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patterns and see different volumes of patients, are important to
understand the range of care CDH patients receive.

In total, 8279 patients were in the database as of June 2014. The
vast majority are neonates (7998; 96.6%), although 281 patients
were late presenters. Overall mortality since 1995 is shown in Fig. 1.

3. Evolution of data collection

Since inception, there have been three versions of specific data
collection. There is a continual evaluation of the data being
collected, with a constant and intentional effort to focus data
collection based on pertinent, timely clinical questions. The infor-
mation captured included basic demographics, prenatal evaluation,
associated anomalies, pharmacologic/critical care/surgical man-
agement, and clinical outcome. Version 1 (1995e2001) focused on
defining the problem including medications being used, ventilator
strategies, and use of extracorporeal membrane oxygenation
(ECMO). Version 2 (2001e2006) focused on method of delivery,
oxygen/carbon dioxide values, discharge oxygen/nutritional status,
and elaboration of cardiac anomaly association. Version 3
(2006e2014) focused on classifying the size of the defect using a
standardized classification scheme and its relation to outcome. This
version also captured reasons for not repairing the diaphragm.
Finally, severity of pulmonary hypertension was an additional area
of focus, including descriptive andmanagement data. Version 4will
be designed to capture increased information on prenatal diag-
nosis, including ultrasonographic and fetal magnetic resonance
imaging parameters. There are also plans to create a follow-up
registry that would include neurodevelopment, pulmonary func-
tion, and nutritional status.

4. Reports from the CDHSG 1995e2008

During this period, 15 reports were generated using the data
collected by the CDHSG. The publications fell into three broad
categories: (1) those using specific data to predict outcome; (2)
those describing associated anomalies or rare defects/clinical sce-
narios; and (3) those assessing the outcomes of specific therapies.
An overview of the results from these publications was compiled in
a review article published in 2008 [1].

One of the initial reports from the CDHSG defined the surgical
management approach at that time [2]. Based on 2 years of data
collection, including 461 patients, they reported that delayed sur-
gical repair (mean age at surgery was 73 h) had become generally
accepted, that 51% of repaired patients required a patch (poly-
tetrafluoroethylene) was the most common material), and that
overall survival was 63%. The overall survival of patients requiring
ECMO was 54%. Interestingly, 15% of the patients went unrepaired,

identifying a subset of challenging patients and highlighting the
potentially subjective nature of center variation.

In 2001, data obtained at birth were used to stratify risk and
predict outcome [3]. More than one thousand patients from 71
institutions were included to determine whether variables
collected at birth could be used to assess potential mortality. A
multivariate analysis of the first 322 patients identified that birth
weight and 5 min Apgar score correlated most strongly with sur-
vival. This was used to create an equation, subsequently validated
with 673 patients, and used to stratify patients into groups that
correlated with mortality.

Early arterial blood gas analysis was also evaluated for the
ability to accurately and easily predict survival [4]. The highest PaO2
minus the highest PCO2 (WHSRPF) was developed from institutional
data and validated against CDHSG data. Despite a reasonable ability
to predict outcome, an area under the curve of 0.79, and generally
compelling data, the model did not have sufficient clinical accuracy
and further evaluation was recommended.

One of the strengths of the multi-institutional collaborative
contribution is the ability to identify the incidence and outcome of
rare anomalies associated with CDH. Fryns syndrome was identi-
fied in 1.3% of infants with CDH [5]. The association was found to
have a high mortality, with only 17% survival. Cardiac anomalies
have long been associated with CDH. One study identified that
10.6% of patients with CDH have hemodynamically significant
congenital cardiac disease [6]. Survival was lower for this subset of
patients (41.1%) and those with specific cardiac lesions (uni-
ventricular anatomy) had a particularly poor survival (5.1%). The
incidence of bilateral CDHwas identified as 0.9%, with amortality of
65%, significantly worse than children with a unilateral CDH [7].
Finally, 2.6% of infants born with CDH present after 30 days of life
[8]. These patients with a “late presentation” tended to present
with gastrointestinal symptoms if they had a left-sided defect and
respiratory symptoms with a right-sided defect. Survival among
the late presenters was 100%.

The relationship between the size of the defect and outcome
began to be identified in a study of 9 years of CDHSG data [9].
Among many variables analyzed, size of the defect was determined
to have the greatest impact on survival. At this point in the data
collection, size was defined as agenesis (based on operative
description), non-agenesis requiring a patch, and primary closure.
The odds ratio for mortality associated with diaphragm agenesis
was 14.07 when compared with primary repair. This analysis so-
lidified the concept that defect size and severity of disease were
associated. Further, this prompted the generation of an objective
grading system incorporated into version 3 (Fig. 2). The results of
this data analysis are discussed below.

In 1999, the CDHSG published the first report demonstrating
improved survival among high-risk CDH patients (defined as pre-
dictive mortality !80%) when ECMO was utilized [10]. Overall
survival among patients requiring ECMO was 52.9%, significantly
worse than those not requiring ECMO.

Surfactant was a promising therapy for infants with CDH, given
preclinical data suggesting that CDH and surfactant deficiency were
associated. The CDHSG published three analyses of the use of sur-
factant among infants with CDH. The first study evaluated 522 in-
fants with CDH, including 122 treated with exogenous surfactant
[11]. Those treated with surfactant were more likely to require
ECMO and had a higher mortality. No evidence of benefit was
identified. Two additional studies attempted to identify a subset of
CDH patients that may benefit from surfactant therapy. Analyses of
both preterm CDH infants [12] and those requiring ECMO [13]
(presumably a subset with an expected higher morbidity and
mortality) failed to identify any significant difference between
treated and untreated patients.Fig. 1. Congenital Diaphragmatic Hernia Study Group overall mortality by year.
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A cohort of patients from the CDHSG was analyzed, along with a
small group of CDH patients enrolled in a prospective trial, to
determine whether prenatal corticosteroids held promise as a
treatment strategy among prenatal infants with CDH [14]. No dif-
ferences in survival, liberation from mechanical ventilation, inpa-
tient length of stay, or oxygen requirement at 30 days were
identified.

Mode of delivery was evaluated as a potentially significant
management decision among patients with CDH [15]. Elective ce-
sarean delivery, induced vaginal delivery, and spontaneous vaginal
delivery were compared and no difference in survival was identi-
fied. Again, limitations of these data were acknowledged and
further prospective studies recommended.

5. Reports from the CDHSG 2008e2014

Over the last 6 years, there have been 12 publications using the
CDHSG data. These publications addressed questions about staging
and standardized reporting, survival and long-term morbidity,
associated defects and complications, specific patient populations,
as well as interventions such as ECMO and minimally invasive
repair.

The development of a standardized reporting system [16] for
this heterogeneous disease allowed surgeons to objectively classify
and stage an individual patient based on defect size (Fig. 2) and
presence or absence of a major cardiac anomaly. As previously
mentioned, version 3 of the data collection included the classifi-
cation of the defect size into four types (AeD) where an “A” defect
is a small defect able to be easily repaired primarily, and a “D”
defect is diaphragmatic agenesis (Fig. 2). Nearly 2000 infants were
evaluated and grouped into five stages (plus a group for non-repair)

based upon the size of the diaphragmatic defect and the presence
of a severe cardiac anomaly. These variables were the most signif-
icant and objectively captured risk factors affecting mortality in the
model. The proposed staging system and survival based on stage
are shown in Table 1. Patient survival is 99% for stage I, 96% stage II,
78% stage III, 58% stage IV, 39% stage V, and 0% for non-repair.

In a separate study, defect size alone was found to correlate with
mortality and presence of associated anomalies. Over a 4-year
period, 1350 patients entered into the registry had defect classifi-
cation, including 173 A, 557 B, 438 C, and 182 D [17]. Mortality rate
was 0.6% (A), 5.3% (B), 22.6% (C), and 45.6% (D). There was an in-
crease in the prevalence of associated anomalies and number of
abnormal systems as the defect size increased. Table 2 shows the
significant differences identified between the four defect size
groups.

The outcome of the premature infant with CDH was reported in
2010 [18]. More than 5000 infants (including 1127 preterm infants),

Fig. 2. Diaphragm defect classification scheme; introduced in version 3 (reproduced with permission from Elsevier).

Table 1
Proposed staging system and survival for infants with congenital diaphragmatic
hernia.

Stage Defect Major cardiac
anomaly

n Died Survived Group
survival

Stage
survival

I A 164 1 163 99% 99%
II A þ 8 1 7 88% 96%
II B 572 21 551 96%
III B þ 18 6 12 67% 78%
III C 372 81 291 78%
IV C þ 27 12 15 56% 58%
IV D 144 60 84 58%
V D þ 18 11 7 39% 39%

Reproduced with permission from Elsevier.
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between control and CDH groups at the level of pEC50

(6.49 ± 0.01 and 6.55 ± 0.02, respectively) and maximal
response (Emax: 101.27 ± 0.76 and 100.09 ± 0.01,

respectively). These findings indicate that the intervention

or presence of CDH does not affect the systemic
vasculatures.

Functional studies in the left pulmonary artery

Acetylcholine (ACh) is a nitric oxide (NO) donor that

requires an intact endothelium to mediate vascular smooth
muscle relaxation. Cumulative addition of ACh

(0.001–10 lM) in the left pulmonary artery produced con-

centration-dependent relaxations in control group. However,
ACh-induced relaxations in CDHwere significantly reduced

when comparedwith control group (p\ 0.05), as detected at

the level of maximal responses (Fig. 3).
Sodium nitroprusside (SNP) is a NO donor that does not

require an intact endothelium to produce vascular smooth

muscle relaxations. Cumulative addition of SNP
(0.0001–10 lM) produced concentration-dependent relax-

ations in the pulmonary artery that did not significantly
differ between control and CDH groups (Fig. 3).

Figure 4 shows the contraction–response curves to PE

(0.001–10 lM) in the left pulmonary artery. In CDH
group, PE produced greater contractions (p\ 0.05) com-

pared with control group, as evaluated at the level of pEC50

and Emax. In control group without endothelium, PE also
produced greater concentration-dependent contractions in a

similar fashion with CDH group.

Discussion

Pulmonary hypertension is a major cause of morbidity and

mortality in CDH. Beyond the neonatal period, infants and

children with repaired CDH exhibit increased pulmonary
vascular resistance [17]. In our study, we observed that the

surgical intervention and creation of CDH did not affect the

systemic vascular reactivity, with the abnormalities limited
to the pulmonary vessels. We observed that the left pul-

monary artery of rabbit fetuses with CDH had increased

contractile responses and impaired endothelium-mediated
relaxations.

Endothelium mediates relaxation by production of NO
which is a direct smooth muscle relaxant. The endothelium

Fig. 2 a Lung of control group. b Lung with CDH. The histology showed decrease in airspace with pulmonary hypoplasia in CDH group

Fig. 3 a Concentration–response curves to acetylcholine (ACh) and
to b sodium nitroprusside (SNP) in the left pulmonary arteries of
control and CDH rabbits. Data represent mean ± standard error of the

mean for 5–8 experiments. CTL: E? control with endothelium, CDH
congenital diaphragmatic hernia

Pediatr Surg Int

123
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Abnormal pulmonary vasculature in CDH

YAMATAKA AND PURI 

Fig 5. (A) VVG stain. Pulmonary artery (ED, 250 to 300 pm) in patients with CDH complicated by PPH. The media (arrowhead) and adventitia 
(arrow) is significantly increased in size IX 1251. (B) lmmunostaining for ASMA in CDH lung. The media of pulmonary artery detected ASMA 
immunoreactivity (arrowhead, X 125). ICI VVG stain. Pulmonary artery (ED, 250 to 300 pm) in SIDS patient (x 125). IEL (arrowhead) and external 
elastic EEL (arrow) are traced clearly in this staining. (D) lmmunostaining for ASMA in SIDS lung. The media of pulmonary artery detected ASMA 
immunoreactivity (arrowhead, x 125). 

rigid arterial wall better suited to resist the higher in addition to changes in arterial media, increased adven- 
intraarterial pressure. l4 Previously reported structural titial thickness is a consistent feature of PPH in CDH 
changes in the pulmonary vascular bed in CDH have been patients, and these adventitial changes occur in large as 
mainly in arterial media.1,5-7 The present study shows that well as in small pulmonary arteries. 
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patterns and see different volumes of patients, are important to
understand the range of care CDH patients receive.

In total, 8279 patients were in the database as of June 2014. The
vast majority are neonates (7998; 96.6%), although 281 patients
were late presenters. Overall mortality since 1995 is shown in Fig. 1.

3. Evolution of data collection

Since inception, there have been three versions of specific data
collection. There is a continual evaluation of the data being
collected, with a constant and intentional effort to focus data
collection based on pertinent, timely clinical questions. The infor-
mation captured included basic demographics, prenatal evaluation,
associated anomalies, pharmacologic/critical care/surgical man-
agement, and clinical outcome. Version 1 (1995e2001) focused on
defining the problem including medications being used, ventilator
strategies, and use of extracorporeal membrane oxygenation
(ECMO). Version 2 (2001e2006) focused on method of delivery,
oxygen/carbon dioxide values, discharge oxygen/nutritional status,
and elaboration of cardiac anomaly association. Version 3
(2006e2014) focused on classifying the size of the defect using a
standardized classification scheme and its relation to outcome. This
version also captured reasons for not repairing the diaphragm.
Finally, severity of pulmonary hypertension was an additional area
of focus, including descriptive andmanagement data. Version 4will
be designed to capture increased information on prenatal diag-
nosis, including ultrasonographic and fetal magnetic resonance
imaging parameters. There are also plans to create a follow-up
registry that would include neurodevelopment, pulmonary func-
tion, and nutritional status.

4. Reports from the CDHSG 1995e2008

During this period, 15 reports were generated using the data
collected by the CDHSG. The publications fell into three broad
categories: (1) those using specific data to predict outcome; (2)
those describing associated anomalies or rare defects/clinical sce-
narios; and (3) those assessing the outcomes of specific therapies.
An overview of the results from these publications was compiled in
a review article published in 2008 [1].

One of the initial reports from the CDHSG defined the surgical
management approach at that time [2]. Based on 2 years of data
collection, including 461 patients, they reported that delayed sur-
gical repair (mean age at surgery was 73 h) had become generally
accepted, that 51% of repaired patients required a patch (poly-
tetrafluoroethylene) was the most common material), and that
overall survival was 63%. The overall survival of patients requiring
ECMO was 54%. Interestingly, 15% of the patients went unrepaired,

identifying a subset of challenging patients and highlighting the
potentially subjective nature of center variation.

In 2001, data obtained at birth were used to stratify risk and
predict outcome [3]. More than one thousand patients from 71
institutions were included to determine whether variables
collected at birth could be used to assess potential mortality. A
multivariate analysis of the first 322 patients identified that birth
weight and 5 min Apgar score correlated most strongly with sur-
vival. This was used to create an equation, subsequently validated
with 673 patients, and used to stratify patients into groups that
correlated with mortality.

Early arterial blood gas analysis was also evaluated for the
ability to accurately and easily predict survival [4]. The highest PaO2
minus the highest PCO2 (WHSRPF) was developed from institutional
data and validated against CDHSG data. Despite a reasonable ability
to predict outcome, an area under the curve of 0.79, and generally
compelling data, the model did not have sufficient clinical accuracy
and further evaluation was recommended.

One of the strengths of the multi-institutional collaborative
contribution is the ability to identify the incidence and outcome of
rare anomalies associated with CDH. Fryns syndrome was identi-
fied in 1.3% of infants with CDH [5]. The association was found to
have a high mortality, with only 17% survival. Cardiac anomalies
have long been associated with CDH. One study identified that
10.6% of patients with CDH have hemodynamically significant
congenital cardiac disease [6]. Survival was lower for this subset of
patients (41.1%) and those with specific cardiac lesions (uni-
ventricular anatomy) had a particularly poor survival (5.1%). The
incidence of bilateral CDHwas identified as 0.9%, with amortality of
65%, significantly worse than children with a unilateral CDH [7].
Finally, 2.6% of infants born with CDH present after 30 days of life
[8]. These patients with a “late presentation” tended to present
with gastrointestinal symptoms if they had a left-sided defect and
respiratory symptoms with a right-sided defect. Survival among
the late presenters was 100%.

The relationship between the size of the defect and outcome
began to be identified in a study of 9 years of CDHSG data [9].
Among many variables analyzed, size of the defect was determined
to have the greatest impact on survival. At this point in the data
collection, size was defined as agenesis (based on operative
description), non-agenesis requiring a patch, and primary closure.
The odds ratio for mortality associated with diaphragm agenesis
was 14.07 when compared with primary repair. This analysis so-
lidified the concept that defect size and severity of disease were
associated. Further, this prompted the generation of an objective
grading system incorporated into version 3 (Fig. 2). The results of
this data analysis are discussed below.

In 1999, the CDHSG published the first report demonstrating
improved survival among high-risk CDH patients (defined as pre-
dictive mortality !80%) when ECMO was utilized [10]. Overall
survival among patients requiring ECMO was 52.9%, significantly
worse than those not requiring ECMO.

Surfactant was a promising therapy for infants with CDH, given
preclinical data suggesting that CDH and surfactant deficiency were
associated. The CDHSG published three analyses of the use of sur-
factant among infants with CDH. The first study evaluated 522 in-
fants with CDH, including 122 treated with exogenous surfactant
[11]. Those treated with surfactant were more likely to require
ECMO and had a higher mortality. No evidence of benefit was
identified. Two additional studies attempted to identify a subset of
CDH patients that may benefit from surfactant therapy. Analyses of
both preterm CDH infants [12] and those requiring ECMO [13]
(presumably a subset with an expected higher morbidity and
mortality) failed to identify any significant difference between
treated and untreated patients.Fig. 1. Congenital Diaphragmatic Hernia Study Group overall mortality by year.
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A cohort of patients from the CDHSG was analyzed, along with a
small group of CDH patients enrolled in a prospective trial, to
determine whether prenatal corticosteroids held promise as a
treatment strategy among prenatal infants with CDH [14]. No dif-
ferences in survival, liberation from mechanical ventilation, inpa-
tient length of stay, or oxygen requirement at 30 days were
identified.

Mode of delivery was evaluated as a potentially significant
management decision among patients with CDH [15]. Elective ce-
sarean delivery, induced vaginal delivery, and spontaneous vaginal
delivery were compared and no difference in survival was identi-
fied. Again, limitations of these data were acknowledged and
further prospective studies recommended.

5. Reports from the CDHSG 2008e2014

Over the last 6 years, there have been 12 publications using the
CDHSG data. These publications addressed questions about staging
and standardized reporting, survival and long-term morbidity,
associated defects and complications, specific patient populations,
as well as interventions such as ECMO and minimally invasive
repair.

The development of a standardized reporting system [16] for
this heterogeneous disease allowed surgeons to objectively classify
and stage an individual patient based on defect size (Fig. 2) and
presence or absence of a major cardiac anomaly. As previously
mentioned, version 3 of the data collection included the classifi-
cation of the defect size into four types (AeD) where an “A” defect
is a small defect able to be easily repaired primarily, and a “D”
defect is diaphragmatic agenesis (Fig. 2). Nearly 2000 infants were
evaluated and grouped into five stages (plus a group for non-repair)

based upon the size of the diaphragmatic defect and the presence
of a severe cardiac anomaly. These variables were the most signif-
icant and objectively captured risk factors affecting mortality in the
model. The proposed staging system and survival based on stage
are shown in Table 1. Patient survival is 99% for stage I, 96% stage II,
78% stage III, 58% stage IV, 39% stage V, and 0% for non-repair.

In a separate study, defect size alone was found to correlate with
mortality and presence of associated anomalies. Over a 4-year
period, 1350 patients entered into the registry had defect classifi-
cation, including 173 A, 557 B, 438 C, and 182 D [17]. Mortality rate
was 0.6% (A), 5.3% (B), 22.6% (C), and 45.6% (D). There was an in-
crease in the prevalence of associated anomalies and number of
abnormal systems as the defect size increased. Table 2 shows the
significant differences identified between the four defect size
groups.

The outcome of the premature infant with CDH was reported in
2010 [18]. More than 5000 infants (including 1127 preterm infants),

Fig. 2. Diaphragm defect classification scheme; introduced in version 3 (reproduced with permission from Elsevier).

Table 1
Proposed staging system and survival for infants with congenital diaphragmatic
hernia.

Stage Defect Major cardiac
anomaly

n Died Survived Group
survival

Stage
survival

I A 164 1 163 99% 99%
II A þ 8 1 7 88% 96%
II B 572 21 551 96%
III B þ 18 6 12 67% 78%
III C 372 81 291 78%
IV C þ 27 12 15 56% 58%
IV D 144 60 84 58%
V D þ 18 11 7 39% 39%

Reproduced with permission from Elsevier.

M.T. Harting, K.P. Lally / Seminars in Fetal & Neonatal Medicine 19 (2014) 370e375372

”Gentle ventilation” / permissive hypercapnia, HFOV

ECMO

New pulmonary vasodilators (Inhaled nitric oxide)

Neonatus 2019



↑  Pulmonary Vascular Resistance

Abnormal pulmonary vascular structure & function

Right-to-left 
shunting

(atria and PDA) 

Neonatus 2019

HYPOXIA



RV dilatation and hypertrophy in pulmonary hypertension
in LV ejection fraction (LVEF) may also occur,
this appears to be less common. Depressed LVEF
was found in 6% of all lung transplant candidates and
in 20% of those with PAH, with a modest correlation
between RVEF and LVEF. In a series of 10 patients
undergoing lung transplantation, who had combined
right and left ventricular dysfunction, all showed normal-
ization of both ventricles after surgery [10]. Without
effective intervention to lower afterload, the hypertro-

phied RV will progress to further dilate over time and fail,
resulting in diminished end-organ perfusion. The combi-
nation of reduced perfusion with elevated myocardial
oxygen demand and RV wall stress can lead to RV
ischemia in the absence of coronary atherosclerotic
disease [11,12] (Fig. 3).

This pathologic interdependence of the two sides of the
heart serves as the physiological basis for performing atrial

Fig. 1
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Normal cross-sectional view through both ventricles. RV, right ventricle;
LV, left ventricle.
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Control infant – RV RV in PH

• Reduced systolic velocities 

• Loss of diastolic E’ velocity 

* **

Patel et al, Neonatology, 2009
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systolic shortening fraction) and peak systolic SR.23

For timing of contraction the time to peak systolic
strain and SR have been used (beginning of QRS
complex tomaxpeakof strain/SR curve, seefigure 7).
By defining the time of aortic valve closure it is
also possible to determine if peak strain in certain
regions occurs before or after the end of systole.

This may be particularly important for the assess-
ment of dyssynchrony.24

Such computations can be made for radial,
circumferential, and longitudinal function, either
for individual segments, a cut plane or the entire
ventricle (using averaged values). Thus, strain and
SR provide valuable information on both global and
regional systolic and diastolic function and their
timing.

How does 2D speckle tracking work?
STE was introduced by Reisner, Leitman, Friedman,
and Lysyansky in 2004.25 26 It is performed as an
offline analysis from digitally recorded and ECG
triggered cine loops. The algorithm uses speckle
artefacts in the echo image which are generated at
random due to reflections, refraction, and scattering
of echo beams. Such speckles in the LV wall are
tracked throughout the cardiac cycle. Some of these
speckles stay stable during a part of the heart cycle
and can be used as natural acoustic markers for
tagging the myocardial motion during the cardiac
cycle. The post-processing software defines
a ‘cluster of speckles’ (called a ‘kernel’) and follows
this cluster frame to frame (figure 8).1 Detection of
spatial movement of this ‘fingerprint’ during the
heart cycle now allows direct calculation of
Langrangian strain. Tissue velocity is estimated
from the shift of the individual speckles divided by
the time between successive frames. Strain rate can
be calculated from tissue velocity as well (figure 2).
Before strain analysis can be performed, it is essen-
tial to correctly track the endocardial and epicardial
borders of the left ventricle, and thereby correctly
define the region of interest (ROI) (figure 9).
After definition of ROI in the long or short axis
view, the post-processing software automatically
divides the ventricle into six equally distributed

Figure 3 Rotation of left ventricular apex and base during the heart cycle. Rot, rotation;
l, length; diast, diastole; syst, systole; ap, apical; diff, difference.

Figure 4 Apical and basal rotation during heart cycle. Ordinate, rotation in degrees;
abscissa, time.

Figure 5 Different types of left ventricular myocardial wall strains.

Basic principles of 2D speckle tracking
echocardiography (STE): key points

< STE is a novel imaging modality that overcomes
many of the limitations associated with tissue
Doppler imaging.

< STE allows easy assessment of segmental and
global longitudinal, radial, and circumferential
strain and strain rate as well as LV rotation,
torsion, and dyssynchrony.

< Reference values for all LV segments are already
available.

< STE is a valuable tool in evaluating LV systolic
function and provides information on top of
ejection fraction.

< STE also proved useful to investigate LV
diastolic dysfunction.

< Application of STE is limited by image quality,
out-of-plane motion of speckles, lack of clear
cut-off values for clinical decision making, and
software issues (correct definition of ROI, inter-
vendor comparability of values).

718 Heart 2010;96:716e722. doi:10.1136/hrt.2007.141002
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Early Postnatal Ventricular Dysfunction Is Associated with Disease
Severity in Patients with Congenital Diaphragmatic Hernia
Neil Patel, MD1, Anna Claudia Massolo, MD2, Anshuman Paria, MBBS1, Emily J. Stenhouse, MBChB3,

Lindsey Hunter, MRCPCH4, Emma Finlay, BSE4, and Carl F. Davis, FRCS5

Objective To assess patterns of postnatal ventricular function and their relationship to prenatal and postnatal
markers of disease severity in infants with congenital diaphragmatic hernia (CDH).
Study design In this observational case-control study of cardiac function in infants with CDH in the first 5 days
of life, systolic and diastolic function in the right ventricle (RV) and left ventricle (LV) were assessed using speckle
tracking echocardiography-derived global strain and tissue Doppler imaging. Correlation between cardiac function
and prenatal observed:expected total fetal lung volume (TFLV), oxygenation index (OI), duration of intubation, and
hospital length of stay were assessed.
Results All measures of systolic and diastolic function were significantly reduced in the CDH group (n = 25) com-
pared with controls (n = 20) at <48 hours, and were improved by 72-120 hours. LV global systolic longitudinal strain
(GLS) correlated with prenatal TFLV (R2 = 0.32; P = .03), OI (R2 = 0.35; P < .001), duration of intubation (R2 = 0.24;
P = .04), and length of stay (R2 = 0.4; P = .006). Mean (SD) LV GLS at <48 hours was significantly lower in infants
with CDH who did not survive and/or required ECMO compared with those who did not: −11.5 (5.3)% vs −16.9
(5.3)% (P = .02).
Conclusions RV and LV function are impaired in the transitional period in infants with CDH. Early LV systolic
function correlates with prenatal and postnatal markers of clinical disease severity and may be an important de-
terminant of disease severity and therapeutic target in CDH. These findings support regular assessment of cardiac
function in CDH and investigational trials of targeted cardiovascular therapies. (J Pediatr 2018;■■:■■-■■).

C ongenital diaphragmatic hernia (CDH) affects 1 in 6000 live births and is characterized by herniation of the abdomi-
nal contents into the fetal thorax. CDH remains a challenging condition for affected individuals and treating clinical
teams. Despite advances in intensive care and surgical management over the past half-century, CDH continues to cause

significant mortality and morbidity.1,2

Pulmonary hypoplasia and pulmonary hypertension due to abnormal pulmonary vascular development play central roles
in CDH pathophysiology.3-5 There is also increasing recognition that cardiac function may be a key determinant of CDH severity.6

Recent international treatment guidelines highlight the importance of assessing and treating cardiac function in CDH, and ran-
domized controlled trials are currently in progress to assess cardiovascular therapies.7-9 However, a missing piece of the CDH
puzzle has been limited investigation of the timing, nature, and frequency of postnatal cardiac dysfunction in CDH and its re-
lationship to clinical markers of severity.

The advent of modern echocardiographic techniques, including strain analysis using speckle tracking echocardiography (STE)
and tissue Doppler imaging (TDI), allows improved quantitative assessment of global and regional systolic and diastolic function.10,11

Application of these techniques in infants with CDH may help reveal the mechanics of cardiac dysfunction and may have im-
plications for improving clinical management and outcomes. In this study, we aimed to assess patterns of ventricular function
in infants with CDH in the first week of life and to investigate their relationship with prenatal and postnatal measures of disease
severity.

AV Atrioventricular
CDH Congenital diaphragmatic hernia
DINT Duration of intubation
ECMO Extracorporeal membrane

oxygenation
FAC Fractional area change
GCS Global circumferential strain
GLS Global longitudinal strain
GRS Global radial strain
LOS Length of stay
LV Left ventricle
MRI Magnetic resonance imaging

O:E Observed-to-expected
OI Oxygenation index
PAP Pulmonary artery pressure
PDA Patent ductus arteriosus
PFO Patent foramen ovale
RV Right ventricle
RVSPEST Right ventricle estimated peak

systolic pressure
STE Speckle tracking echocardiography
TDI Tissue Doppler imaging
TFLV Total fetal lung volume
VTI Velocity-time integer
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Severe left diaphragmatic hernia limits size of fetal left heart
more than does right diaphragmatic hernia
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ABSTRACT

Objectives To assess whether severity of congenital
diaphragmatic hernia (CDH) correlates with the degree
of left heart hypoplasia and left ventricle (LV) output,
and to determine if factors leading to abnormal fetal
hemodynamics, such as compression and reduced LV
preload, contribute to left heart hypoplasia.

Methods This was a retrospective cross-sectional study
of fetuses at 16–37 weeks’ gestation that were diagnosed
with CDH between 2000 and 2010. Lung-to-head ratio
(LHR), liver position and side of the hernia were
determined from stored ultrasound images. CDH severity
was dichotomized based on LHR and liver position. The
dimensions of mitral (MV) and aortic (AV) valves and
LV were measured, and right and left ventricular outputs
were recorded.

Results In total, 188 fetuses with CDH were included
in the study, 171 with left CDH and 17 with right
CDH. Fetuses with severe left CDH had a smaller MV
(Z = –2.24 ± 1.3 vs –1.33 ± 1.08), AV (Z = –1.39 ± 1.21
vs –0.51 ± 1.05) and LV volume (Z = −4.23 ± −2.71 vs
−2.08 ± 3.15) and had lower LV output (26 ± 10% vs
32 ± 10%) than those with mild CDH. MV and AV in
fetuses with right CDH (MV, Z = –0.83 ± 1.19 and AV,
Z = –0.71 ± 1.07) were larger than those in fetuses with
left CDH, but LV outputs were similarly diminished,
regardless of hernia side. Severe dextroposition and
abnormal liver position were associated independently
with smaller left heart, while LHR was not.

Conclusion The severity of left heart hypoplasia corre-
lates with the severity of CDH. Altered fetal hemody-
namics, leading to decreased LV output, occurs in both

Correspondence to: Dr A. J. Moon-Grady, Fetal Cardiovascular Program, UCSF Benioff Children’s Hospital, 550 16th Street 5th Floor, San
Francisco, CA 94158, USA (e-mail: anita.moongrady@ucsf.edu)
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right- and left-sided CDH, but the additional compressive
effect on the left heart is seen only when the hernia is
left-sided. Improved knowledge of the physiology of this
disease may lead to advances in therapy and better risk
assessment for use in counseling affected families. Copy-
right © 2015 ISUOG. Published by John Wiley & Sons
Ltd.

INTRODUCTION

Left-sided congenital diaphragmatic hernia (CDH) has
been associated with small left heart structures in
utero1–3. There are several theories regarding the etiology
of this finding: (1) it is due to external compression of
the heart by herniated abdominal viscera in the thoracic
cavity1,2; (2) it is due to reduced left heart filling via
distortion of the ductus venosus flow across the foramen
ovale4–6; or (3) it is due to reduced pulmonary blood flow
return to the left heart (secondary to lung hypoplasia).
The common pathway for these latter two mechanisms is
decreased filling of the left ventricle (LV) contributing to
an underdeveloped left heart7.

However, the relationship and pathophysiology
between CDH and left heart hypoplasia in the fetus
remain uncharacterized, and as of yet it has not been
demonstrated clearly that the severity of CDH correlates
with the severity of left heart hypoplasia. Furthermore, it
was shown recently that LV cardiac output is decreased
in CDH fetuses compared with normal fetuses3, but the
mechanism remains uncertain. There are also no pub-
lished data evaluating the effect of right CDH on the fetal
heart.

Although most patients with CDH experience normal-
ization of left heart hypoplasia after birth and CDH repair,

Copyright © 2015 ISUOG. Published by John Wiley & Sons Ltd. ORIGINAL PAPER
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Early Postnatal Ventricular Dysfunction Is Associated with Disease
Severity in Patients with Congenital Diaphragmatic Hernia
Neil Patel, MD1, Anna Claudia Massolo, MD2, Anshuman Paria, MBBS1, Emily J. Stenhouse, MBChB3,

Lindsey Hunter, MRCPCH4, Emma Finlay, BSE4, and Carl F. Davis, FRCS5

Objective To assess patterns of postnatal ventricular function and their relationship to prenatal and postnatal
markers of disease severity in infants with congenital diaphragmatic hernia (CDH).
Study design In this observational case-control study of cardiac function in infants with CDH in the first 5 days
of life, systolic and diastolic function in the right ventricle (RV) and left ventricle (LV) were assessed using speckle
tracking echocardiography-derived global strain and tissue Doppler imaging. Correlation between cardiac function
and prenatal observed:expected total fetal lung volume (TFLV), oxygenation index (OI), duration of intubation, and
hospital length of stay were assessed.
Results All measures of systolic and diastolic function were significantly reduced in the CDH group (n = 25) com-
pared with controls (n = 20) at <48 hours, and were improved by 72-120 hours. LV global systolic longitudinal strain
(GLS) correlated with prenatal TFLV (R2 = 0.32; P = .03), OI (R2 = 0.35; P < .001), duration of intubation (R2 = 0.24;
P = .04), and length of stay (R2 = 0.4; P = .006). Mean (SD) LV GLS at <48 hours was significantly lower in infants
with CDH who did not survive and/or required ECMO compared with those who did not: −11.5 (5.3)% vs −16.9
(5.3)% (P = .02).
Conclusions RV and LV function are impaired in the transitional period in infants with CDH. Early LV systolic
function correlates with prenatal and postnatal markers of clinical disease severity and may be an important de-
terminant of disease severity and therapeutic target in CDH. These findings support regular assessment of cardiac
function in CDH and investigational trials of targeted cardiovascular therapies. (J Pediatr 2018;■■:■■-■■).

C ongenital diaphragmatic hernia (CDH) affects 1 in 6000 live births and is characterized by herniation of the abdomi-
nal contents into the fetal thorax. CDH remains a challenging condition for affected individuals and treating clinical
teams. Despite advances in intensive care and surgical management over the past half-century, CDH continues to cause

significant mortality and morbidity.1,2

Pulmonary hypoplasia and pulmonary hypertension due to abnormal pulmonary vascular development play central roles
in CDH pathophysiology.3-5 There is also increasing recognition that cardiac function may be a key determinant of CDH severity.6

Recent international treatment guidelines highlight the importance of assessing and treating cardiac function in CDH, and ran-
domized controlled trials are currently in progress to assess cardiovascular therapies.7-9 However, a missing piece of the CDH
puzzle has been limited investigation of the timing, nature, and frequency of postnatal cardiac dysfunction in CDH and its re-
lationship to clinical markers of severity.

The advent of modern echocardiographic techniques, including strain analysis using speckle tracking echocardiography (STE)
and tissue Doppler imaging (TDI), allows improved quantitative assessment of global and regional systolic and diastolic function.10,11

Application of these techniques in infants with CDH may help reveal the mechanics of cardiac dysfunction and may have im-
plications for improving clinical management and outcomes. In this study, we aimed to assess patterns of ventricular function
in infants with CDH in the first week of life and to investigate their relationship with prenatal and postnatal measures of disease
severity.
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Associated with outcomes:
• Duration ventilation 
• Length of stay
• Survival
• ECMO 

RV dysfunction in CDH
Initial studies of RV function in CDH demonstrated impaired

global function using the myocardial performance index (MPI), a
time-based composite measure of function.7

Subsequent investigations revealed that RV dysfunction in CDH
is predominantly diastolic in nature. Aggarwal et al.8 observed
increased systolic: diastolic ratio (SDR) in infants with CDH due to
diastolic shortening. Using the technique of pulse wave tissue
Doppler imaging (TDI) to assess regional myocardial velocities in
both systole and diastole we have similarly observed a significant
reduction in early RV diastolic function.9

Of note, RV dysfunction in CDH does not demonstrate a linear
correlation with PAP.10 RV function cannot, therefore, be predicted
from PAP and in the clinical setting should be assessed directly.

Timing and frequency of RV dysfunction in CDH
RV diastolic dysfunction is not present in the fetus but presents

early as afterload increases in transition from placental to post-
natal circulations.11,12 Early RV dysfunction is common; in a cohort
recently studied by ourselves 58% of infants had impaired RV
function in the first 48 h of life (Table 1, previously unpublished
data).

RV diastolic dysfunction appears to improve by 72–96 h of age
but may deteriorate again after surgery.12 This may have important
implications for timing of surgery, as discussed later.

Thereafter, RV function tends to improve with PAP, but may
deteriorate if there is an exacerbation of PH for example at the
time of weaning cardiorespiratory support or sedation, or during
sepsis.

The longer-term natural history of RV dysfunction in CDH
remains unclear, though Egan et al.13 have observed impaired RV
diastolic function in children 5 years after surgical repair.

Clinical significance of RV dysfunction
Severity of early RV diastolic dysfunction in the first 48 h of life

is predictive of mortality and correlates with length of stay and
duration of respiratory support.4,8,12 Pulmonary artery pressure
(PAP) in the first 48 h does not correlate with the same outcomes.
This suggests that in CDH, as in other chronic pulmonary
hypertensive diseases, RV dysfunction rather than PAP is a key
mediator of disease severity and not simply a side effect of
increased PVR.14

RV dilatation, hypertrophy, and dysfunction lead to increased
metabolic demand, while also impacting LV performance, as
discussed below. Biventricular failure contributes a clinical picture
of systemic hypoperfusion, acidosis, and organ dysfunction, which
may threaten survival (Figure 1).

The left ventricle in CDH

The normal left ventricle is elliptical in short axis and narrows
from base to apex, giving a cone-like appearance. It is thicker-
walled than the RV reflecting the higher operating pressures.
During contraction the LV undergoes longitudinal and circum-
ferential shortening, radial thickening, and a twisting action.15

RV and LV interdependence in PH disease
LV and RV function are inseparably related due to their shared

pericardial space, myocardial fibers, and interventricular septum.
In pulmonary hypertensive disease RV dilatation leads to septal
displacement and dysfunction resulting in secondary impairment
of LV function and output.16

LV hypoplasia in left-sided CDH
LV hypoplasia, particularly in left sided (L-CDH) may also be an

important contributor to LV dysfunction in CDH. LV hypoplasia has
been observed in post-mortem and fetal echocardiographic studies
and correlates with fetal lung volume.17,18 Proposed mechanisms
are mechanical compression and reduced fetal LV filling, due to
reduced pulmonary blood flow and altered ductus venosus flow.19

In the fetus LV function is preserved despite relative hypopla-
sia.11,20 However, at birth hypoplasia may predispose to postnatal
dysfunction.

LV dysfunction in CDH
The triad of fetal LV hypoplasia, compression by the dilated RV

and dysfunctional septum, and acute increases in LV preload and
afterload at birth, may create a “perfect storm” for LV dysfunction
in CDH (Figure 1).

Sernich et al. have observed global LV dysfunction, using LV
MPI, in the first 48 h of life in CDH. This was recently confirmed by
Tanaka et al.,21 who also demonstrated the presence of both LV
systolic and diastolic dysfunction on the first day of life.

We similarly observed significant impairment in LV function in
the first 48 h of life in a recent cohort of 33 infants with CDH
(Table 1). In all, 58% had LV dysfunction, predominantly diastolic,
16% had LV dysfunction alone, and 42% had combined RV and LV
dysfunction.

This early LV dysfunction may be transient; function improved
within 72 h in the cohorts studied by ourselves (Figure 2) and
Tanaka et al.21

Clinical significance of LV dysfunction and hypoplasia
LV dysfunction and reduced pulmonary blood flow lead to

reduced LV output and systemic hypotension in CDH. In our
experience early LV dysfunction may be severe enough to threaten
survival.

Table 1
Frequency of myocardial dysfunction in the first 48 h of life in 33 infants with CDH.

n (%) Diastolic dysfunction, n (%) Systolic dysfunction, n (%)

RV dysfunction
19 (58%) 19 (58%) 1 (0.3%)

Septal dysfunction
8 (24%) 7 (21%) 4 (12%)

LV dysfunction
19 (58%) 18 (54%) 10 (30%)

Abbreviations: RV, right ventricle; LV left ventricle.
Myocardial function was assessed using pulse wave tissue Doppler imaging (TDI) to
measure myocardial velocities in the basal RV, LV, and septum. Myocardial
dysfunction was defined as a myocardial velocity o2 SD below normal mean.

Fig. 1. Pathophysiology of early cardiac dysfunction in CDH. Abbreviations: PVR,
pulmonary vascular resistance; SVR systemic vascular resistance; RV, right ven-
tricle; LV, left ventricle.
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therapies, and monitoring of response to these (Figure 4). This
includes guiding the use of cardiovascular drugs, ECMO, and
timing of interventions including surgical repair.

If significant RV dysfunction and symptomatic PH are detected
first-line therapy should aim to reduce afterload with a trial of
pulmonary vasodilator, such as inhaled nitric oxide and/or intra-
venous sildenafil.33 Persistent or severe RV dysfunction may be
additionally targeted with a cardiotrope. Milrinone, a phospho-
diesterase 3 inhibitor, directly improves diastolic (lusitropic)
function and may also have pulmonary vasodilating actions.34

Prostaglandin E1 (PGE1) may also be useful to maintain ductal
patency, creating a “blow-off” valve for the pressure-loaded RV.35

Persistent, severe RV dysfunction with impaired oxygenation may
be an indication for ECMO. If LV function is preserved then veno-
venous (VV) ECMO may suffice.

LV dysfunction and secondary systemic hypotension may be
treated directly with cardiotropes such as milrinone or dobut-
amine, both of which may also treat any coexisting RV dysfunc-
tion.36,37 These agents are also systemic vasodilators and therefore
in theory additionally benefit the failing LV by reducing afterload.
However, systemic vasopressors may conversely have a role in LV

dysfunction too. Norepinephrine, at higher doses, improves sys-
temic blood pressure and left ventricular output in infants with
non-CDH PH.38 Acker et al.39 recently observed improved hemo-
dynamics in infants with CDH and LV dysfunction treated with
vasopressin. The mechanisms of benefit of these systemic vaso-
pressors are unclear, but may be due to improved biventricular
function in response to increased LV afterload.40 Severe LV dys-
function resistant to medical therapy is an indication for veno-
arterial (VA) ECMO.

Assessment of cardiac function may also help guide timing of
surgery. Since RV and LV dysfunction are common in the first days
of life but appear to improve by day 3–4, it is our practice to delay
surgical repair until cardiac function and PAP are optimized. After
surgical repair ongoing assessment of cardiac function and PAP can
assist in guiding optimum timing of weaning cardiorespiratory
support and sedation.

Table 2
Echocardiographic measures of pulmonary artery pressure and cardiac function in CDH.

Technique Description Published data in CDH Limitations

Pulmonary artery pressure estimation
Tricuspid regurgitation
(TR) velocity

Estimation of PAP pressure using peak
TR in modified Bernoulli equation

Persistent elevation of PAP associated with
worse outcome in CDH

TR not always present, or difficult to measure
accurately.

Velocity and direction of
ductal shunt

Doppler assessment of shunt direction
and velocity as measure PAP

Used to estimate PAP in CDH Ductus arteriosus may not be patent. Does
not quantify PAP.

Ventricular function assessment
“Eyeball” of function from
2D loop

Subjective assessment of function
from 2D images

– Subjective, qualitative, and high inter-
observer variability.

Myocardial performance
index (MPI)

Composite measure derived from
ventricular time intervals

Elevated RV and LV MPI in CDH Global measure, highly load dependent, time
consuming.

Pulse wave tissue Doppler
imaging (TDI)

Doppler measure of systolic and
diastolic myocardial velocities

Reduced early diastolic (E0) and systolic (S0)
myocardial velocities in RV and LV in CDH

Degree of load-dependency.
Doppler-angle dependent.

Tricuspid valve inflow
velocities

Doppler assessment of diastolic filling
velocities

Reduced early diastolic (E) filling
velocities in CDH

Assesses diastolic function only. Load and
angle dependent.

RV systolic: diastolic
duration ratio (SDR)

Time interval-based measure of RV
diastolic function

Increased SDR in CDH vs. controls, and
non-survivors vs. survivors

Assesses diastolic function only. Heart rate
and load dependent. Time consuming.

Systolic time intervals and
ratios

Time-based measures of ventricular
function and PAP

Altered time interval ratios indicate systolic
dysfunction in CDH

Assesses systolic function only.
Highly load dependent and time consuming.

Fractional shortening % LV systolic shortening calculated
from M-mode

Reduced on day 1 in CDH LV only (not suitable for RV). Assesses systolic
function only, load dependent.

Strain analysis/speckle-
tracking
echocardiography

Measures myocardial deformation
(lengthening) as measure of function.

Normal strain in fetal CDH. Diastolic LV
strain reduced on first day of life

Advanced technique, requires post-
acquisition analysis with specialized
software.

Fig. 3. Example protocol for timing of cardiac function assessment in CDH. Fig. 4. Targeted approach to cardiovascular therapy in CDH.
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RV dysfunction in CDH
Initial studies of RV function in CDH demonstrated impaired

global function using the myocardial performance index (MPI), a
time-based composite measure of function.7

Subsequent investigations revealed that RV dysfunction in CDH
is predominantly diastolic in nature. Aggarwal et al.8 observed
increased systolic: diastolic ratio (SDR) in infants with CDH due to
diastolic shortening. Using the technique of pulse wave tissue
Doppler imaging (TDI) to assess regional myocardial velocities in
both systole and diastole we have similarly observed a significant
reduction in early RV diastolic function.9

Of note, RV dysfunction in CDH does not demonstrate a linear
correlation with PAP.10 RV function cannot, therefore, be predicted
from PAP and in the clinical setting should be assessed directly.

Timing and frequency of RV dysfunction in CDH
RV diastolic dysfunction is not present in the fetus but presents

early as afterload increases in transition from placental to post-
natal circulations.11,12 Early RV dysfunction is common; in a cohort
recently studied by ourselves 58% of infants had impaired RV
function in the first 48 h of life (Table 1, previously unpublished
data).

RV diastolic dysfunction appears to improve by 72–96 h of age
but may deteriorate again after surgery.12 This may have important
implications for timing of surgery, as discussed later.

Thereafter, RV function tends to improve with PAP, but may
deteriorate if there is an exacerbation of PH for example at the
time of weaning cardiorespiratory support or sedation, or during
sepsis.

The longer-term natural history of RV dysfunction in CDH
remains unclear, though Egan et al.13 have observed impaired RV
diastolic function in children 5 years after surgical repair.

Clinical significance of RV dysfunction
Severity of early RV diastolic dysfunction in the first 48 h of life

is predictive of mortality and correlates with length of stay and
duration of respiratory support.4,8,12 Pulmonary artery pressure
(PAP) in the first 48 h does not correlate with the same outcomes.
This suggests that in CDH, as in other chronic pulmonary
hypertensive diseases, RV dysfunction rather than PAP is a key
mediator of disease severity and not simply a side effect of
increased PVR.14

RV dilatation, hypertrophy, and dysfunction lead to increased
metabolic demand, while also impacting LV performance, as
discussed below. Biventricular failure contributes a clinical picture
of systemic hypoperfusion, acidosis, and organ dysfunction, which
may threaten survival (Figure 1).

The left ventricle in CDH

The normal left ventricle is elliptical in short axis and narrows
from base to apex, giving a cone-like appearance. It is thicker-
walled than the RV reflecting the higher operating pressures.
During contraction the LV undergoes longitudinal and circum-
ferential shortening, radial thickening, and a twisting action.15

RV and LV interdependence in PH disease
LV and RV function are inseparably related due to their shared

pericardial space, myocardial fibers, and interventricular septum.
In pulmonary hypertensive disease RV dilatation leads to septal
displacement and dysfunction resulting in secondary impairment
of LV function and output.16

LV hypoplasia in left-sided CDH
LV hypoplasia, particularly in left sided (L-CDH) may also be an

important contributor to LV dysfunction in CDH. LV hypoplasia has
been observed in post-mortem and fetal echocardiographic studies
and correlates with fetal lung volume.17,18 Proposed mechanisms
are mechanical compression and reduced fetal LV filling, due to
reduced pulmonary blood flow and altered ductus venosus flow.19

In the fetus LV function is preserved despite relative hypopla-
sia.11,20 However, at birth hypoplasia may predispose to postnatal
dysfunction.

LV dysfunction in CDH
The triad of fetal LV hypoplasia, compression by the dilated RV

and dysfunctional septum, and acute increases in LV preload and
afterload at birth, may create a “perfect storm” for LV dysfunction
in CDH (Figure 1).

Sernich et al. have observed global LV dysfunction, using LV
MPI, in the first 48 h of life in CDH. This was recently confirmed by
Tanaka et al.,21 who also demonstrated the presence of both LV
systolic and diastolic dysfunction on the first day of life.

We similarly observed significant impairment in LV function in
the first 48 h of life in a recent cohort of 33 infants with CDH
(Table 1). In all, 58% had LV dysfunction, predominantly diastolic,
16% had LV dysfunction alone, and 42% had combined RV and LV
dysfunction.

This early LV dysfunction may be transient; function improved
within 72 h in the cohorts studied by ourselves (Figure 2) and
Tanaka et al.21

Clinical significance of LV dysfunction and hypoplasia
LV dysfunction and reduced pulmonary blood flow lead to

reduced LV output and systemic hypotension in CDH. In our
experience early LV dysfunction may be severe enough to threaten
survival.

Table 1
Frequency of myocardial dysfunction in the first 48 h of life in 33 infants with CDH.

n (%) Diastolic dysfunction, n (%) Systolic dysfunction, n (%)

RV dysfunction
19 (58%) 19 (58%) 1 (0.3%)

Septal dysfunction
8 (24%) 7 (21%) 4 (12%)

LV dysfunction
19 (58%) 18 (54%) 10 (30%)

Abbreviations: RV, right ventricle; LV left ventricle.
Myocardial function was assessed using pulse wave tissue Doppler imaging (TDI) to
measure myocardial velocities in the basal RV, LV, and septum. Myocardial
dysfunction was defined as a myocardial velocity o2 SD below normal mean.

Fig. 1. Pathophysiology of early cardiac dysfunction in CDH. Abbreviations: PVR,
pulmonary vascular resistance; SVR systemic vascular resistance; RV, right ven-
tricle; LV, left ventricle.
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or surgical sterilization has been proposed, but the
procedures that are required can promote bleeding
and may be impossible to perform in severely com-
promised patients. Vasectomy for the long-term
male partner or spouse has also been proposed.

Many centers treating patients with pulmonary ar-
terial hypertension recommend oral contraception
with progesterone derivatives or low-dose estro-
gens, provided that the patient has no history of
thromboembolic disease or thrombophilia.

 

Figure 1. Targets for Current or Emerging Therapies in Pulmonary Arterial Hypertension.

 

Three major pathways involved in abnormal proliferation and contraction of the smooth-muscle cells of the pulmonary artery in patients with 
pulmonary arterial hypertension are shown. These pathways correspond to important therapeutic targets in this condition and play a role in 
determining which of four classes of drugs — endothelin-receptor antagonists, nitric oxide, phosphodiesterase type 5 inhibitors, and prosta-
cyclin derivatives — will be used. At the top of the figure, a transverse section of a small pulmonary artery (<500 µm in diameter) from a patient 
with severe pulmonary arterial hypertension shows intimal proliferation and marked medial hypertrophy. Dysfunctional pulmonary-artery en-
dothelial cells (blue) have decreased production of prostacyclin and endogenous nitric oxide, with an increased production of endothelin-1 — 
a condition promoting vasoconstriction and proliferation of smooth-muscle cells in the pulmonary arteries (red). Current or emerging thera-
pies interfere with specific targets in smooth-muscle cells in the pulmonary arteries. In addition to their actions on smooth-muscle cells, pros-
tacyclin derivatives and nitric oxide have several other properties, including antiplatelet effects. Plus signs denote an increase in the intracellular 
concentration; minus signs blockage of a receptor, inhibition of an enzyme, or a decrease in the intracellular concentration; and cGMP cyclic 
guanosine monophosphate.
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ing.
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 It results in a progressive increase in pulmonary vascular resistance and,
ultimately, right ventricular failure and death. A diagnosis of primary (or idiopathic)
pulmonary hypertension is made when no known risk factor is identified.
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 The diag-
nostic classification of pulmonary arterial hypertension is described in Table 1.

 

3

 

 De-
spite recent major improvements in symptomatic treatments, no current treatment cures
this devastating condition.

 

1,2,5-9

 

 However, during the past 20 years, treatment options
for patients with the disease have evolved to help prolong their survival and improve
their quality of life.

It is unclear whether the various types of pulmonary arterial hypertension share a com-
mon pathogenesis.

 

10,11

 

 Three factors are thought to cause the increased pulmonary
vascular resistance that characterizes this disease: vasoconstriction, remodeling of the
pulmonary vessel wall, and thrombosis in situ.

 

11

 

 A substantial number of molecules
have been implicated as putative candidates in the pathogenesis of pulmonary arterial
hypertension.

 

10-28

 

 Advances in our understanding of the molecular mechanisms in-
volved in this disease suggest that endothelial dysfunction plays a key role.

 

2,17,27,28

 

Chronically impaired production of vasoactive mediators, such as nitric oxide and pros-
tacyclin, along with prolonged overexpression of vasoconstrictors such as endothelin-1,
not only affect vascular tone but also promote vascular remodeling. Thus, these sub-
stances represent logical pharmacologic targets (Fig. 1).
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Before the development of recent therapeutic options, idiopathic pulmonary arterial hy-
pertension was rapidly progressive and led to right heart failure and death. In the 1980s,
it was reported that the median survival of patients was 2.8 years after diagnosis.
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 The
first large prospective studies showed an actuarial survival rate of 68 to 77 percent, 40 to
56 percent, and 22 to 38 percent at one, three, and five years, respectively.

 

29,30

 

 These
studies also showed that a poor prognosis was associated with a history of right heart
failure, New York Heart Association (NYHA) functional class III or IV (Table 2),
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 elevat-
ed right atrial pressure, decreased cardiac output, elevated pulmonary vascular resis-
tance, or low mixed venous oxygen saturation.

The development of new drugs has led to several placebo-controlled trials in recent
years.

 

32

 

 The question of which end points are most relevant in such trials has been the
topic of intense discussion. The normalization of measures of cardiovascular hemody-
namics would be an ideal end point, if it were possible. However, hemodynamics in the
resting state improve only marginally in most patients, even when their clinical response
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• 36/40.  2.8kg.  L CDH.  Day 1 of life
• Ventilation 26/6, FiO2 1.0.  Sats 89 / 79%,  BP 42/29 (34)mmHg. Lactate 3 mmol/L
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• 36/40.  2.8kg.  L CDH.  Day 1 of life

• Ventilation 26/6, FiO2 1.0.  Sats 92 / 79%,  BP 42/29 (34)mmHg
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• Day 1: IV adrenaline (0.1mcg/kg/min), milrinone, IV sildenafil-à VA ECMO

• Day 4: Decannulated from ECMO, repair day 5. Type C defect



Early LV dysfunction improves in the first days of life

North West Neonatal Surgery Day 3/5/19

Systolic TDI velocities (LV S’) Diastolic TDI velocities (LV E’)

RV dysfunction in CDH
Initial studies of RV function in CDH demonstrated impaired

global function using the myocardial performance index (MPI), a
time-based composite measure of function.7

Subsequent investigations revealed that RV dysfunction in CDH
is predominantly diastolic in nature. Aggarwal et al.8 observed
increased systolic: diastolic ratio (SDR) in infants with CDH due to
diastolic shortening. Using the technique of pulse wave tissue
Doppler imaging (TDI) to assess regional myocardial velocities in
both systole and diastole we have similarly observed a significant
reduction in early RV diastolic function.9

Of note, RV dysfunction in CDH does not demonstrate a linear
correlation with PAP.10 RV function cannot, therefore, be predicted
from PAP and in the clinical setting should be assessed directly.

Timing and frequency of RV dysfunction in CDH
RV diastolic dysfunction is not present in the fetus but presents

early as afterload increases in transition from placental to post-
natal circulations.11,12 Early RV dysfunction is common; in a cohort
recently studied by ourselves 58% of infants had impaired RV
function in the first 48 h of life (Table 1, previously unpublished
data).

RV diastolic dysfunction appears to improve by 72–96 h of age
but may deteriorate again after surgery.12 This may have important
implications for timing of surgery, as discussed later.

Thereafter, RV function tends to improve with PAP, but may
deteriorate if there is an exacerbation of PH for example at the
time of weaning cardiorespiratory support or sedation, or during
sepsis.

The longer-term natural history of RV dysfunction in CDH
remains unclear, though Egan et al.13 have observed impaired RV
diastolic function in children 5 years after surgical repair.

Clinical significance of RV dysfunction
Severity of early RV diastolic dysfunction in the first 48 h of life

is predictive of mortality and correlates with length of stay and
duration of respiratory support.4,8,12 Pulmonary artery pressure
(PAP) in the first 48 h does not correlate with the same outcomes.
This suggests that in CDH, as in other chronic pulmonary
hypertensive diseases, RV dysfunction rather than PAP is a key
mediator of disease severity and not simply a side effect of
increased PVR.14

RV dilatation, hypertrophy, and dysfunction lead to increased
metabolic demand, while also impacting LV performance, as
discussed below. Biventricular failure contributes a clinical picture
of systemic hypoperfusion, acidosis, and organ dysfunction, which
may threaten survival (Figure 1).

The left ventricle in CDH

The normal left ventricle is elliptical in short axis and narrows
from base to apex, giving a cone-like appearance. It is thicker-
walled than the RV reflecting the higher operating pressures.
During contraction the LV undergoes longitudinal and circum-
ferential shortening, radial thickening, and a twisting action.15

RV and LV interdependence in PH disease
LV and RV function are inseparably related due to their shared

pericardial space, myocardial fibers, and interventricular septum.
In pulmonary hypertensive disease RV dilatation leads to septal
displacement and dysfunction resulting in secondary impairment
of LV function and output.16

LV hypoplasia in left-sided CDH
LV hypoplasia, particularly in left sided (L-CDH) may also be an

important contributor to LV dysfunction in CDH. LV hypoplasia has
been observed in post-mortem and fetal echocardiographic studies
and correlates with fetal lung volume.17,18 Proposed mechanisms
are mechanical compression and reduced fetal LV filling, due to
reduced pulmonary blood flow and altered ductus venosus flow.19

In the fetus LV function is preserved despite relative hypopla-
sia.11,20 However, at birth hypoplasia may predispose to postnatal
dysfunction.

LV dysfunction in CDH
The triad of fetal LV hypoplasia, compression by the dilated RV

and dysfunctional septum, and acute increases in LV preload and
afterload at birth, may create a “perfect storm” for LV dysfunction
in CDH (Figure 1).

Sernich et al. have observed global LV dysfunction, using LV
MPI, in the first 48 h of life in CDH. This was recently confirmed by
Tanaka et al.,21 who also demonstrated the presence of both LV
systolic and diastolic dysfunction on the first day of life.

We similarly observed significant impairment in LV function in
the first 48 h of life in a recent cohort of 33 infants with CDH
(Table 1). In all, 58% had LV dysfunction, predominantly diastolic,
16% had LV dysfunction alone, and 42% had combined RV and LV
dysfunction.

This early LV dysfunction may be transient; function improved
within 72 h in the cohorts studied by ourselves (Figure 2) and
Tanaka et al.21

Clinical significance of LV dysfunction and hypoplasia
LV dysfunction and reduced pulmonary blood flow lead to

reduced LV output and systemic hypotension in CDH. In our
experience early LV dysfunction may be severe enough to threaten
survival.

Table 1
Frequency of myocardial dysfunction in the first 48 h of life in 33 infants with CDH.

n (%) Diastolic dysfunction, n (%) Systolic dysfunction, n (%)

RV dysfunction
19 (58%) 19 (58%) 1 (0.3%)

Septal dysfunction
8 (24%) 7 (21%) 4 (12%)

LV dysfunction
19 (58%) 18 (54%) 10 (30%)

Abbreviations: RV, right ventricle; LV left ventricle.
Myocardial function was assessed using pulse wave tissue Doppler imaging (TDI) to
measure myocardial velocities in the basal RV, LV, and septum. Myocardial
dysfunction was defined as a myocardial velocity o2 SD below normal mean.

Fig. 1. Pathophysiology of early cardiac dysfunction in CDH. Abbreviations: PVR,
pulmonary vascular resistance; SVR systemic vascular resistance; RV, right ven-
tricle; LV, left ventricle.
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Measurements of ventilatory mechanics
Lung function was assessed in fetuses used previously for ECG
measurements. After ultrasound examination of selected fetuses,
involved fetuses were delivered via caesarean section for lung
function testing as earlier described.28 The hysterotomy was
sutured to prevent excessive bleeding and the does were main-
tained under general anaesthesia until the extraction of the last
selected fetus, after which they were euthanised.

Invasive lung function testing was performed after 3–5 min of
spontaneous breathing using a forced oscillation technique with
the FlexiVent system (FlexiVent; SCIREQ, Montreal, Canada).

Statistics
According to the previously published literature,29 we deter-
mined that a sample size of five and six fetuses/group would
provide a power of ≥90% with a two-sided type I error of 5%
to detect a 10% reduction in proportionate medial thickness
(%MT) and a 20% reduction in mean terminal bronchiolar
density (MTBD) respectively.

The Kolmogorov–Smirnov test was used to assess the distribu-
tion of variables. Those with a normal distribution are presented
as mean±SD and t test or analysis of variance combined with
Tukey’s multiple comparisons test were used to evaluate differ-
ences between treatment groups. Variables not normally distrib-
uted were expressed as median and IQR and were analysed
using the Wilcoxon rank-sum test. A detailed overview of

individual outcome measures and statistical tests is provided in
the online supplementary table S2. A 2-tailed p<0.05 was con-
sidered significant. All comparisons were performed using Prism
for Windows V.5.0 (GraphPad software, San Diego, California).

RESULTS
Sildenafil crosses the placenta and reaches stable fetal
levels without inducing fetal toxicity
Figure 1B shows maternal and fetal total plasma concentration
profiles after subcutaneous administration of 10 mg/kg sildenafil
starting on GD24. This dose led to therapeutic fetal plasmatic
concentrations for at least 22 h/day. Sildenafil kinetics was

Figure 1 Kinetics and tolerance of
sildenafil 10 mg/kg/day. (A) Timeline of
the dose-finding and tolerance study.
(B) Maternal and fetal plasma total
sildenafil levels at different time
points. Error bars indicate SDs. The
dotted lines depict the therapeutic
range. (C) Mean course of behavioural
score by gestational age. There were
significant differences to baseline at
gestational day (GD)24–26, but both
groups were equally affected. Squares
indicate mean behavioural scores; error
bars indicate SD. Letters indicate post
hoc corrected p values of comparisons
to baseline values; sildenafil:
a: p=0.035, b: p=0.019, c: p=0.008
d: p=0.019, e: p=0.003.

Table 1 Tolerance parameters in placebo-treated and
sildenafil-treated animals

Placebo Sildenafil 10 mg/kg/day p Value

WCP 3.8±1.9 0.4±6.9 0.3
HRCP −6.8±18.25 −6.0±21.2 0.9
Mean fetal loss rate (%) 9.1±5.1 8.2±12.7 0.7
FBW (g) 43.2±7.5 46.2±7.2 0.1

Values represent mean±SD.
N=5 does and 30 fetuses: placebo group; N=5 does and 34 fetuses sildenafil group.
FBW, fetal body weight; HRCP, heart rate change percentage; WCP, weight change
percentage.
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