie ). No significant differences were observed in
any parameter between the patients with a pneumothorax and
the patients without pneumothorax among the inoperable
patients. These patients died at a median age of 2 days after
birth regardless of pneumothorax occurrence (= ¥aksis ).

Discussion

Before the mid-1990s, the use of hyperventilation to induce
alkalosis was the mainstay of respiratory management for the
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~ treatment of PPHN in neonates with CDH, as it was believed

that alkalosis could reverse or eliminate ductal shunting by
decreasing pulmonary vascular resistance and pulmonary
artery pressure.'”” However, subsequent evidence demon-
strated that ventilator-induced lung injury caused by hyper-
ventilation could have a significant impact on the survival
statistics,’? as well as the long-term pulmonary function, in
infants with CDH.>* A large single-center retrospective series
of nonsurvivors with CDH treated with a hyperventilation
strategy showed that 62 of 68 cases (91%) exhibited evidence
of diffuse alveolar damage with hyaline membrane formation,
44 of 62 cases (65%) exhibited evidence of pneumothorax,
and 35 of 68 (51%) cases exhibited evidence of parenchymal
hemorrhage. Sakurai et al suggested that a significant degree
of lung injury was related to a high peak inspiratory pressure
and that ventilator-induced lung injury plays an important
role in the mortality of patients with CDH.?

A permissive hypercapnia strategy was advocated for
ventilation in infants with PPHN more than 25 years ago."®
To prevent the negative effect of hyperventilation in the
respiratory management of CDH, a permissive hypercapnia
strategy was adopted for neonates with CDH at several
institutions in the late 1990s. Case series of CDH have shown
that airway pressure limitation and tolerance of hypercapnia,
with a focus on preductal oxygen saturation, are the most
important factors favorably influencing outcomes.’™® The
widespread use of iNO therapy from the mid-1990s, which
had a selective effect on decreasing pulmonary vascular
resistance and pulmonary artery pressure, may have contrib-
uted to the switch from hyperventilation strategies to gentle
ventilation strategies. Therefore, gentle ventilation strategies
based on the concept of permissive hypercapnia and permis-
sive hypoxia have become the mainstay of respiratory man-
agement for neonates with CDH. Although the survival rate
has improved under the use of gentle ventilation strategies,
the incidence of pneumothorax occurrence, a life-threatening
preoperative and/or postoperative complication, reportedly
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Fable 3 Comparison of the parameters in the patients with 25-75% defects in the diaphragm
_Development of pneumothorax No(n=236)  |Yes(n=23)  |p
Gestational age (d), mean & SD 267 £ 11 265+ 9 0.521
Birth weight (g) , mean = SD 2,804 + 404 2,757 + 399 0.589
Apgar score at 1 min, median (interquartile range) 6 (3-8) 4 (3-6) 0.054
Caesarean section at delivery, n (%) 141 (60) 16 (70) 0.503
Prenatal diagnosis, n (%) 162 (69) 20 (87) 0.093
Liver-up, n/N (%) 15/149 (10) 2/20 (10) 1.000
L/T ratio < 0.08, n/N (%) 15/85 (18) 3/11 (27) 0.427
Use of HFOV, n/N (%) 156/215 (73) 22/23 (96) 0.053
Highest Pao, within 24 h after birth (Torr), mean + SD 235 + 142 194 + 122 0.183
Lowest Paco; within 24 h after birth (Torr), mean + SD 35+ 23 38 + 16 0.548
Best oxygenation index within 24 h after birth, mean £ SD 55+ 54 84 +76 0.0222
Mean airway pressure (cmH;0), mean £ SD 126 £2.9 14.2 + 2.6 0.0152
Right-to-left shunting at ductus within 24 h after birth, n/N (%) 62/216 (29) 15/23 (65) 0.001®
Use of iNO, n/N (%) 107/235 (46) 18/23 (78) 0.004b
Use of ECMO, n/N (%) , 5/236 (2) 3/23 (13) 0.026°
Time of surgery after birth (h), median (interquartile range) 52 (28-85) 76 (39-141) 0.293
Patch closure, n/N (%) 26/236 (11) 4/23 (17) 0.319

Abbreviations: ECMO, extracorporeal membrane oxygenation; HFOV, high-frequency oscillatory ventilation; iNO, inhaled nitric oxide L/Tratio, lung-to-

thorax transverse area ratio.
%p < 0.05.
®p < 0.01.

Yabie 4 Comparison of the parameters in the patients with > 75% defects in the diaphragm

Development of pneumothorax No (n=99) Yes (n = 26) p
Gestational age (d), mean + SD 262 + 14 263 £+ 14 0.828
Birth weight (g), mean + SD 2625 + 463 2779 + 453 0.131
Apgar score at 1 min, median (interquartile range) 3 (2-5) 3(2-4) 0.493
Caesarean section at delivery, n/N (%) 66 (67) 18 (69) 1.000
Prenatal diagnosis, n/N (%) 83 (84) 23 (88) 0.762
Liver-up, n/N (%) 38/77 (49) 9/23 (39) 0.478
L/T ratio < 0.08, n/N (%) 20/44 (45) 8/16 (50) 0.778
Use of HFOV, n|N (%) 82/95 (86) 24[26 (92) 0.521
Highest Pao; within 24 h after birth (Torr), mean & SD 184 + 128 195 + 146 0.698
Lowest Paco, within 24 h after birth (Torr), mean =+ SD 38+ 18 36 + 11 0.700
Best oxygenation index within 24 h after birth, mean + SD 12.8 £ 13.3 15.6 + 16.9 0.411
Mean airway pressure (cm H,0), mean + SD 14.3 £ 3.5 14.1 £ 2.6 0.834
Right-to-left shunting at ductus within 24 h after birth, n/N (%) 53/92 (58) 19/25 (76) 0.109
Use of iNO, n/N (%) 78/99 (79) 25/26 (96) 0.0432
Use of ECMO, n/N (%) 15/99 (15) 5/26 (19) 0.563
Time of surgery after birth (h), median (interquartile range) 69 (28-123) 100 (26-129) 0.893
Patch closure, n/N (%) 67/98 (68) 19/26 (73) 0.847

Abbreviations: ECMO, extracorporeal membrane oxygenation; HFQV, high-frequency oscillatory ventilation; iNO, inhaled nitric oxide; L/T ratio, lung-

to-thorax transverse area ratio; SD, standard deviation
p < 0.05.
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