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Abstract
Purpose The optimal timing of surgery for congenital diaphragmatic hernia (CDH) is controversial. We aimed to validate 
our protocol for the timing of CDH repair using the quantified patent ductus arteriosus (PDA) flow pattern.
Methods This retrospective comparative study analyzed patients with a prenatal diagnosis of isolated CDH between 2007 
and 2020. We defined the “LR ratio” as the percentage of velocity–time integral (VTI) of the left-to-right flow of PDA 
against overall VTI on echocardiography. Since 2010, we followed the decision criterion of performing surgery when LR 
ratio of > 50% has been achieved in the patients (protocol group). The protocol group (2010–2020) was compared with the 
historical control group (2007–2009).
Results The average age at surgery was 104.1 ± 175.9 and 37.3 ± 30.6 h in the control and protocol groups, respectively 
(p = 0.11). Survival rate (88.9% vs. 95.0%, p = 0.53) and the rate of worsening of pulmonary hypertension within 24 h after 
surgery (22.2% vs. 10.0%, p = 0.57) were not different between the groups. The protocol group had a significantly shorter 
duration of tracheal intubation (26.9 ± 21.1 vs. 13.3 ± 9.5 days, p = 0.03).
Conclusion Our decision criterion might have the advantage of facilitating early and safe surgery for patients with CDH.

Keywords Congenital diaphragmatic hernia · Patent ductus arteriosus · Pulmonary hypertension · Echocardiography · 
Surgery

Introduction

Despite significant advances in neonatal intensive care, the 
prognosis of neonates prenatally diagnosed with a congeni-
tal diaphragmatic hernia (CDH) remains unacceptably high, 
with mortality rates ranging from 20 to 40% [1–3]. Pulmo-
nary hypertension (PH) is one of the key factors influenc-
ing prognosis [4]. Neonatal PH is commonly treated with 
inhaled nitric oxide, medication, and sedation. In fact, good 
controlled sedation is crucial, because PH is worsened by 
various kinds of stresses, with surgery being the major cause 

of stress. Therefore, in the perioperative management of 
CDH, it is important to choose the right time for surgery 
and to avoid the acute deterioration of PH, also known as 
“PH attack.”

In recent years, the strategy of delayed surgery after stabi-
lization has been broadly accepted [5, 6]. Meanwhile, some 
researchers emphasized the harmful effects of prolonged 
compression of the lung and left ventricle by the abdominal 
viscera in the intrathoracic space [7, 8]. These authors sug-
gested that earlier surgery may help to increase the pulmo-
nary vascular bed volume and improve the function of the 
left ventricle owing to the elimination of the mass effect 
[9, 10]. The timing of surgery is a prominent part of the 
management of CDH patients; however, there has been no 
consensus regarding the optimal timing of surgery.

In our institution, we have determined the timing of sur-
gery based on the flow patterns of the patent ductus arte-
riosus (PDA) by echocardiography since the 1990s. The 
flow patterns of PDA were categorized into three groups: 
left-to-right, bidirectional, and right-to-left. Tanabe et al. 
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reported 13 cases of CDH, and indicated that patients with 
the bidirectional and right-to-left pattern were required to be 
stabilized before CDH repair, because all patients who were 
found to have the right-to-left pattern at surgery died [11]. 
The left-to-right pattern is considered the index of stabili-
zation. Patients with the left-to-right pattern have been the 
only surgical candidates. This method had the advantages of 
being clear-cut, easily applicable, and reliable. We are also 
aware that the weakness of this method is the completely 
subjective interpretation of the flow pattern. Therefore, since 
2010, we have quantified this PDA flow pattern using the 
planimetric method of left-to-right flow. This objective index 
was used as the criterion of stabilization, in which the sur-
gery can be performed safely.

The purpose of the present study was to validate our deci-
sion protocol for the timing of surgery for CDH.

Methods

Patients

This retrospective comparative study using a historical 
cohort was conducted at a single tertiary referral center, 
from January 2007 to March 2020. Infants with a prena-
tal diagnosis of isolated CDH were included in this study. 
The patients with chromosomal anomaly and severe cardiac 
malformations were excluded. The patients requiring sup-
port with extracorporeal membrane oxygenation (ECMO) 
were also excluded, because PDA flow cannot be precisely 
assessed under ECMO circulation.

Preoperative management

All patients were treated with the same strategy soon after 
birth. All were delivered via cesarean section, except for six 
infants who were delivered vaginally. The neonates were 
intubated in the delivery room and immediately transferred 
to the intensive-care unit. The first ventilator strategy used 
was the conventional method (Babylog VN500, Drägerwerk 
AG & Co., Lübeck, Germany), and high-frequency oscilla-
tion (Humming V, Metran Co., Ltd. Co., Kawaguchi, Japan) 
was used as the second line. Sedation was achieved with 
morphine and midazolam, and we tried to minimize the use 
of muscle-paralyzing agents. Persistent PH was evaluated 
by echocardiography and was managed mainly by nitric 
oxide inhalation. ECMO was used in patients who failed to 
respond to conventional therapy. Patients underwent surgical 
repair only after respiratory and hemodynamic stabilization 
had been achieved. Exogenous surfactant therapy was not 
routinely applied. Extubation was performed after appropri-
ate weaning from ventilatory support.

Quantification of PDA flow

Echocardiographic examinations (Vivid S6, GE Healthcare, 
Chicago, USA) were performed daily after birth by a pedi-
atric cardiologist or a neonatologist. Doppler samples of 
PDA flow were obtained using two-dimensional echocardio-
graphic imaging. The velocity–time integral (VTI) of each 
of the left-to-right and right-to-left flows was calculated. 
We defined the LR ratio as the percentage of VTI of the 
left-to-right flow of PDA against the overall VTI consisting 
of left-to-right and right-to-left flows (Fig. 1). The LR ratio 
of > 50% was considered as “left-to-right dominant.” When 
the PDA had already been closed, the LR ratio was set at 
100% for the purpose of convenience.

Risk stratification by postnatal parameters

The Japanese Congenital Diaphragmatic Hernia Study 
Group proposed a postnatal risk stratification system using 
the 1-min Apgar score and the best oxygenation index within 
24 h after birth (Table 1) [12]. This classification predicts 
mortality well by simple prognostic factors. The 90-day sur-
vival rates in categories 1, 2, and 3 were found to be 100, 
88, and 52%, respectively. All patients were classified into 
categories 1–3 and were evaluated the change of LR ratio 
according to these categories.

Timing of surgery

During the period from 2007 to 2009, the timing of sur-
gery was subjectively determined by the attending phy-
sician. All factors, including blood pressure, pre-ductal 
and post-ductal oxygen saturation, and urinary output, 
might be considered. Since 2010, we have followed a strict 

Fig. 1  Quantification of patent ductus arteriosus (PDA) flow. The LR 
ratio is defined as the percentage of velocity–time integral (VTI) of 
the left-to-right (LR) flow of PDA against the overall VTI containing 
the LR and right-to-left (RL) flows on echocardiography
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protocol for the timing of surgery, that is, to perform sur-
gery as soon as possible after the LR ratio exceeded 50%.

Comparison between protocol and historical control 
groups

The patients were divided into the following two groups 
according to the timing of their surgery: the control group 
consisting of patients who underwent surgery between 
2007 and 2009 and those whose timing of surgery was 
judged subjectively, and the protocol group, consisting of 
patients who underwent surgery between 2010 and 2020 
using the surgical criterion of LR ratio > 50%.

The following factors were extracted from the medical 
records: background information including gestational age 
and birth weight; Kitano group, a prenatal severity grade 
that includes the liver and stomach positions [13]; post-
natal category; the size of the diaphragmatic defect [14]; 
timing of surgery; echocardiographic factors including LR 
ratio; and outcome, including the rate of acute worsening 
of PH within 24 h after surgery, duration of tracheal intu-
bation, and survival rate at 90 days of age.

Statistical analyses

The summary statistics were determined using frequencies 
and proportions for categorical data and means ± stand-
ard deviations, if appropriate, for continuous variables. 
Univariate analyses were performed using the t test for 
continuous variables and Fisher’s exact test for categori-
cal variables. P < 0.05 was defined as statistically sig-
nificant. All statistical analyses were performed using 
EZR (Saitama Medical Center, Jichi Medical University, 
Saitama, Japan), which is designed for the R statistical 
package. More precisely, it is a modified version of the R 
commander designed to add statistical functions frequently 
used in biostatistics [15].

Results

Patients

A total of 51 infants were born with CDH and received treat-
ment at our institution. Patients with chromosome abnor-
malities (n = 1), severe cardiac anomalies (n = 5), and other 
severe anomalies (n = 8), and those requiring extracorporeal 
membrane oxygenation (n = 8) were excluded. A total of 29 
patients were included in the present study and were dichoto-
mized into the control (n = 9) and protocol (n = 20) groups.

Change in LR ratio

The daily changes in the LR ratio in each case are shown in 
Fig. 2. The end of the polygonal line represented the tim-
ing of surgery, but one patient (with an asterisk in Fig. 2b) 
underwent surgery at 24 days of age. In non-severe cases 
assigned to Category 1 (n = 21), the LR ratio increased 
immediately after birth (Fig. 2a). All of the non-severe cases 
had an LR ratio of > 50% until 2 days of age (Table 2). PDA 
was closed until the surgery in 5 cases (24% of non-severe 
cases). In severe cases assigned to Category 2 or 3 (n = 8), 
the LR ratio increased over time (Fig. 2b). It took 4 days 
after birth to obtain an LR ratio of > 50% in all severe cases. 

Table 1  Postnatal risk stratification system for congenital diaphrag-
matic hernia

Ap1 Apgar score at 1 min; OI oxygenation index
This table has been adapted from Terui et al. [12]

Definition

Category 0 No need for respiratory care within 24 h after birth
Category 1 Neither Ap1 of 0–4 nor best OI ≥ 8.0
Category 2 Either Ap1 of 0–4 or best OI ≥ 8.0
Category 3 Both Ap1 of 0–4 and best OI ≥ 8.0
Category 4 No OI due to death prior to intubation (including 

fetal death and dead birth)

Fig. 2  Daily changes in the LR ratio in each case. a Non-severe cases 
are assigned to Category 1 (n = 19). b Severe cases were assigned to 
Category 2 or 3 (n = 8). The end of the polygonal line representing 
the timing of surgery, but one patient (asterisk) underwent surgery at 
24 days of age. Two patients are dead (†)
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In three cases assigned to Categories 2–3, the LR ratio that 
had once reached > 50% peaked out. Two out of these three 
patients died from persistent PH († in Fig. 2b).

The age of achieving the LR ratio of > 50% was sig-
nificantly different between the groups (Category 1: 
0.5 ± 0.7 days vs. Categories 2–3: 1.4 ± 1.4 days, p = 0.03 
(Fig. 3a). The age of surgery was also significantly different 
between the groups (Category 1: 1.1 ± 1.0 days vs. Catego-
ries 2–3: 5.4 ± 7.6 days, p = 0.02) (Fig. 3b).

Comparison between the control and protocol 
groups

Demographic data, severity grade, clinical parameters, and 
outcomes were compared between the control and protocol 
groups (Table 2). Although the gestational age showed no 
statistical difference between the two groups, birth weight 
was lower in the protocol group than in the control group. 
There was no difference in the severity grade between the 
prenatal and postnatal states in both groups. Age at surgery 
was 4.3 ± 7.3 and 1.6 ± 1.3 days in the control and protocol 

groups, respectively (p = 0.11). In the protocol group, sur-
gery was performed in 55% of the patients at the first day 
of achieving an LR ratio of > 50%, and, in 90% of patients, 
surgery was performed at the following day after the day 
of achieving an LR ratio of > 50%. The LR ratio at each 
postnatal time was not significantly different in the proto-
col and control groups. The rates of acute worsening of PH 
within 24 h after surgery were not different between the 
groups (22.2% vs. 10.0%, p = 0.57). The survival rate was 
not significantly different between the two groups, as well 
(88.9% vs. 95.0%, p = 0.53). The protocol group had a sig-
nificantly shorter duration of tracheal intubation (26.9 ± 21.1 
vs. 13.3 ± 9.5 days, p = 0.03) (Table 3).

Discussion

The principal finding of this study is that the proposed cri-
terion of performing surgery when the LR ratio of > 50% is 
achieved did not worsen the treatment outcome or increase 
the incidence of adverse events. Furthermore, the duration 
of respiratory care, especially after the surgery, was short-
ened significantly. We considered that the optimal timing of 
repairing CDH causes early improvement of pulmonary and 
cardiac functions. Delaying surgery is a broadly accepted 
policy, because neonatal PH typically improves with time 
[16]. Meanwhile, the affected lung of CDH patients con-
tinues to be compressed by the herniated viscera. A release 
from this compression may result in an increased area of 
gas exchange and the volume of the pulmonary vascular 
bed. Although the former effect is trivial, especially in a 
hypoplastic lung, the latter is indispensable; the increase 
in pulmonary vascular bed volume results in increased left 
ventricle diastolic performance, consequently leading to 
improvement in the left cardiac function and relief of PH. 
In fact, especially in severe CDH patients, an excessive 
delay of surgery carries the risk of worsening of PH due 
to the limited pulmonary vascular bed and prolonged dias-
tolic left-ventricular failure [9, 10]. We also experienced 
a similar case in a patient who had once achieved an LR 
ratio of > 50% at 1 day of age, but did not maintain a > 50% 
LR ratio from 2 days of age (the patient is marked with an 
asterisk in Fig. 3b). The patient finally underwent surgery at 
24 days of age, but she died at 65 days of age from respira-
tory failure. In retrospect, we missed the chance of perform-
ing the surgery, and should not have postponed the surgery 
unnecessarily. To avoid errors in judgment, it is crucial to 
know the details of PH status over time.

Deeney et al. based on a similar concept, reported that the 
use of a protocol, requiring that the echocardiogram-esti-
mated PAP should decrease to < 80% of the systemic blood 
pressure before surgery, was associated with a significant 
reduction in acute postoperative clinical decompensation 

Table 2  Comparison of achievement of the LR ratio of > 50% across 
the different categories

LR ratio, the percentage of velocity–time integral (VTI) of the left-
to-right (LR) flow of patent ductus arteriosus against the overall VTI 
containing the LR and right-to-left (RL) flows by echocardiography

The number of cases achieving the LR ratio 
of > 50%

Category 1 (n = 21) Category 2 − 3 
(n = 8)

Day 0 13 (61.9%) 2 (25.0%)
Day 1 6 (28.6%) 4 (50.0%)
Day 2 2 (9.5%) 0 (0.0%)
Day 3 0 (0.0%) 1 (12.5%)
Day 4 0 (0.0%) 1 (12.5%)

Fig. 3  Comparison of the median age of achieving the LR ratio 
of > 50% (a) and the median age of surgery (b) between non-severe 
(Category 1) and severe cases (Category 2 or 3). The patient who 
underwent surgery at 24 days of age is plotted outside the area
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[17]. Although the main result was similar to that of our 
study, the age of surgery was completely different between 
the two studies. In Deeney et al.’s protocol group and the 
control group, the mean age at surgery was 6.8 days and 
5.2 days, respectively. However, in our study, the infants 
in the protocol group were younger at the time of surgery 
compared to those in the control group (1.6 days in the pro-
tocol group and 4.3 days in the control group). Furthermore, 
ventilation time was not significantly different between the 
two groups in Deeney et al.’s study, which might be because 
Deeney et al.’s criteria for the surgery were stricter than 
ours. Although either strategy may work in almost all CDH 
patients, we emphasize the risk of missing the optimal tim-
ing of surgery. Therefore, the LR ratio is more suitable to 
pursue our original concept, in which the surgery should 
be performed as soon as possible without excessive delays.

The most precise method for estimating PH is by per-
forming a catheterization study. Practically, ultrasonic echo-
cardiography is broadly applied because of its convenience. 
Ultrasonic echocardiography permits repeated bedside test-
ing. Most commonly, systolic pulmonary artery pressure 
(PAP) can be estimated in the following manner: (1) tri-
cuspid regurgitation pressure gradient (TRPG), measured 
from the tricuspid regurgitant velocity (TRV) with the use 
of the modified Bernoulli’s equation; (2) right-ventricular 
systolic pressure (RVSP) calculated by adding TRPG to the 
estimated right atrial pressure (RAP); (3) RVSP can be taken 
as systolic PAP, provided that the patient has no stenoses in 
the right-ventricular outflow or pulmonary valve; and (4) the 
configuration of the right ventricle and ventricular septum, 

thickness of the right-ventricular wall, and the diameter of 
the inferior vena cava were also evaluated simultaneously 
[18]. This method is highly standardized and broadly used 
for the screening of PH [17, 19], but it has some limitations: 
(1) all estimations are based on the absolute value of flow 
velocity; therefore, measurement error can occur due to the 
trivial changes in the angle or the area of measurement; (2) 
situations such as the presence of patent foramen ovale and 
septal defect increase the complexity; and (3) for patients 
with right cardiac failure, PH cannot be estimated because of 
decreased cardiac output and pulmonary artery flow. On the 
other hand, the LR ratio has the following advantages: (1) 
measurement is easily performed with ultrasonic echocardi-
ography without any particular calculation; (2) measurement 
error can be minimized, because relative values, not absolute 
values, are used; (3) right-to-left shunt, which is the worst 
situation, can be clearly manifested; and (4) LR ratio rep-
resents a balance between the left-to-right and right-to-left 
shunts, reflecting not only PH but also systemic blood pres-
sure. These advantages enabled us to easily share the recent 
status in real time with each member of the medical care 
team. Furthermore, this may be a useful parameter when 
the preoperative status is discussed among several medical 
teams. Although not observed in our cohort, there may exist 
rare cases in which the LR ratio could never exceed 50% 
within a week. Stabilization will probably not improve PH 
in such cases, and the indication of surgery on an ECMO 
standby must be discussed. During the target period, there 
were three cases of inducted ECMO therapy. Their first LR 
ratios were 17.5%, 23.5%, and 33.4%. Because all of them 

Table 3  Comparisons of 
preoperative conditions and 
outcomes between the control 
and protocol groups

Postoperative PH attack, acute worsening of pulmonary hypertension within 24 h after surgery

Control group (n = 9) Protocol group (n = 20) P value

Gestational age at birth (weeks) 37.7 ± 1.1 37.6 ± 0.8 0.77
Birth weight (g) 2,679 ± 426 2,439 ± 283 0.09
Gestational age at diagnosis (weeks) 30.9 ± 4.4 27.6 ± 5.8 0.14
Kitano group (I/II/III) 8/0/0 15/3/2 0.57
Category group (1/2/3) 5/4/0 16/3/1 0.23
Defect size (A/B/C/D) 3/5/1/0 8/7/5/0 0.67
Closure (direct/patch) 8/1 13/7 0.37
Age at surgery (days) 4.3 ± 7.3 1.6 ± 1.3 0.11
LR ratio (%)
 Day 0 47.7 ± 17.2 51.8 ± 25.6 0.66
 Day 1 68.6 ± 10.0 60.5 ± 29.1 0.43
 Day 2 82.6 ± 15.2 70.0 ± 31.9 0.54
 Day 3 60.3 ± 22.2 77.7 ± 29.7 0.38

Outcomes
 90-day survival (%) 88.9 95.0 0.53
 Postoperative PH attack (%) 22.2 10.0 0.57
 Ventilation time (days) 26.9 ± 21.1 13.3 ± 9.5 0.03
 Ventilation time after surgery (days) 25.0 ± 20.8 12.1 ± 9.0 0.03
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were inducted ECMO on the first day, the change in the LR 
ratio was unclear.

The CDH EURO Consortium Consensus proposed the 
following factors for the indication of the surgery: mean 
arterial blood pressure should be normal for gestational age, 
pre ductal saturation levels of 85–95% on  FiO2 < 50%, lac-
tate levels < 3 mmol/l, and urine output > 1 ml/kg/h [5]. In 
the protocol group of our cohort, the patients’ preoperative 
status met these criteria, except  FiO2 (data not shown). We 
may need to manage the patients with higher  FiO2 to obtain 
a better LR ratio. Our protocol should include a higher limit 
for the level of  FiO2 when assessing the LR ratio.

The current study has several limitations. First, our work 
had a retrospective design with a relatively small number of 
patients included. Second, we also performed a compara-
tive analysis using a historical cohort, although we did not 
change our treatment for CDH during the study period. Fur-
ther prospective studies to validate our protocol are needed.

In conclusion, our decision criterion of using the LR 
ratio > 50% for the surgery of CDH facilitates early and safe 
surgery. This criterion may be useful to avoid missing the 
optimal timing of surgery, especially in severe cases.
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