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Abstract

This study aimed to demonstrate that congenital diaphragmatic hernia (CDH) results in vascular abnormalities that are

directly associated with the severity of pulmonary hypoplasia and hypertension. These events increase right ventricle (RV)

afterload and may adversely affect disease management and patient survival. Our objective was to investigate cardiac

function, specifically right ventricular changes, immediately after birth and relate them to myocardial histological findings in a

CDH model. Pregnant New Zealand rabbits underwent the surgical procedure at 25 days of gestation (n=14). CDH was

created in one fetus per horn (n=16), and the other fetuses were used as controls (n=20). At term (30 days), fetuses were

removed, immediately dried and weighed before undergoing four-parameter echocardiography. The lungs and the heart were

removed, weighed, and histologically analyzed. CDH animals had smaller total lung weight (P,0.005), left lung weight

(P,0.005), and lung-to-body ratio (P,0.005). Echocardiography revealed a smaller left-to-right ventricle ratio (LV/RV,

P,0.005) and larger diastolic right ventricle size (DRVS, P,0.007). Histologic analysis revealed a larger number of

myocytes undergoing mitotic division (186 vs 132, P,0.05) in CDH hearts. Immediate RV dilation of CDH hearts is related to

myocyte mitosis increase. This information may aid the design of future strategies to address pulmonary hypertension in

CDH.

Key words: Congenital diaphragmatic hernia; Right ventricle; Pulmonary arterial hypertension; Echocardiography

Introduction

Congenital diaphragmatic hernia (CDH) is a diaphragm

defect that allows abdominal viscera to enter the thorax. This

condition occurs in 1 in 2500 live births. Even though patient

survival has increased by approximately 85% over the

last decade, CDH is still associated with a high risk of

complications and death, and most neonates with CDH

present signs of respiratory distress within the first hours after

birth (1,2). The clinical progression of this disease usually

depends more on lung hypoplasia and pulmonary arterial

hypertension than on the anatomical defect itself (3). The

middle layer of the most distal lung arterioles increases

markedly, leading to greater vascular reactivity, hypoxemia,

and metabolic acidosis. This situation perpetuates a pro-

gressive cycle of vasospasm and causes the clinical status of

the patient to deteriorate under conventional treatment (4).

The increase and maintenance of pulmonary vascular

resistance (PVR) after birth gives rise to right-to-left blood

shunting in the fetal circulation. This may cause right

ventricular (RV) dysfunction and failure associated with

decreased left ventricle ejection fraction (LVEF) (5,6).

Patients with CDH might present with anatomic and

echocardiographic alterations of the left cardiac chambers

(LV) (7,8), making the systemic circulation more de-

pendent on the RV and exacerbating LV dysfunction (7).

Additionally, the follow-up of children with CDH has

demonstrated that altered RV function exists years after

surgical correction (9). Given the importance of secondary

cardiac function and pulmonary alterations in CDH, we

performed an echocardiographic evaluation of the heart in

a rabbit model of CDH (1) to verify whether myocardiac
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function exhibits primary or secondary alterations after

birth and to correlate the data with histological findings.

Material and Methods

Animals
This study was approved by the Institutional Ethics

Committee on Animal Research (CAR 179-2011; FMRP-

USP). Twelve time-mated pregnant New Zealand rabbits

were obtained at day 25 of gestation (term=30 days).

The animals were housed in separate cages at room

temperature under normal daylight with water and chow

ad libitum.

Surgical procedure
Pregnant rabbits (n=14) underwent surgery on day 25

of gestation as previously described (10). Under general

anesthesia and prophylactic antibiotic therapy, the uterus

was exposed via a midline laparotomy. A total of 16 fetuses

(1 end-ovarian fetus per rabbit) underwent partial resection

of the diaphragm through a left lower thoracotomy (CDH

group), and 20 non-manipulated fetuses were used as con-

trols (control group). The surgical procedure was conducted

on each uterine horn, so that each rabbit bore a total of 2

fetuses with CDH. The fetuses were collected 5 days after

surgery, under the same conditions as the first procedure.

After abdominal and uterine incision, CDH and control

fetuses were removed from the uterus, cleaned, dried, and

weighed on an analytic scale. Then, the pregnant rabbit

was sacrificed under anesthesia with 1 mL intravenous KCl

administered into the auricular vein.

Echocardiographic procedure
After delivery, fetuses were placed on a pre-heated

(376C) procedure pad, and oxygen supply (2 L/min) was

maintained during echocardiography on a Vevo 2100

apparatus (Visualsonics1, Canada) that takes 2-3 min for

each rabbit (Figure 1). The left and right chambers were

measured on parasternal and four-chamber views, and

LVEF was obtained in the bidimensional mode from a

parasternal long axis view. The following parameters were

analyzed: left-to-right ventricle (LV/RV) ratio, diastolic RV

size (DRVS), RV anterior wall (RVAW), and LVEF. After

echocardiography, the neonates were anesthetized and

sternotomized to confirm CDH before the lungs and heart

were removed.

Morphological evaluation
To evaluate the effect of CDH on lung growth, body

weight (BW, g) and total lung weight (TLW) were

measured, and the TLW/BW ratio was calculated.

Histological evaluation
Tissues were sectioned in the longitudinal plane, stained

with hematoxylin-eosin, and photographed under a Leica

microscope (Leica DMR, Leica Microsystems, Germany)

and a video camera (Leica DC300F, Leica Microsystems).

Both ventricles from each heart were isolated and cut into

two fragments with a mid-ventricular coronal section. Each

block was serially cut in the same direction, and 4-mm-thick

sections were stained with hematoxylin-eosin. The following

histological parameters were measured: a) smaller car-

diomyocyte diameter, b) larger and smaller diameters of

the nucleus, and c) number of mitotic myocytes using the

program Leica Qwin (Leica Imaging Systems Ltd.). Each

diameter was measured 154 and 124 times in a total of

33 and 25 different fields in the control and CDH groups,

respectively (n=5 in each group). The number of mitotic

cardiomyocytes was counted in 50 and 40 different fields in

the control and CDH groups, respectively.

Statistical analysis
Morphological variables are reported as mean±SD and

compared with unpaired Student’s t-tests. Multiple compar-

isons between the CDH and control groups were made with

one-way analysis of variance (ANOVA) followed by Tukey-

Kramer post hoc tests. Differences were considered signif-

icant at P,0.05.

Results

The survival rate in 14 pregnant rabbits was 100%. The

survival rate of fetuses with surgically created CDH was 16

of 26 (61%). The postmortem examination revealed that all

Figure 1. Echocardiographic procedure. A,
Neonatal rabbit placed on a pre-heated proce-

dure pad; B, examination recording, and C, CDH
confirmation (arrow).
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the CDH neonates had diaphragmatic hernias with the liver

in the thorax. The control and CDH groups did not differ in

terms of body, heart, or lung weight (Table 1). Echocardi-

ography did not reveal any ejection fraction differences

between the groups. The RV diastolic size (RVDS) and LV/

RV ratio were different in the CDH and control groups, as the

RV was larger in the CDH neonates (Table 2 and Figure 2).

The histological data also demonstrated an increased

number of mitotic myocytes in the CDH group (Table 3 and

Figure 3).

Discussion

CDH has an incidence of 0.4 per 1000 live births. It

leads to lung hypoplasia and pulmonary arterial hyperten-

sion and is associated with neonatal mortality. Over the

last several decades, high-frequency mechanical ventila-

tion, inhaled nitric oxide, and extracorporeal membrane

oxygenation have increased the survival rate of patients

with CDH to as high as 67% (11,12) and 80% in cases

with no other associated anomalies (13). The prognosis

of CDH is directly related to the degrees of pulmonary

hypoplasia and pulmonary hypertension (11).

The risk of mortality in neonates with CDH is dependent

on several variables, including birth weight, gestational age,

initial Apgar score, patch repair, and associated congenital

anomalies (14,15). Cardiac anomalies account for approxi-

mately 15% of all CDH babies treated at referral centers

(16,17), with significantly lower survival in patients with

major heart defects than in those with minor or no heart

defects (18). Notably, there were no neonatal rabbits with

congenital cardiac anomalies in the present study.

Under normal conditions, pulmonary arterial pressure

(PAP) drops by about 50% within the first 24 hours after

birth, whereas the pulmonary flow rises between 8- and 10-

fold. Such alterations in flow and pressure result in foramen

ovale and ductus arteriosus closure. Pulmonary hypoplasia

in CDH patients increases pulmonary arterial resistance

and PAP, resulting in continuous blood bypass through

these structures, causing blood shunting to the right and

consequent hypoxia, progressive respiratory deterioration,

metabolic acidosis, and cardiac failure (19-21).

This cardiac overload has motivated researchers to

propose fetal echocardiographic examination to predict

the outcome of fetuses and neonates with CDH (22-24).

However, no consensus exists, and investigators seem

to disagree on LV mass: some authors believe that it

is hypoplastic, which could point to a poor outcome (7),

whereas others have reported that there is no evidence

for this (25,26). It is possible that the cardiac alterations

accompanying pulmonary hypoplasia in CDH have a purely

mechanical nature attributable to an intrathoracic hernia

(27).

We expected that pulmonary vascular resistance would

change and cause pressure overload on the RV only after

birth. Nevertheless, we noticed cardiac alterations in the

immediate postnatal period. Based on this, we can hypoth-

esize that vascular and cardiac alterations in patients with

CDH start in the uterus. The postnatal pressure overload in

the RV might be an additional consequence of a diaphrag-

matic hernia.

We verified increased RV thickness and a reduced LV/

RV ratio. Many factors, such as arterial pressure, cardiac

function, and oxygenation, have recently been implicated

in a higher mortality risk among CDH patients (26,28).

Furthermore, quantification of the LVmass and its shortening

fraction measured by echocardiography can also be related

Table 1. Anatomical data of control and congenital diaphrag-

matic hernia (CDH) groups.

Control (n=16) CDH (n=16)

Body weight (g) 34.17 ± 6.24 31.97 ± 6.44

Total lung weight (g) 0.860 ± 0.246 0.524 ± 0.138*

Left lung weight (g) 0.377 ± 0.084 0.181 ± 0.048*

Heart weight (g) 0.235 ± 0.043 0.221 ± 0.036

Lung/body ratio (%) 0.026 ± 0.007 0.017 ± 0.005*

Data are reported as means±SD. *P,0.005, compared to

control (Student’s t-test).

Table 2. Ecocardiographic data of control and congenital

diaphragmatic hernia (CDH) groups.

Control (n=16) CDH (n=16)

RVAW (mm) 0.670 ± 0.178 0.663 ± 0.152

LVEF (%) 42.82 ± 11.25 45.19 ± 7.59

DRVS (mm) 2.914 ± 0.464 3.331 ± 0.400*

LV/RV ratio 1.208 ± 0.325 0.920 ± 0.210*

Data are reported as means±SD. RVAW: right ventricle anterior

wall; LVEF: left ventricle ejection fration; DRVS: diastolic right

ventricle size; LV/RV ratio: left ventricle/right ventricle ratio.

* P,0.007, compared to control (Student’s t-test).

Figure 2. Echocardiographic short axis view from neonatal

rabbits. A, control group; B, congenital diaphragmatic hernia

(CDH) group. RV: right ventricle; LV: left ventricle. Note RV

enlargement in CDH group.
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to CDH severity (29). Although the model of surgically

created CDH is well established (10), anatomical distor-

tions secondary to intrathoracic hernia apparently mediate

changes in cardiac function, affecting patients’ clinical

follow-up (30). Correia-Pinto et al. (31) only detected ana-

tomical cardiac alterations in the nitrofen model of CDH in

the initial stages of embryonic heart development. In the

present study, the CDH rabbit model did not show any

evidence of heart weight differences at birth.

Our findings indicate that the postnatal overload

increase theory cannot fully explain the anatomical cardiac

alterations detected in the RV soon after birth. Therefore,

we speculate that lung hypoplasia may lead to a signaling

process of cardiac and vascular abnormalities that are

Table 3. Histological data of control and congenital diaphragmatic hernia (CDH)

groups.

Control (n=5) CDH (n=5)

Smaller myocyte diameter (mm) 7.93 ± 1.25 7.70 ± 1.16

Larger diameter of the nucleus (mm) 12.18 ± 1.59 11.58 ± 1.96

Smaller diameter of the nucleus (mm) 4.88 ± 0.92 4.63 ± 0.84

Mitotic myocyte count 138 186*

Data are reported as means±SD. *P,0.05, compared to control (Student’s t-test).

Figure 3. Histological view showing right ven-

tricle dilation in the congenital diaphragmatic

hernia (CDH) group. Arrows point to mitosis in

right ventricle. There was an increased number

of mitotic myocytes in the CDH group.
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initiated before delivery. Under normal conditions, phos-

phokinase (PKG) and myocardin activation should contract

the smooth muscle cells (SMCs). However, during the CDH

hypoxia status, gene expression in pulmonary artery SMCs

is altered, diminishing PKG and myocardin expression and

leading to myocyte proliferation. These findings could be

extrapolated to the fetal heart to justify increased mitotic

division in the RV (21,32).

This study has some limitations. First, the CDH model

used here may not fully mimic embryonic pathology. More-

over, although we identified diaphragmatic hernias in the

postmortem examinations of all the specimens in the CDH

group, migration of abdominal viscera into the thoracic

cavity may have varied. The fact that the CDH and control

groups had different left lung weights indirectly indicates

that our model was successful.

In future studies, placing neonatal rabbits on mechanical

ventilation might prolong their lifespan and enable later

cardiac assessment. The increased myocyte mitotic

division found during hypoxia may aid investigations of

CDH neonatal myocardial regeneration. This should be

interesting, given that cardiac cells rarely proliferate. Our

results of early echocardiographic evaluation of rabbit

neonates with CDH reveals pressure overload on the right

ventricle and increased cardiac muscle mitotic activity.

Deciphering these early adaptive mechanisms remains a

challenge.
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