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Summary 

Introduction 

Congenital diaphragmatic hernia (CDH) is seen at 1 in every 2500 live births. Its overall mortality 

is still as high as 50% regardless of the improvements in the management of neonates in the intensive 

care units. Pulmonary hypertension and underdevelopment are the primary causes of death in CDH. CDH 

has typical microscopical findings of a decreased number of alveolar branches; lessened alveolarization; 

decreased compliance and the pulmonary arterioles' muscle layers' thickness has increased. The 

incomplete development of the diaphragm causes herniation of the abdominal organs, such as the 

intestines, stomach, spleen, and in severe cases liver into the thoracic cavity. At that point, competition 

for space is established in the thoracic cavity, generating compression of the fetal lung tissue and 

egression of the essential intrapulmonary fluid that leads to the arrest of normal fetal lung development. 

Per our current knowledge, the severity of the CDH could be predicted by the ratio of ipsilateral lung area 

to head circumference, total lung volume, left/right ventricle ratio, modified McGoon index, location of the 

stomach with the existence of polyhydramnios, and the location of the liver. When the blood pressure in 

the pulmonary system exceeds 2/3 of the pressure in the systemic circulation, it is said to be pulmonary 

hypertension. Although the main pathology emerged in utero, this could only be documented by 

echocardiography in the early neonatal period. This is mostly because the blood flow into the lungs is 

limited in utero for the sake of fetal blood circulation. This is a significant barrier for treating CDH patients 

in-utero. Moreover, even in echocardiography, the finding of tricuspid regurgitation jet velocity, a measure 

of pulmonary hypertension, aids the estimation of pulmonary artery pressure, it was not successful in 

predicting the severity of pulmonary hypertension. Nonetheless, the aberrant organization of the 

pulmonary vascular network in pulmonary hypertension can only be shown in postmortem subjects by 

histopathological analyses.  

Hypothesis 

Since pulmonary hypertension is one of the predictors of the survival of these patients, this 

proposal seeks to test the general hypothesis that a prenatal pulmonary vascular branching index 

correlates with the severity of postnatal pulmonary hypertension.  

Materials and Methods 

Sprague Dawley rat fetuses that were both healthy and nitrofen-induced were used. The fetuses 

underwent micro-computed tomography scanning. Using artificial intelligence techniques, the pulmonary 

artery tree was 3D reconstructed. Moreover, a framework is developed to generate 3D pulmonary 

vascular tree structures by using Computed Tomography (CT) scans. Then, the developed framework is 

used to compare pulmonary vascular trees of CDH samples and healthy controls to determine the 

characterization of the CDH disease. Finally, by using pulmonary vascular trees, morphological features 

are obtained, and characterization of the disease is achieved.  

Results 

There were 70 fetuses examined throughout the study, 40 of which were used in the first part to 

demonstrate the feasibility of the Lugol application while the rest were used in the second part. Lugol 

diffused uniformly throughout the capillaries in the pups with partially removed skin, allowing fine-grained 

imaging of the lung vasculature. The segmentation part of this project had 86% precision, 82% sensitivity, 

and 84% F1 score. For the characterization of the CDH, the required features are obtained from the 



segmented output, and they were prioritized by their impact on the classification. The number of segments 

in CDH was significantly lower than the control group on the left (U=2.5, p=0.004) and right (U=0, p=0.001) 

sides for order 1(O1), whereas there was a significant difference only on the right side for O2 and O3. 

The pooled element numbers in the control group obeyed Horton’s Law (R2=0.996 left and R2=0.811 right 

lungs), while the CDH group broke it. Connectivity matrices showed that the average number of elements 

of O1 springing from elements of O1 on the left side and the number of elements of O1 springing from 

elements of O3 on the right side were significantly lower in CDH samples.  

Conclusion 

Lung vasculature in CDH is of particular interest for pulmonary development and is the main 

underlying factor that determines the disease severity. We observed that, besides the known reduced 

airway branching of the hypoplastic lungs, arterial branching was decreased in fetuses with CDH as well. 

Herein, we have demonstrated that the radiological imaging techniques were able to define the prenatal 

lung vascular tree, which could potentially estimate the degree of pulmonary hypertension and enable 

physicians to determine the severity of the disease prenatally and promote prenatal therapy. 

  



Resum 

Presentació 

La hernia diafragmàtica congènita (HDC) es veu en 1 de cada 2500 naixements vius. La seva 

mortalitat global és tan alta com el 50% malgrat les millores en el maneig dels neonats a les unitats de 

cures intensives. El subdesenvolupament i la hipertensió pulmonar són les causes principals de mort en 

l'HDC. Aquesta malformació presenta trets microscòpics típics com son una disminució del nombre de 

branques alveolars; menor alveolització; disminució de la compliància i l'augment de l'espessor de les 

capes musculars dels arteriòls pulmonars. El tancament incomplet del diafragma causa la herniació dels 

òrgans abdominals, com els intestins, l'estómac, la melsa i, en casos greus, el fetge cap a la cavitat 

toràcica. En aquest punt, s’estableix una competència per l'espai a la cavitat toràcica, generant la 

compressió del teixit pulmonar fetal i l'egressió del essencial fluid intrapulmonar que porta a la detenció 

del desenvolupament pulmonar fetal normal. Segons el nostre coneixement actual, la gravetat de l'HDC 

es pot predir per la relació entre l'àrea del pulmó contralateral i el perímetre cranial, el volum pulmonar 

total, la relació ventricle esquerre/dret, l'índex de McGoon modificat, la localització de l'estómac, 

l'existència de polihidramni i la localització del fetge. Quan la pressió sanguínia en el sistema pulmonar 

supera 2/3 de la pressió en la circulació sistèmica, es diu que hi ha hipertensió pulmonar. Encara que la 

patologia s’origina in utero, això només es pot documentar per ecocardiografia al període neonatal 

precoç. Això és majoritàriament perquè el flux sanguini cap als pulmons està limitat in utero per causa de 

la circulació sanguínia fetal. Això representa una barrera significativa per al tractament de pacients amb 

HDC in utero. A més, fins i tot en l'ecocardiografia, el calcul de la velocitat del jet de regurgitació tricúspide, 

una mesura de la hipertensió pulmonar, ajuda a l'estimació de la pressió arterial pulmonar, no va tenir 

èxit en predir la gravetat de la hipertensió pulmonar. No obstant això, l'organització aberrant histológica 

de la xarxa vascular pulmonar en la hipertensió pulmonar només es pot mostrar en subjectes post mortem 

mitjançant anàlisis histopatològics.  

Hipòtesi 

Donat que la hipertensió pulmonar és un dels predictors de la supervivència d'aquests pacients, 

aquesta proposta busca provar la hipòtesi general que un índex de branquificació vascular pulmonar 

prenatal correlaciona amb la gravetat de la hipertensió pulmonar postnatal.  

Materials i Mètodes 

Es van utilitzar fetus de rates Sprague Dawley tant control sans com induïts amb nitrofen per 

generar HDC. Els fetus es van sotmetre a escaneig per tomografia computada microscòpica. Utilitzant 

tècniques d'intel·ligència artificial, l'arbre de l'artèria pulmonar va ser reconstruït en 3D. A més, es va 

desenvolupar un marc per generar estructures d'arbre vascular pulmonar en 3D utilitzant escaneigs per 

Tomografia Computada (TC). Després, el marc desenvolupat es va utilitzar per comparar arbres 

vasculars pulmonars de mostres d'HDC i controls sans per determinar la caracterització de la malaltia 

d'HDC. Finalment, utilitzant arbres vasculars pulmonars, es van obtenir característiques morfològiques, i 

es va aconseguir la caracterització de la malaltia.  

Resultats 

Es van examinar 70 fetus durant l'estudi. D’aquests, 40 es van utilitzar en la primera part per 

demostrar la viabilitat i eficacia de l'aplicació de Lugol mentre que la resta es van utilitzar en la segona 

part. Lugol es va difondre uniformement a través dels capil·lars en els neonats amb la pell parcialment 

resecada, permetent la imatge de gran detall de la vasculatura pulmonar. La part de segmentació 



d'aquest projecte va tenir una precisió del 86%, una sensibilitat del 82% i una puntuació F1 del 84%. Per 

a la caracterització de l'HDC, es van obtenir les característiques necessàries de la sortida segmentada, i 

es van prioritzar segons el seu impacte en la classificació. El nombre de segments en l'HDC va ser 

significativament inferior al grup control a l'esquerra (U=2.5, p=0.004) i a la dreta (U=0, p=0.001) per a 

l'ordre 1(O1), mentre que només hi va haver una diferència significativa a la banda dreta per a O2 i O3. 

Els números d'elements agrupats en el grup de control obeïen la Llei de Horton (R2=0.996 pulmons 

esquerres i R2=0.811 drets), mentre que el grup d'HDC no la va complir. Les matrius de connectivitat van 

mostrar que el nombre mitjà d'elements d'O1 que brollaven d'elements d'O1 al costat esquerre i el nombre 

d'elements d'O1 que brollaven d'elements d'O3 al costat dret eren significativament inferiors en mostres 

d'HDC.  

Conclusió 

La vasculatura pulmonar en l'HDC és d'interès particular per al desenvolupament pulmonar i és 

el principal factor subjacent que determina la gravetat de la malaltia. Hem observat que, a més de la 

coneguda reducció de la branquificació de les vies respiratòries dels pulmons hipoplàstics, la 

branquificació arterial també va disminuir en fetus amb HDC. Aquí, hem demostrat que les tècniques 

d'imatge radiològica van poder definir l'arbre vascular pulmonar prenatal, el qual podria potencialment 

estimar el grau d'hipertensió pulmonar i permetre als metges determinar la gravetat de la malaltia 

prenatalment i millorar la teràpia prenatal. 

. 

 

  



1. Introduction 
In the last 30 years, there have been tremendous efforts in order to decrease children's death. 

The number of deaths under the age of five decreased from 12.5 million in 1990 to 5.3 million in 2018 [1]. 

However, the decrease in neonatal deaths is much slower which was 2.4 million in 2019 [1,2]. Moreover, 

the ratio of death under the age of five is 46% [2]. In the meantime, since death due to infectious causes 

declined, the ratio due to congenital anomalies has risen. There are around 303,000 neonatal deaths 

yearly due to congenital anomalies while almost half a million deaths under the age of five [3–5]. Global 

Burden of the Diseases Study stated that congenital anomalies are the fifth most common cause of death 

under the age of five and the 11th most common cause of death in all age groups [6,7]. 

 The World Health Organization (WHO) describes congenital abnormalities as the constitutional 

and functional problems of the baby that happen in utero. It affects 3-6% of live births worldwide [3]. 

Countries with low and moderate incomes (LMIC) per the criteria of the World Bank have the highest 

incidence of congenital anomalies mostly due to inadequate maternal nutrition, teratogens, prenatal 

infections, and inadequate prenatal diagnosis [8]. It is assumed that more than 95% of deaths due to 

congenital anomalies are hosted by LMICs [4]. Sustainable Developmental Goals 3.2 by the United 

Nations aims to stop preventable deaths of neonates and patients under the age of five by 2030 [9]. 

 “Doctor, may I have a normal baby?” [10]. Many doctors encounter this question through their 

practice. “The normal” mostly refers to a healthy or above average baby while a few times refer to babies 

without congenital anomalies. Plato was the first one who define this condition while Francis Galton was 

the first one who define the term “eugenic” (Greek: eu-genēs: good-born). The term stands for the science 

to enhance the quality of the newborn and get the most advantageous characteristics. In time, it has had 

different interpretations under various rulers. There were certain points where science and politics met 

with each other while some others that both stood at different edges which resulted in the loss of many 

lives. In 1946, WHO declared the definition of health for the first time and revised it in 1948 for the last 

which brings eugenic in a scientific, humanistic, and ethical format. According to this definition, health is 

a state of complete physical, mental, and social well-being and not merely the absence of disease or 

infirmity. Therefore, the birth and the development of prenatal management strategies aimed at the same 

idea. Especially in developed countries, to decrease the incidence of congenital anomalies various 

precautions are taken such as education before intercourse, adequate and necessary nutritional support 

during pregnancy, and the use of prenatal screening and treatment strategies. The screening strategies 

have been improved from invasive to noninvasive ones in time [11]. The aim is not to demolish the 

unhealthy babies but to find them as early as possible and prevent any possible damage if possible or if 

not to lessen the negative impact and keep them alive in the most possible way. 

 Fetal surgery enables the treatment of many congenital problems to be treated in utero. However, 

the diagnostic process is still painful. It necessitates a special education and experience. Moreover, the 

specific limitation of the diagnostic procedures and tools that could be used in utero even worsens the 

situation. The error rates are still higher than expected [12,13]. Time limitations and technical issues put 

additional disadvantages on imaging modalities which indeed results in unnecessary use of additional 

diagnostic tools or consultations, therefore increasing the workload and cost in the patients, physicians, 

and healthcare systems. 

 

 



1.1. History of fetal surgery 

There have been tremendous efforts to improve prenatal diagnosis in accordance with the 

improvement in technology. As our understanding of the development of the fetus and the mechanism of 

the disease improves, new techniques for in-utero treatment become available [14]. While Embryological 

renderings of the fetus in the womb by Leonardo Da Vinci was the first, Vesalius was the first who 

published fetal anatomy in his well-known work "De Humani Corporis Fabrica libri septem" in the 16th 

century (1543), which are the oldest known studies on fetus [15,16] After Vesalius, Bichat made the first 

study on the movements of the fetus in 1803; Zuntz in 1877 and Preyer in 1885 showed in their studies 

that the fetus should be kept in warm serum and that if it breathes, it is not possible to continue the 

pregnancy. While Mayer and Swenson performed the first successful fetal intervention in animals in 1920, 

Nicholas demonstrated normal delivery for the first time after fetal intervention [17]. Following that, 

between 1960 and 1970, animal disease models were developed, and in the 1980s, some treatment 

methods were developed [18–25]. Intrauterine transfusion performed in New Zealand for Rh 

incompatibility has taken its place in history as the first fetal intervention in humans [17]. This was followed 

by the first diagnostic fetoscopy in 1974, followed by the first open fetal surgery in 1983 by Michael R. 

Harrison, a professor at the University of California, San Francisco (UCSF), who led the group. 

With the increase in experience over time, many diseases in the fetal period have become 

treatable. Thus, fetal surgery offers an alternative to families in case of a disease diagnosed in the prenatal 

period other than terminating or waiting for birth. However, as in the development process of all branches 

of medicine, fetal surgery also follows a fluctuating course while continuing its development. Its popularity 

in the beginning years was stalled due to the early results not being as good as expected, and it started 

to gain popularity again with endoscopic intervention opportunities and the developing medical support 

systems. Unfortunately, this popularity also brought different risks or negativities [26,27]. To overcome 

this, it is necessary to master the current treatment approaches as well as these diseases [28]. In this 

way, it will be possible to use the appropriate intervention on the appropriate patient at the appropriate 

time using the appropriate technique. 

 

1.2. Prenatal diagnosis 

While evolving to industry 5.0 from industry 4.0, today, the most frequently used diagnostic 

method in pregnant women continues to be ultrasonography (USG) with its relatively high reliability, easy 

accessibility, and low cost. There may be differences in the results depending on the user, and it is also 

affected by the factors related to the patient. The use of high-frequency USG, on the other hand, causes 

the possible side effects on the fetus to be questioned [29,30]. Due to the presence of unmeasurable side 

effects, the structural examination of pregnancies without a suspected congenital anomaly should be 

performed on the 18th-22nd week. Doppler studies during these prenatal USG allow us to precisely analyze 

the fetal hemodynamics and the heart anatomy and function in the fetal echocardiography. The second 

most commonly used diagnostic method in the fetal period is magnetic resonance imaging (MRI). Fetal 

MRI is superior to USG in revealing congenital anomalies. However, although it lags behind USG due to 

the need for specialists who can evaluate as much as the cost of shooting and device, it is increasingly 

used in centers in Europe and America. Fetal echocardiography (ECHO) is used in the screening and 

detailed examination of congenital heart anomalies, that not rarely are associated or consequence of the 

compression secondary to the CDH. If an anomaly is suspected in the fetus, an aneuploidy test can be 



performed after the 9th gestational week, CVS sampling after the 11th gestational week, or amniocentesis 

after the 15th gestational week. 

1.3. Lung development 

The lung is the main organ for respiration, which is spongy, air-filled, and located on either side 

of the chest. Lung development can be examined in two main parts: structural and functional. While 

structural growth is mostly mediated by physical factors, functional growth is a biochemical process 

predominantly controlled by hormones [31]. Structural growth continues throughout pregnancy. The 

branching of the airways continues and the formation of alveoli, where air exchange takes place, occurs 

in the last trimester of pregnancy. However, lung development continues in the form of an increase in the 

number of alveoli even after birth. At the end of the development process, a structure with a surface area 

of 50—100 m2 that allows the process of carbon dioxide and oxygen exchange is formed. 

Structural and functional development of the lung is possible with the successful completion of 

the physical and biochemical development of the lung [32]. While the lung provides its structural integrity 

at the end of the physical development process, this structure with a large surface area becomes stable 

with the formation of surfactant after biochemical processes. These two processes are completed in 

coordination with each other. Failure in any of these two processes results in insufficiency of the newborn's 

lung capacity or respiratory system. 

Lung development occurs in five stages (Table 1). The times of these stages can vary between 

fetuses, and there are also transitions between stages. The reason why no consensus has yet been 

reached on the specified weeks is due to this. 

Table 1: The stages of lung development. 

Embryonic 3-7. weeks Lung budding occurs. Trachea and bronchial differentiation are seen. 

Pseudo-glandular 7-17. weeks The airways continue to branch, and terminal bronchioles are formed. 

Respiratory bronchioles and alveoli are not yet present. 

Canalicular 17-27. weeks Terminal bronchioles divide into two or more respiratory bronchioles. 

These are further subdivided into three to six alveolar ducts. 

Saccular 27-36. weeks Terminal sacs (alveolar precursors) begin to form, and capillaries appear 

around them. 

Alveolar  36. week – 10 years Mature alveoli form epithelial – endothelial connections with capillaries. 

 

In the third week of pregnancy, the lung bud originates from the foregut. During this period, the 

buds of both lungs are developing. By the fifth week, both primary lung buds are recognizable. After this 

stage, the second branching occurs. Lobar buds begin to appear, three on the right and two on the left. 

From these buds, the lobes of the lungs are formed. By the eighth week, lobar buds continue to segment, 

and bronchopulmonary segments are formed. In the pseudo-glandular stage, the airways which are 

responsible for conduction occur. Towards the end of this phase, primitive airlines, consisting of 16-25 

generations, occur. By the sixteenth week, the bronchi complete their formation, and the tree structure 

lengthens and expands. In the canalicular stage, the structures of the lungs responsible for gas exchange 

occur. 



1.3.1. Pulmonary hypoplasia 

Pulmonary hypoplasia (PH) in children, especially in newborns, is a rare diagnosis that has high 

mortality and morbidity [33–39]. It is characterized by small, underdeveloped lungs and may have serious 

effects on the child’s development. The majority of the cases resulted from problems that happened during 

pregnancy such as oligohydramnios or premature rupture of membranes [40]. Another main cause is the 

congenital anomalies that have the potential to cause severe respiratory insufficiency. Due to the fact that 

airways form in parallel with the lung vasculature, it is mostly presented with pulmonary arterial 

hypertension (PAH). The Askenazi-Perlman was aimed to define PH. If the lung weight (LW) / body weight 

(BW) ratio is less than 0.009 it indicates PH. If the LW/BW ratio is over 0.018, the likelihood of PH is 

extremely limited. Between these values, radial alveolar count (RAC) is used to determine the diagnosis.  

 

1.3.2. Pulmonary hypertension 

High blood pressure in the pulmonary system is referred to as pulmonary hypertension which 

affects the arteries of the lung and the right side of the heart. Blood vessels are narrowed mostly when 

compared with the normal ones while they may also be blocked or destroyed. This pathology indeed slows 

down the flow in the pulmonary vasculature resulting in an increase in the pressure at the walls of vessels, 

mainly arteries. In healthy newborns, pulmonary system blood pressure decreases half of the systemic 

blood pressure in the postnatal 12th hour, 1/3rd in the 24th hour, and to the adult values in 2-6 weeks. It is 

defined as the pulmonary arterial blood pressure being higher than 2/3 of systemic pressure. Pulmonary 

blood pressure values between 26-35mmHg in the postnatal period with echocardiography are classified 

as mild PAH, between 36-45mmHg as moderate PAH, and above 45mmHg as severe PAH. 

The main determinants of the outcome in PAH are the capacity of the respiratory circulation and 

the degree of resistance in vasculature. It is already known that the status of the pulmonary system 

correlates with the level of lung remodeling [41]. The defective fetal lung histology with aberrant vascularity 

causes PAH to be more severe. PAH is the most important factor affecting the morbidity and mortality of 

CDH patients [42,43]. Although the main pathology begins in utero, PAH can only be proven postnatally 

after the newborn starts to breathe. Hypoxia exacerbates vascular reactivity and PAH. Decreased airway 

branching, decreased compliance, and thickened muscle layers of pulmonary arterioles are seen in these 

patients' lungs [44]. The amount of prenatal intrapulmonary blood flow is lower when compared to the 

postnatal period due to the difference in the anatomy and physiology of circulation in utero and after birth. 

Although the arterial vessel wall thickness has increased, the low amount of blood causes a lower 

pressure on the vessel wall, therefore making the prenatal diagnosis almost impossible. With the cascade 

of physiological events that occur during and after birth, the blood flow through the lungs increases, thus 

the intrapulmonary blood pressure values rise above normal.  

 

1.4. Congenital diaphragmatic hernia 

An embryological failure in the correct fusion of pleuroperitoneal membranes to form an intact 

and closed diaphragm that separates the chest and abdomen, known as congenital diaphragmatic hernia 

(CDH), does cause abdominal organs to migrate into the thoracic cavity. This condition puts a major 

obstacle in the development of the lungs that become compressed due to the competition for space in the 

chest. It may be isolated or be a part of a syndrome. The reported incidence of the disease varies but has 

a range between 0.8 - 5/10,000 births or 1 in 2500-3000 live births [45–49]. Male gender has a slightly 



higher tendency while African Americans have a lower risk of isolated CDH [49,50]. While left-sided defect 

is more common in CDH, it can occur on either side or bilaterally. The underlying pathophysiology of CDH 

could not be determined yet as well as the inheritance pattern. The diagnosis could be done during a 

routine prenatal USG in the first and second trimester. CDH has long been regarded as a difficult medical 

and surgical condition in pediatric patient groups. The statement “For the patient in whom the hernia 

makes its appearance at birth, little or nothing can be done from a surgical standpoint.” by Greenwald and 

Steiner has evolved in time [51]. Ladd and Gross performed the first successful repair of CDH just in the 

next decade [52]. There are many centers and researchers that continue to investigate the etiology of the 

disease. The abdominal organs that herniate into the thoracic cavity put pressure on the lungs and cause 

the lungs to remain small and underdeveloped which is defined as pulmonary hypoplasia. In some of 

these patients, various organs might be affected including heart, liver, intestines, and nervous system 

development. Regardless of the innovations in technology, the survival and quality of life are still below 

expectations [53–56]. However, diaphragmatic flaw repair that was put off, extracorporeal membrane 

oxygenation (ECMO) usage in predetermined patients, fetal intervention during pregnancy, sophisticated 

ventilator strategies preventing barotrauma, and improvements in the management of newborns 

decreased the mortality in these patients [57]. On the other hand, many patients with severe CDH continue 

to have a higher rate of morbidity and mortality. Therefore, the status of the CDH patients can range from 

mild to severe. In the best of scenarios, infants’ general status is so well that they do not necessitate a 

prenatal intervention or emergency intervention just after birth. While regardless of the severity of the 

disease, the lungs are smaller than the babies in the same gestational week, they still could catch up and 

adapt after some time. But given their protracted hospital stays and the requirement for a multidisciplinary 

approach to their management and follow-up beyond hospital discharge, it's all but a requirement. 

Numerous long-term health concerns with breathing, nutrition, growth, hearing, and development affect 

these infants. The overall mortality of newborns with CDH is 40-50% [45,58,59]. Rather than the 

abnormality itself, hypoplasia of the lungs and pulmonary hypertension are to blame for CDH-related 

mortality. Even though several theories have been presented to explain pathophysiology, no study 

presents the exact etiology. Even if the defect is repaired, children may be lost due to lung problems. 

Moreover, both lungs are shown to be damaged by the influence of genetic or environmental factors 

during development. 

 

1.4.1. Prognostic factors in CDH 

There are numerous prenatal requirements, proposed to define the severity of the case and to 

select those patients that could be operated on in utero, in the literature [45]. The lung-to-head ratio (LHR), 

the observed to expected LHR (O/E LHR), the total lung volume (TLV), the observed to expected (O/E 

TLV), McGoon Index, the herniation of liver and the presence of hernia sac are among the most accepted 

ones.  

 

1.4.1.1. Lung-to-Head ratio 

LHR has been suggested by numerous writers as a CDH prognostic factor. The LHR is calculated 

with the area of the lung contralateral to the defect, as the ipsilateral many times is not detectable, divided 

by the circumference of the fetal head, as assessed by ultrasonography in the 4 chambers view chest 

axial section. The head circumference is the biometric parameter used to homogenize and correct the 

natural variability and differences in the size of different fetuses. In the original report of this method, the 



area of the right lung was measured at 25 weeks’ gestation in fetuses with left-sided CDH and intrathoracic 

liver herniation [60]. When inspecting the four-chamber picture of the heart in the thorax's cross-sectional 

plane, by dividing the lung's largest diameter by its largest perpendicular diameter, the right lung's area 

was estimated. But to calculate the lung area, the anteroposterior lung diameter at the mid-clavicular line 

was multiplied by the perpendicular diameter at the midpoint of the anteroposterior diameter. Nowadays 

the tracing method for area calculation is preferred. The authors of that study also tried to develop a 

gestation-neutral assessment, as the LHR increases with gestational age, and compared this LHR with 

the expected in a normal fetus at those gestational ages. With that, it becomes more useful to calculate 

the O/E LHR (observed to expected LHR). Due to the extensive range of gestational ages at which the 

LHR was measured, the few patients that were evaluated in the majority of research, and the usage of 

LHR being extended from patients with left-sided CDH and intrathoracic liver to those with right-sided 

hernia and those without liver herniation may all be contributing factors to the significant discrepancies in 

reported results. With routine postnatal treatment, it is believed that the death rate for fetuses with CDH 

with intrathoracic liver herniation, sometimes known as "liver-up" instances, is significant, as we 

demonstrated in our series. For further risk stratification of potential candidates for fetal surgery, LHR has 

been employed in conjunction with instances that have been labeled as "liver-up" cases. [45,61–63]. In-

utero intervention entails obliteration or blockage of the fetal trachea (also known as "plugging"), which 

was once accomplished through open surgery (using metallic clips) and is now accomplished through 

endoscopic procedures using endoluminal balloons [61–65] Plugging has been linked to a variety of 

consequences. The use of LHR criteria by diverse scientists to choose those who will benefit from prenatal 

intervention may have influenced the findings. Various researchers have supported and questioned LHR's 

effectiveness as a prognostic indicator since it was originally identified in 1995 [60,66,67]. Quintero and 

colleagues argue that both the observed/expected LHR and the LHR are independent of pregnancy age 

theoretically, and hence should be used with caution in predicting newborn outcomes [68].  

With the current knowledge, LHR should be calculated using the following standards. 

1. The heart should be viewed axially from the perspective of the four chambers. 

2. The herniated tissues in the image should be farther from the probe than the unaffected 

lung. 

3. You can prevent shadows cast by the costa by placing the transducer so that the 

ultrasonic beam spans the intercostal gap and is parallel to the costa. 

4. The picture must be frozen before applying the maximum magnification to make sure 

every landmark is discernible. Then, it should be enlarged until the fetal thorax's axial 

view occupies the entire screen. 

Another limitation of the LHR is that LHR sonographic assessment (using areas) is less accurate 

than MRI which measures lung volumes [69]. Furthermore, both lungs can be evaluated using MRI which 

is simpler to standardize. Finally, if continuing trials show that PLUG is effective, more of the affected 

fetuses might be handled in specialized clinics in which MRI would be the primary technique for 

determining the severity of the disease. Since USG is available in all centers and easy to use weekly, still 

O/E LHR is considered the gold standard for evaluating candidates for FETO and to do the postoperative 

follow-up. 

 



1.4.1.2. Total Lung Volume 

The known nomenclature for lung volumes refers to respiratory volumes which consist of tidal 

volume, inspiratory reserve volume, and expiratory reserve volume. However, when it is related to CDH, 

it refers to the volumes of the fetal lung measured by fetal MRI. Imaging is critical for assessing the lung 

antenatally, estimating the prognosis, and deciding on a follow-up approach. Although ultrasonography 

helps diagnose CDH, it can only provide limited information due to a variety of maternal, fetal, and 

technical issues. MRI, on the other hand, is recognized to provide more precise and thorough information 

regarding fetal anatomy. Compared to USG, fetal MRI picture quality is almost unaffected by 

oligohydramnios, fetal malposition, or maternal obesity. Furthermore, FLV values in MRI have been 

shown to have high accuracy and reliability, while having very low variations between observers [70]. MRI 

has been proposed as a tool for detecting prognostic variables linked to the degree of pulmonary 

hypoplasia [71,72]. Total lung volume (TLV) is a measure of pulmonary hypoplasia in CDH that is 

calculated using MRI [73–76]. Fetal TLV can be measured on MRI using a variety of approaches. The 

freehand ROI can be used to delineate the lung parenchyma on each slice and multiplied by the slice 

thickness [72,77]. The mediastinal volume is subtracted from the total thoracic volume to calculate the 

fetal TLV [76]. Rypens et al. and Meyers et al. provided methods for estimating predicted fetal TLVs 

adjusted for gestational age using MRI measurements [72,77]. Büsing et al. found a high association 

between the FLV and ECMO need after the 30th week of gestation using logistic regression analysis. Of 

95 fetuses investigated, the mortality was 70.8% under 5ml of FLV while the mortality was 0.3% under 

25ml FLV. The same patients ECMO need was 56% who had FLV less than 5ml while it was 8.7% in 

patients with 40ml FLV [70]. Kastenholz et al. demonstrated in their study that TLV correlates with the 

outcomes for left-sided CDH while no correlation could be shown with right-sided CDH [71].  

 

1.4.1.3. McGoon Index 

Angiographic measures of pulmonary artery size are routinely employed in the investigation of 

congenital heart disease to predict outcomes before surgical treatment of obstructive right-heart defects 

[78,79]. It can estimate pulmonary hypoplasia indirectly, that is, based on the proportion of the diameters 

of the two pulmonary arteries at the hilus level and the descending aorta where it crosses the diaphragm 

which is the so-called modified McGoon Index. It is shown to be correlated with preoperative predictors 

of various diseases affecting the pulmonary system as well as postoperative follow-up and mortality [80–

82].  

Many studies in the literature indicated that MGI scores were good predictors of death in CDH 

neonates while there were discrepancies in the cutoff values [83–85]. Since MGI is measured via 

echocardiography the deviation between measurements of descending aorta varies. Furthermore, it was 

found that the width of the descending aorta in CDH infants was not substantially related to the body 

surface area of the infant. As a result, the authors stated that the diameter of the descending aorta in CDH 

neonates is not an appropriate variable for standardizing pulmonary artery size [83].  

 

1.4.1.4. Pulmonary artery index 

The pulmonary artery index, which is also known as the Nakata index, is calculated by dividing 

the total cross-sectional area of the pulmonary arteries by the total body surface area (BSA). It was first 

defined by Nakata et al. for the Fontan repair [79]. PAI scores were found to be good predictors of death 

in CDH neonates by Takahashi et al. [83]. Furthermore, their findings show that PAI can be used to predict 



the degree of disease in survivors. Vuletin et al. demonstrated that prenatal PAI also can predict postnatal 

PAH in CDH patients and they named it as Prenatal Pulmonary Artery Index [86]. Since the BSA could 

not be determined in utero, the craniocaudal length of the vermis of the cerebellum, which enables the 

standardization for gestation age in the Prenatal Pulmonary Hypertension Index (PPHI) calculation, was 

obtained using midline sagittal scans of the brain. The PPHI was estimated by multiplying the diameter of 

the left pulmonary artery by the length of the cerebellum by ten.  

 

1.4.1.5. Liver herniation 

An earlier gestational age at diagnosis, a greater requirement for ECMO, and a slower rate of 

fetal lung development were all associated with liver herniation into the thorax, as previously reported in 

the literature [87–92]. In patients with liver up, the need for ECMO might change from 52.4% to 80% 

[45,92]. In left-sided CDH patients, the thoracic herniation of the liver usually implies a major diaphragm 

defect with abdominal organs herniating early, culminating in severe pulmonary hypoplasia and 

pulmonary hypertension. Even with advances in neonatal care, thoracic herniation of the liver continues 

to have a deleterious impact on survival. Also, mild herniation has a substantial impact on longevity and 

the requirement for ECMO. It is critical to measure the quantity of herniated liver when estimating 

prognosis because it was identified significant disparities in outcomes when comparing parts that 

herniated [45]. According to the literature, utilizing MRI to measure the proportion of the liver's herniated 

volume to the total volume of the thoracic cavity (LiTR) enabled independent assessment of postnatal 

outcomes from O/E TLV [93]. The best method for predicting death and the ECMO necessity in babies 

with isolated CDH is a combination of MRI, O/E TLV, and the proportion of liver herniation [94]. 

Furthermore, many studies have shown that early infant morbidity, the need for diaphragmatic 

replacement techniques, greater oxygen requirements, and a longer hospital stay are all predicted by liver 

herniation [87–92,95].  

 

1.4.1.6. Presence of hernia sac 

The parietal layer of the peritoneum and lung pleura form a hernia sac, which has been 

documented in 20% of instances in the literature [96]. However, research on the importance of the sac is 

limited, albeit all of them link the correlates of the sac with increased lung capacity and improved survival 

[97–99]. The prevalence of a sac was documented as 13.8% in a previous study done by our team, and 

it does not appear to be altered by the mother's age or the baby's gender [45]. The appearance of a sac 

in CDH is thought to confirm the late herniation, according to the studies already published in the literature 

[87]. When a hernia sac was present, the age of diagnosis was greater. CDH with an intact sac had 

greater fetal pulmonary development measures throughout the pregnancy. The hernia sac was the most 

important determinant in predicting the low necessity for ECMO cannulation and the patients' survival. 

The favorable effect of the sac presence also revealed a statistically significant difference in the length of 

stay in the hospital. 

 



1.4.2. Treatment modalities in CDH 

1.4.3. Prenatal management 

1.4.3.1. Fetal Endoluminal Tracheal Occlusion - FETO 

Harrison et al. described the initially called PLUG (Plug the Lung Until It Grows), a brief fetal 

tracheal occlusion that can correct pulmonary hypoplasia in CDH, in 1996 [61]. In a study of CDH lambs, 

Papadakis et al. found that the system that produces surfactants experienced improved parenchymal 

growth and maturation as a result of temporary tracheal closure. [100]. Kitano et colleagues investigated 

the effects of plug in rodents, speculating that pressure in the airways and secondary mechanical forces 

are the key cues for tracheal occlusion-induced lung expansion [101]. Harrison et colleagues used the 

PLUG approach on eight human babies ranging in gestation from 25 to 28 weeks [61]. They declared the 

obstruction in the prenatal lung via controlled tracheal blockage could grow underdeveloped lungs, even 

replace the abdominal viscera, and enhance postnatal pulmonary performance. The trachea was plugged 

with a foam plug or a titanium clip. A positive pulmonary response was seen in five of the patients. There 

were three failures, all of which were caused by the plug or clip not completely occluding the trachea. 

 

1.4.3.2. Ex Utero Intrapartum Treatment - EXIT 

Ex Utero Intrapartum Treatment (EXIT) is a successful treatment for reversing blockage at birth 

[102]. EXIT, which has a diverse staff and offers a regulated setting for protecting the airway, can unplug 

the trachea. The major goals of EXIT are to maintain fetoplacental circulation by securing the infant's 

airway via hysterotomy when the lower body and umbilical cord are left in the uterus while just the head 

and shoulders of the fetus are exteriorized. Ventilation could be achieved through orotracheal intubation 

or tracheostomy, the plug or clip could be removed or tracheoplasty could be performed prior to the chord 

clamping. This technique has already been shown to be both safe and effective [103]. Nowadays, the 

tracheal balloon is removed by a scheduled second fetoscopy, but sometimes labor starts before the 

planned date, and the tracheal occlusion should be reverted (balloon removal and intubation on placental 

support) by means of an EXIT procedure, just before delivery of the patient. 

 

1.4.4. Postnatal management 

It was Bochdalek from Prague who first described the posterolateral diaphragmatic defect in 1848 

while Ladd and Gross were the first successors who treated the patients [104]. Since then, a lot has 

changed in the management of the patients. The CDH Europe consortium consensus in 2015 updated its 

protocol for the standardized management of CDH infants [105]. It can be summarized as planned delivery 

in a hospital with a large patient volume after 39 weeks’ gestation; avoiding neuromuscular blocking 

agents during initial delivery room treatment; achieving preductal saturation of 80 to 95% and post-ductal 

saturation of >70% by modifying the treatment; targeting PaCO2 of 50 to 70mmHg; and the optimal initial 

ventilation method which is conventional mechanical ventilation, and newborns with CDH may benefit 

from intravenous sildenafil or other medications, anti-PAH as bosentan or epoprostenol. The use of 

inhaled nitric oxide is frequent, but its efficacy is controversial. 

Regardless of the studies and reviews in the literature, there is still no consensus about the timing 

of the delivery. There are studies that show the mortality decreases with delivery at the later stages of the 

gestation while there are others that demonstrated the inverse correlation of the gestational age at the 

delivery and the ECMO need [106,107]. To complicate it, there are also studies that could not find any 

correlation between delivery age and survival [108].  



As a standard of treatment, it is recommended that newborns with prenatally diagnosed CDH 

should be intubated immediately [105]. End-tidal CO2 monitoring should be used to validate the location 

of the endotracheal tube. Low peak pressures, preferably less than 25 cm H2O, which decrease lung 

injury to the ipsilateral and contralateral lungs are recommended. 

Patients with CDH have systemic hypotension, mostly correlated with the degree of pulmonary 

hypertension. Right-to-left shunting may be reduced by increasing systemic blood pressure. If the 

preductal saturation remains above 80%, blood pressure may be kept at its current levels. As a result, if 

preductal saturations remain between 80 and 95%, the consortium suggests maintaining arterial blood 

pressure at normal values for gestational age. On the other hand, surfactant therapy is unnecessary in 

this group since its quantities are anticipated to be proportional to pulmonary volume [109].  

Once hemodynamic stability is established the type of surgery is to be determined. As of now, 

CDH is a physiological emergency, not a surgical one. The current controversies are also valid for the 

timing of surgery and optimal surgical technique. While some studies in the literature found that surgical 

repair following ECMO resulted in better results, others discovered an association between repair within 

the first 72 hours of ECMO and a shorter ECMO duration., fewer circuit issues, and a trend toward 

increased survival, as well as a higher chance of survival, less surgical bleeding, and a shorter ECMO 

stay [110–116]. In the recent study done by our team, in patients with a large CDH defect, a repair using 

a muscle flap or patch is possible and long-lasting, with a minimal chance of recurrence [56]. Moreover, 

both have statistically indifferent on-ECMO bleeding issues [54]. Surgical techniques are chosen based 

on the size of the defect, the patient's status, and the operator's decisions. For smaller defects, primary 

anastomosis is favored, whereas bigger defects necessitate an artificial patch or a muscle flap [117]. 

 

1.4.5. Outcome in CDH 

In the previous few decades, advances in operational techniques, newborn care, and therapy 

regimens have all helped to enhance CDH management and outcomes. Although improvements increase 

patient survival, other factors, like the presence of thoracic liver and related abnormalities, decrease the 

likelihood of survival [45]. Our research previously demonstrated that when more liver tissue protruded 

into the chest cavity, the necessity for ECMO rose and patient survival reduced; also, this herniation 

lowered prenatal lung measures [45]. Another study that examined the lung-to-head ratio (LHR) and the 

position of the liver to determine whether isolated left CDH will survive and require ECMO found that the 

overall survival rates for fetuses with liver in the thorax and liver in the abdomen were 45% and 93%, 

respectively [92]. Infants who don't need ECMO now have overall survival rates of 70% to 90% while 

infants who do need ECMO now have rates of 50% [118]. Common long-term morbidities in CDH patients 

include recurrent respiratory infections (34%), gastroesophageal reflux (GER) (30%), failure to thrive 

(20%), thoracic abnormalities (40%), and cognitive impairment (up to 70%) [119–121]. A multidisciplinary 

team of professionals should be consulted for long-term monitoring [122]. Chronic pulmonary morbidity is 

typical among CDH survivors, particularly in patients who need ECMO or patch repair. Reduced forced 

expiratory volume in one second (FEV1), FEV1/forced vital capacity, forced expiratory flow at 25%–75% 

(FEF25–75), functional residual capacity, and most permissible level of ventilation represent mild to 

moderate obstructive pulmonary disease. They also have higher bronchial hyperreactivity and lower 

inspiratory muscular strength [123–125]. Adolescent CDH survivors are more likely to have 

musculoskeletal anomalies such as scoliosis, pectus excavatum, or pectus carinatum [123,125,126]. In 

the long run, persistent pulmonary hypertension in the neonates (PPHN) exacerbates CDH, resulting in 



considerable morbidity and mortality. Based on the progression of PAH, CDH infants can be categorized 

into three groups [127]. The first group has a 100% survival and no PAH. The second group had a 75% 

survival rate with PAH at birth that progressively goes away by the time the baby is 4-6 weeks old. The 

third group develops PAH that persists systemically after at least six weeks old and its mortality rate is 

100% [127]. 

 

1.5. Animal models in congenital diaphragmatic hernia 

Animal models for the CDH are related to the timing of the defect in the diaphragm, size, and the 

cause of why the lungs remain hypoplastic. The most widely used animal species are mice, rats, rabbits, 

and sheep. The first surgical model was performed by Lorimier and his team in the 1960s on the 72nd to 

75th days of pregnancy in fetal sheep (Figure 1) [128]. The 72-75th pregnancy days are equal to the 10th 

weeks of pregnancy which coincide with the pseudo-glandular stage of lung development [129].  

 

Figure 1: Creation of congenital diaphragmatic hernia with surgical technique in the sheep and tracheal 
occlusion with clips. (Figure was used with the permission of Prof. Jose Luis Peiró.) 

Fauza et al. demonstrated the surgical CDH model on 24-25th gestational day in 1990 which was 

less costly, smaller in size, had a shorter pregnancy time, and a higher number of fetuses per pregnancy 

when compared to the sheep (Figure 2) [130]. The specified surgical models are widely used for 

interventional treatment methods such as tracheal occlusion, which provides lung development in utero 

[129,131–134]. 



 

Figure 2: The surgical model to create Congenital Diaphragmatic Hernia in rabbits. (Figure was used with 
the permission of Prof. Jose Luis Peiró.) 

Following the recognition of the carcinogenic properties of the chemical called nitrofen (2,4-

dedlorophenyl-p-nitrofenl ether), a type of herbicide, it was used for toxicology studies in adult rats after 

which it was found to have a teratogenic effect in pregnant rats. The oral administration to the pregnant 

rats resulted in congenital anomalies of the lung, diaphragm, heart, and skeleton system (Figure 3) 

[135,136]. In this model, it has been shown that 100mg nitrofen, which is given orally to the mother as 

dissolved in 1mg oil on the 10th day of pregnancy, affects the development process of the lung, which 

begins to develop on the 11th day of pregnancy, and the diaphragm, which begins on the 13th day. While 

CDH occurred in approximately 70% of the fetuses, pulmonary hypertension was found in all fetuses 

[137]. In the same model, on the 18th day of pregnancy, occlusion of the trachea is ensured by placing 

6/0 polypropylene sutures or titanium microclips into the trachea with a 2.5x binocular loop. Although this 

process is irreversible, its cost is very low compared to rabbit and sheep models. 

 

Figure 3: Oral administration of nitrofen to pregnant rats and tracheal occlusion in rat fetuses with 
congenital diaphragmatic hernia. (Figure was used with the permission of Prof. Jose Luis Peiró.) 

The cost of the sheep model, the low number of fetuses per pregnancy, and the long gestation 

period are among the most important handicaps. However, it is the only model that can imitate human 

tracheal occlusion exactly. In the rabbit model, although the gestation period is shorter and the number of 

fetuses is higher than in the sheep, the fact that the model is surgical brings criticism that it does not 

overlap with the congenital disease model, and the size of the defect created depends on the surgeon's 



preference. In the rat model, the gestation period and the number of fetuses are quite advantageous 

compared to sheep and rabbits. However, the chemical effect of nitrofen causes pulmonary hypertension 

in all fetuses, and the detection of CDH in approximately 60-70% of the fetuses causes the model to be 

questioned. 

In the mouse model developed by Aydın et al., a new model was defined that combines the 

advantages of different techniques [138]. In this model, the trachea of the fetus is occluded with a suture 

without opening the uterine wall. One of the most important advantages of the technique is that it is 

reversible and allows spontaneous vaginal delivery of fetuses. 

 

1.6. Mathematical modeling of lung structure in congenital diaphragmatic hernia 

Determination of pulmonary hypertension in CDH patients and revealing lung disorders with 

mathematical measures enable us to better understand and detect the disease with statistics and artificial 

intelligence methods. In order to reveal the morphological difference between the healthy fetus's lungs 

and the fetus's lungs with CDH, the mathematical model of the pulmonary vascular network should be 

obtained.  

Pulmonary capillary vessels spread in the form of a layer, while the arteries and veins have an 

array in the tree structure [139]. The tree-shaped sequence manifests itself in many natural structures, 

not only in vascular networks. For this reason, the establishment of the mathematics model of tree 

morphology is of interest not only to medical science but also to many different disciplines. The Strahler 

model is the most popular math model used for tree structures that have appeared in nature in the last 40 

years. The primitive state of this model was used by Horton to model the rivers and branches and 

developed by the model Strahler with small changes [140,141]. Afterward, the model was used to describe 

various biological structures such as the retina, pial system, coronary vascular network, dendrite network 

in brain nerve cells, and the vascular network of the skeletal muscle in which the tree structures are seen 

[142–150]. Similarly, there are studies in which the lung artery and vein vascular structure are modeled 

by the Strahler method [151–155]. 

The tree structure in nature consists of branches and the root is the thickest branch, while the 

following branches are thinner. When modeling the tree structure, the branches are classified with 

different levels in terms of their distances to the root and thickness. In the Strahler model, the space 

separating the two branching is named as segment and the segments at the distal ends are classified as 

1. Order. The number of segments increases as it progresses to the root. The branches of the schematic 

tree structure given in Figure 4 have been appointed according to the method of Strahler. 



 

Figure 4: Order of segments according to the Strahler method 

In the Strahler model, the segments are ordered according to the following algorithm from the 

distal ends to the root: 

• The order of all distal branches is appointed as 1. 

• When the two segments with the same order such as order n meet, the order of the new 

segment continues as n+1. 

• Provided that n>m, when two segments with order n and m meet, they are appointed as 

order n. 

• This process is continued until it is assigned to the order of the segment at the root. 

When the tree in Figure 4 which was ordered per Strahler’s method analyzed in detail, it will be 

seen that it has certain miscalculations. In a formal tree structure, branches of the same thickness are 

expected to be parallel to each other. However, the figure has serial connections between orders. This 

reduces the ability of segments to represent the branches. Another problem is although the thickness of 

the equal branches is the same, they are labeled in different orders. To deal with this issue, the Strahler 

model was modified, and the thickness of the branches and the serial connections were taken into account 

[156,157]. This approach, known as the diameter-defined Strahler method, ranks segments according to 

their diameter sizes with an iterative algorithm. The Strahler method with a defined diameter was applied 

to model vascular systems in various organs in humans and animals [156,158–167].  

While in the traditional Strahler model, each branch is presented as order, the concept of element 

is defined in the diameter-defined Strahler method. The serially connected segment community of the 

same order is called an element. Therefore, in contrast to the standard model, branches of the same 

thickness defined by the element in the diameter-defined Strahler method are only parallelly connected 

to each other. The order of the branches defined as segments and elements in the diameter-defined 

Strahler method is determined according to the procedure given below: 

• The order of the segments is determined according to the standard model. 

• The segments of all tree structures to be modeled are pooled and then divided into 

classes according to their levels. The average segment diameter of each class (Dn) and 

the standard deviation of the diameter (∆n) are calculated. Assuming that the largest 

order is N, n = 1, 2, …, N. 



• The order of all segments in the pool is updated for the following range below. To express 

more clearly; provided that n = 1, 2, …, N, the diameter of the segment at the nth order 

should be in the following range. 

(
(𝐷𝑛−1 + ∆𝑛−1) + (𝐷𝑛 − ∆𝑛)

2
,
(𝐷𝑛 + ∆𝑛) + (𝐷𝑛+1 − ∆𝑛+1)

2
] 

Herein, the left side of the range for the first order of the segments and the right side of 

the range for the Nth order of the segments could not be limited.  

• The last steps are repeated iteratively until the above intervals converge. It is possible to 

determine the convergence criteria by looking at what percentage of the segments do 

not change in each iteration. For example, if 99 %of the segments have not changed, 

iterations are terminated. 

• Provided that n = 1, 2, …, N, serially connected nth order segments combine to create 

the nth order element. Figure 5 shows the elements defined on a schematic tree. 

 

Figure 5: The elements formed by segment groups of the same order connected to the serial form are 
indicated by cut lines. The remaining singular segments are also defined as elements. 

 

Once the diameter-defined Strahler method has been created, many quantitative dimensions can 

be defined in this model. The basic measures are the number of segments and elements for each order, 

their lengths, diameters, and length/diameter ratios. Apart from these simple ones, it is possible to give 

parameters that measure the branching behavior, branching symmetry, and fractal structure of a tree 

structure.  

1.6.1. Segment / Element ratio 

The segment/element (S/E) ratio is calculated by dividing the number of segments overall in a 

tree by dividing the number of segments overall elements for each order. The S/E ratio measures 

branching asymmetry in a tree. A value of 1 is the smallest value that the ratio can take, and this value 

means that branching has full symmetry. As the S/E ratio grows, the asymmetry of the branch increases. 

In the schematic tree given in Figure 5, the S/E ratio is approximately 1.06 for the first order, 1.25 for the 

second order, and 3 for the third and fourth order. Therefore, the third and fourth-order branches have 

higher branching asymmetry. 



 

Figure 6: A tree with full branching symmetry for all levels 

 

In the tree sample shown in Figure 6, branching has full symmetry. For this tree, the ratio of S/E 

is 1 at all levels. Here should be considered; The branching symmetry is not the angle or branch lengths 

between the branches, but that branches depend on the number of bifurcations between them. 

 

1.6.2. Connectivity matrix 

In the field of network science, understanding the complex interactions between different 

elements of a system is crucial. One such element is the connectivity matrix, which provides a 

comprehensive representation of the connections between nodes in a network. A connectivity matrix is a 

fundamental tool for analyzing and modeling various systems, including neural networks, social networks, 

and transportation networks. 

A connectivity matrix, also known as an adjacency matrix, is a square matrix that represents the 

connections between nodes in a network. In a binary connectivity matrix, the presence or absence of a 

connection between two nodes is denoted by 1 or 0, respectively. However, in weighted connectivity 

matrices, the strength or weight of the connection is represented by numerical values. The primary goal 

of a connectivity matrix is to give a concise and structured representation of the connectivity patterns 

within a network. 

Connectivity matrices have significant importance in various fields of study. In neuroscience, 

connectivity matrices are used to analyze and understand the functional and structural connectivity of the 

brain. They help identify brain regions that are strongly connected and play a crucial role in information 

processing. Moreover, connectivity matrices are also used in social network analysis to study patterns of 

interactions between individuals or groups. In transportation networks, connectivity matrices help analyze 

the flow of traffic and optimize routes. 

The connectivity matrix of a tree describes the connection methods between different branches. 

Assuming that the highest order is N, the connectivity matrix is NxN square matrix, and the elements of 

the matrix are calculated with the following formula: 

𝐶𝑚𝑛 =
𝐸𝑚𝑛

𝐸𝑛
 



Here, Emn represents the quantity of elements in the nth order while En represents the number of 

elements from order n. The connection matrix for the schematic tree given in Figure 5 is given in Table 2. 

In trees where no branch is thickened from root to end, connection matrices are upper triangular. 

 

Table 2: The connectivity matrix of the tree given in Figure 2 

Orders 1 2 3 4 

1 0/16 9/4 5/2 1/1 

2 0 1/4 3/2 1/1 

3 0 0 0/2 2/1 

4 0 0 0 0/1 

 

Connection matrices show the mean number of branches of the branch from each order, and this 

matrix can be used as an essential step in the calculation of vascular volume and blood pressure [156].   

There are different methods to construct a connectivity matrix depending on the nature of the 

network being studied. In brain networks, connectivity matrices can be constructed using various 

neuroimaging techniques such as functional MRI or diffusion tensor imaging. Social network analysis 

often relies on survey data or online platforms to construct connectivity matrices. Transportation networks 

can be analyzed using data from GPS devices or traffic flow sensors. 

Once a connectivity matrix is constructed, various analysis techniques can be applied to gain 

insights into the network’s properties. One common analysis method is network centrality, which 

measures the importance of nodes based on their connectivity patterns. Other techniques include 

community detection, which identifies groups of nodes with similar connectivity patterns, and network 

motifs, which are recurring connectivity patterns within a network. 

While connectivity matrices provide a valuable representation of network connectivity, they also 

have certain limitations. One limitation is the assumption of static connectivity, which may not capture the 

dynamic nature of some networks. Additionally, connectivity matrices may not fully capture the complexity 

of real-world networks due to the limitations of data collection techniques or the inherent noise in the data. 

1.6.3. Fractal geometry 

Fractal geometries have similar structural elements on different scales. In other words, when we 

look at geometry on different scales, the patterns that continuously repeat themselves are seen. This 

feature is called self-similarity. These fractal features are seen in the vascular tree structures of various 

organs [168–170]. The increase in the order of the vascular branches while the geometric increase of 

diameters and lengths and the geometric decrease of the number of branches is an indication of self-

similarity. In cases where this fractal feature is seen, the branch diameter, length, and number comply 

with the Horton Law [140]. Horton Law could be defined with the below formula provided that the length, 

diameter, or number of the segments at the nth order; a and b are fixed values.  

log10𝐾𝑛 =𝑎 + 𝑏𝑛 

It is ideal that all branches provide the linear equation above. The degree of the above equation 

in a vascular tree in terms of diameter, length, and number can be considered as a measure of fractality 

of the tree. In practice, the average diameter, average length, or number values are analyzed separately. 

By calculating these parameters for each order respectively, three regression lines are determined by the 



smallest frame approach. The correlation coefficients of these regression lines (R2) become such a 

measure of fractality. Correlation coefficients take values between 0 and 1, and the tree is said to have 

more fractal properties as it approaches 1. 

 

  



2. Scientific justification 
Lung development is influenced by several variables, one of which is the presence of amniotic 

fluid. Pulmonary development is impacted by urinary system diseases that result in oligo/anhydramnios. 

This fact makes the egression of intrapulmonary fluid (produced naturally by the fetal lungs in 

development) increment and remain in less contact with the pulmonary tissue where should be for normal 

lung growth. On the other hand, as a result of congenital laryngeal or tracheal diseases that occlude the 

tracheal lumen, externally or intrinsically as Congenital High Airway Obstruction Syndrome (CHAOS), the 

volume and size of the lungs, as well as the growth factors that stimulate lung growth, are increased, 

generating pulmonary hyperplasia. Prenatal tracheal blockage as therapy was discovered as a result of 

this natural finding. It has the ability to improve postnatal pulmonary functioning and lung compliance by 

reversing hypoplastic lung [171–176].  

The studies that outline an assessment of the prognosis using LHR in isolated CDH fetuses 

cannot be supported by other prospective investigations. The results show that, based on prenatal LHR 

measurement, there is no evidence of a significant relationship between lung size and postnatal course 

[67]. Unlike other scientists, Helling et al. were not successful in determining a predictive value for the 

prognosis of isolated CDH fetuses, despite the fact that the diagnosis was made between 22 and 27 

weeks’ gestation [67]. Furthermore, no connection was found between LHR and other postnatal breathing 

characteristics or the incidence of pulmonary hypertension. In this investigation, the overall survival rate 

was also comparable to that of other studies. The lung appears to be too complicated an organ to be 

prognostically evaluated only based on a single biometric measure, but still, this prenatal parameter 

remains the most used to estimate the severity and outcomes of these CDH patients. 

Vascular nets aid in the delivery of nutrients to organs and the elimination of waste, as well as 

serving as a skeleton for cell and organ growth. The organization of tissues and organs relies heavily on 

the purposeful branching of circulatory systems. Even if these branching techniques differ slightly between 

individuals, cellular cues that trigger vascular development in disease situations have a significant impact 

on them [177]. Many acquired or congenital disorders that alter pulmonary vascular modeling have been 

reported in the literature, including emphysema, CDH, and bilateral renal agenesis [178]. It is critical to 

be able to distinguish the difference in vascularity in diseased ones using a simple and repeatable method, 

as well as to reveal and classify its properties in both experimental investigations and human situations. 

Although histological examination of tissues retains its historical importance, radiological methods have 

begun to be used in experimental studies because histological methods have too many staining 

procedures, the samples lose their compliance with different technical evaluations, and it is difficult to 

reveal the entire lung tree in detail. With today's technological capabilities, histological tissue diagnosis is 

the only known way to diagnose PAH in utero in human samples. In the case of CDH, however, a biopsy 

is not regarded as a diagnostic procedure because one of the lungs does not develop adequately, and 

the other lung, while partially developed, is anatomically and functionally problematic. Furthermore, the 

biopsy material's diagnostic accuracy in predicting the overall lung state is unknown. Intelligent 

radiological techniques have become increasingly important at this stage. Many researchers are working 

hard today to use radiological technologies to reveal the pulmonary vascular tree [133,179,180]. It is a 

subject that has been studied for many years, and these studies may be presented in the most precise 

way by using artificial intelligence algorithms to eliminate human mistakes. 

Mice, rats, rabbits, and ovine models are used to demonstrate the pathogenesis of the disease 

and to establish appropriate treatment choices [28,134,136,181]. Because of the large number of fetuses 



in every pregnancy, the rat model is preferred. The ovine model, on the other hand, is the most human-

like. While tracheal occlusion in other laboratory animals is accomplished by placing a metal clip or 

stitching outside of the trachea, in the ovine model, an inflating balloon can be introduced into the trachea 

for occlusion in the same way that it is done in humans [173]. In the ovine model, the balloon is also 

removed to allow newly created intrapulmonary fluid to wash away the thicker mucus coating in the lungs 

after a prolonged period of occlusion, allowing the lungs to be compliant for spontaneous or aided 

ventilation following birth. This surgery, known as unplug, is critical for postpartum survival. Other animal 

models, except for ovine, hinder the translation of studies into humans because tracheal occlusion was 

not reversible in them. However, our recent model enables us to study the outcomes of unplug procedure 

in the mice [134,182].  

The current physiopathology of CDH causes lung development to be disrupted, as well as airway 

and vascular branching. In pulmonary arteries, this action causes not only numerical scarcity but also an 

increase in the thickness of the existing channel wall structure. Because of the reduced blood flow in the 

lungs during pregnancy, blood pressure (the pressure applied to the artery wall surface) does not rise. In 

the postnatal period, however, the pressure on the surface rises with the commencement of respiration 

and an increase in the amount of blood moving through the lung vessels. Unfortunately, this condition, 

known as PAH in the postnatal period, cannot be assessed accurately in the prenatal period. The 

segmentation of lung vascular networks in adults is done using radiological diagnostic tools and software, 

primarily computerized tomography (CT). All these products, however, demand user interaction. This 

intervention wastes time and labor and may result in bias. It is critical to have systems that do not require 

user participation and run automatically. In research using radiological methods in animal models to 

highlight vascular architecture, materials such as plaster, silicone, and other materials have been 

employed. Because the chemicals used in these approaches are administered intravenously at a constant 

pressure, they may cause the vessels to rupture or alter their relationships in the three-dimensional plane. 

As an alternative to these agents, a water-soluble iodine-based contrast agent (Lugol) was used, which 

was diffused homogeneously in the intravascular area of the rat fetus, and the numbers of vessels, 

diameters, lengths, and angular relationships with each other in the 3-dimensional plane were revealed 

using commercially available software, Analyze. 

In fetuses with CDH, gastrointestinal organs protrude into the thorax causing hypoplasia of the 

lung parenchyma and vasculature, which generates substantial morbidity and mortality in infants. 

Significant PAH-related mortality and morbidity are linked to anatomical changes in the pulmonary 

vasculature. There is a critical need to prenatally evaluate and treat PAH before these patients need to 

use the lungs to improve their survival. Some fetuses with CDH have undergone fetal surgery for TO, 

which prevents the egress of intrapulmonary fluid, and seems to expand the lungs, remodeling 

vasculature, and improving survival and postnatal lung function. Any developing structure in the 

embryonic or fetal body follows the vasculature pattern so makes sense that the well-described decrease 

of branching in the airways of CDH hypoplastic lungs also will have defective branching on the lung 

vasculature. 

 



3. Hypotheses  
Since pulmonary hypertension is one of the predictors of the survival of these patients, this thesis 

study seeks to test the general hypothesis that a newly designed prenatal pulmonary vascular branching 

index correlates with the severity of postnatal pulmonary hypertension.  

 

  



4. Objectives 

Main Objective 
To elucidate the morphological distinctions in fetal pulmonary vasculature between normal and 

congenital diaphragmatic hernia (CDH) subjects through µCT imaging.  

Secondary Objectives 
1. To demonstrate the normal three-dimensional distribution, branching patterns, and interrelations 

of pulmonary vasculature in animal models using µCT scans, providing a baseline for normal 

lung anatomy.  

2. To quantify and compare the morphometric properties of the pulmonary vasculature in CDH-

affected fetuses, focusing on variations in lung and lobe vasculature, branching frequency, 

alveolarization, compliance, and the thickness of the pulmonary arterioles' muscular layer. 

3. To demonstrate the anatomical and morphological disparities in pulmonary vasculature through 

detailed µCT scan analysis, thereby facilitating the understanding of CDH's impact on lung 

development; and to develop a radiologically based index capable of distinguishing between 

healthy and CDH-affected pulmonary anatomy, enhancing diagnostic accuracy and potentially 

guiding therapeutic interventions. 

  



5. Materials and methods 

5.1. Study design 

This is an experimental prospective study (Figure 7). The National Institutes of Health's Guide for 

the Care and Use of Laboratory Animals was followed in all experiments after receiving ethics committee 

permission (NIH Publications No. 80023, revised 1978). Approval of IRB #2017-6361 and IACUC #2016-

0111 by the Cincinnati Children’s Research Foundation Institutional Animal Care and Use Committee, 

#2018.234.IRB1.027, #2018.236.IRB1.029 and #2018.HADYEK.027 by Koç University Institutional 

Animal Care and Use Committee and by #3E-46048792-050.01.04-19244 Tekirdağ Namik Kemal 

University Institutional Animal Care and Use Committee were granted. All surgical procedures were 

performed while the mother was under isoflurane inhalation general anesthesia. The fetal anesthesia for 

intrauterine management was also well delivered through this. Following the puppies' carbon dioxide 

euthanasia, all procedures on the newborn were carried out. 

 

Figure 7: The flow chart of the study 

 

5.2. Creation of CDH 

Age-matched Sprague Dawley rats were mated overnight, and the females' plugging, and weight 

increase were scaled daily. The first day of the pregnancy was regarded to be the day on which sperm 

were found in a vaginal smear. On the ninth embryonic day (ED), 100mg of nitrofen (2,4-dichloro-4′-

nitrodiphenyl ether), a teratogen herbicide, was gavaged into the pregnant rats with olive oil to cause a 

congenital diaphragmatic hernia. The control group received no intervention. 

5.3. Preparation of the fetuses 

At ED 21 (full gestational length of 22 days), cesarean sections were used to deliver the fetuses. 

The puppies were gently dried and placed on a cool pad. Umbilical cords were promptly tied to stop blood 

loss because red blood cells are required for intravascular Lugol binding. Carbon dioxide was used to 

euthanize fetuses. 

Optimization of the contrast enhancement

Optimization of the imaging technique

Vascular remodelling in healthy & CDH rats

Sketelinazation of the vessels in healthy & CDH rats

Vascular remodelling in CDH rats



5.4. Specimen preparation 

As an intravascular contrast agent, Lugol solution (10g KI and 5g I2 in 100 ml H2O) was employed 

(Figure 8). It was made into a physiologically isotonic solution by diluting it with de-ionized water to 

improve diffusion and lessen soft tissue shrinking [183]. Phosphate-buffered saline and 4% 

paraformaldehyde (PFA) were used to fix fetuses overnight (PBS). For 72 hours, they received treatment 

with a 25% Lugol solution. In order to represent the comparison of the pulmonary tree, four more distant 

vascular branches from various specimen groups — the isolated lung, the upper half of the torso, the 

direct right ventricle injection (injection group), and the whole body with partial excision of the thoracic 

skin (2mm in diameter)—were prepared. The main defense against Lugol perfusion is the skin. To 

evaluate iodine's absorption through the pulmonary vessels and identify the preparation that produced 

the best Lugol penetration, four rats were analyzed in each group.  

 

Figure 8: The administration of the Lugol solution 

5.5. Micro-CT imaging 

A MicroCAT II micro-CT scanner was used in this study (ImTek, Inc., Knoxville, TN). The useable 

field of view for the scanner geometry used in this case was about 3x2 cm. The following parameters were 

used to capture raw data during the course of a 55-minute scan: 80 kVp, 200 A, 800 projections, 0.25° 

increment, 3.3 s exposure, and 2-by-2 binning of the CCD detector's 3072 x 2048 element array. 

Feldkamp cone beam filtered back projection was used to reconstruct the projection data after it had been 

adjusted for distortion and detector anomalies. As a result, a 3D image with an isotropic resolution was 

produced of 21 m and a voxel size of 19 m. 

5.6. Image analysis 

Data was collected, and an image of the pulmonary arterial tree in 3D was made utilizing the 

commercial program Analyze 12.0 (Rochester, MN). The pulmonary vascular tree was reconstructed in 

three dimensions over a number of steps. After manually choosing the area of interest, a segmentation 

per threshold was then tailored for the specimen. On the stained vasculature, seeds — which are one of 

the pixels in the desired area — were chosen, and the object was extracted using the "region grow" 

function. The 'object separator' function, which the user can manually set, and the vessels that weren't 

part of the pulmonary system were excluded. A 3D volume rendering method was used to create the 



detailed 3D representations of the vascular tree. Using the "generate tree" function, tree analysis—i.e., 

measurement of the pulmonary vessels' diameter and length—was carried out [184,185]. Lastly, the 

software automatically determines the number of branches and generations. 

5.7. Data acquisition 

All fetuses were harvested at E21 (full gestation is 22 days) by cesarean section under general 

anesthesia. µCT was performed after intravascular contrast introduction and images were analyzed by 

Analyze Pro (Rochester, MN, USA) [133]. After excluding the low contrast and abnormal data due to 

technical error of the machine, 11 right and 10 left arterial trees of the healthy rat fetuses, and 10 right 

and 10 left arterial trees of the rat fetuses with left CDH were included in this study. 

 

5.8. Data processing 

5.8.1. Segmentation 

Unnecessary areas of the CT pictures were clipped to save time and effort. Analyze Pro used 

image processing techniques. After manually defining the appropriate threshold, the photos were 

subjected to a semi-automated tracking technique for region growth. The seed placement on the vessel 

points was tracked by the region-growing algorithm, which built the vessel structures. This method can 

be employed when the vessel distributions' pixel values are clearly different from those of other tissues. 

The region expanded could not monitor the entire network in some situations due to the contrast agent's 

distortion. To solve this problem, the threshold value was configured to be very little., which resulted in 

network structure noise. The segmentation process by hand removed the noise. Both arteries and veins 

were covered by the segmented construction. They were manually separated and the data for pulmonary 

arteries were included in this study. 

5.8.2. Nomenclature 

The skeletonization process was applied utilizing multiple thinning algorithms to extract bifurcation 

patterns and morphometric measurements such as number, the mean cross-sectional area, and the 

length of vessels [186]. This process also classified vessels according to their generations. Per this 

classification a segment is defined as the part of a vessel between two bifurcation nodes that follow each 

other in a tree structure; an element is defined as a set of segments that are connected in series and have 

the same order and an order is defined as the branch or generation in a tree structure.  

5.8.3. Mapping of the tree structure 

In a formal tree structure, Order 1 was assigned to the roots of arterial trees and the ordering 

number was increased as the generations increased. This ordering scheme did not take the diameter or 

cross-sectional area of vessels into account. Therefore, for a more effective ordering scheme, Strahler’s 

approach was modified in a way to consider the cross-sectional area of vessels [187]. This modification 

was similar to the approaches that considered the diameter of vessels in an iterative manner [157,165]. 

This modified approach classified the smallest cross-sectional area vessels as order 1, and the order 

number of vessels increased along with their cross-sectional area. The modified approach that was 

applied individually for the right and left sides of arterial trees consisted of the following steps: 

i) The arterial trees were modeled as a Strahler system [188]. In this system, between two succeeding 
nodes of bifurcation on a vessel was called a ‘segment’. The orders of these segments increased 
from leaves to the root, however, they were not determined according to their cross-sectional area. 



ii) An iterative procedure was applied to the obtained model to rearrange the orders of segments 
according to the cross-sectional area. This iterative procedure was similar to the one that was 
applied according to the diameter of segments [157,165].   

iii)  The order of a segment was increased if it was lower than the order of the next generation. 
iv) The elements, which were groups of segments joined in series in the same order, were determined 

[157,165].  The vessel segments defined the serial features of the arterial trees, while the elements 
defined the parallel features. 

v) The iterative procedure in the second step was applied to the elements.  
vi) If the elements of the same order were connected in series, they were merged and labeled as a 

single element. 

For some arterial trees, the preceding generations might have had thinner thickness due to failures 

in the imaging or skeletonization processes. In such cases, the modified Strahler’s approach would 

produce unrealistic arterial tree models [157,165]. Step (i<ii) in the algorithm was included to eliminate 

such failures. Thus, the proposed approach considered the generation orders as well as the thickness of 

the vessels.  

5.8.4. Connectivity matrix 

Finally, the connectivity matrix for each arterial tree was computed to describe the links between 

vessels of various orders [157]. An element in row 𝑚 and column 𝑛 of the connectivity matrix, namely 

Cmn, was defined as the ratio of the total number of elements of order m springing from elements of order 

n to the total number of elements of order n. The elements Cmn of connectivity matrices were filled with 

zeroes for n < m since only the elements for n ≥ m were meaningful in Strahler’s system. Moreover, if the 

accompanying artery tree lacked an element of order n, the value of an element Cmn was taken to be 0.  

 

5.9. Histological analysis 

All samples were histologically analyzed and compared to verify the distinctions and the 

diagnosis. Following the euthanasia of the fetuses, the fetal weight was measured first, followed by the 

CT scan, and then complete excision of the lung tissues and bronchial tree, followed by the measurement 

of the lung weight. The tissues were placed in liquid nitrogen after their weight had been determined and 

stored there until a tissue examination. RNA PCR, Western-Blot, and immunohistochemistry were 

performed on the obtained samples. 

5.9.1. Hematoxylin & Eosin staining 

For histological examination, H&E was used, and samples were perfused with 10% formaldehyde 

solution at 20cmH2O pressure for 1 hour and then kept in 10% formaldehyde solution at 4°C for 24 hours. 

The tissues were then paraffinized, the lung tissues were sliced 5µm thick and examined with H&E to 

reveal the staging of lung development with the Zeiss Axio Scope A1 light microscope.  

5.9.2. Mason Goldner (Trichrome) staining 

Selective viewing of erythrocytes, vascular components, and connective tissue is possible with 

Masson-Goldner (Trichrome) staining. The chosen tissue sections in this staining protocol were cut into 

5μm thick sections, embedded in paraffin, and stained with Weigert’s iron hematoxylin first. Second, to 

produce trichromic staining, tissues were stained with azophloxin solution, tungstophosphoric acid orange 

G solution, and light green SF solution, respectively and the Zeiss Axioscope A1 light microscope was 

used to see the sections.  



5.9.3. Immunofluorescence and Western Blot analysis 

Factor VIII (von Willebrand Factor), CD34, CD31, collagen type 4, and smooth muscle alpha-actin 

levels were measured in the tissue to indicate the presence of pulmonary hypertension. 

Factor VIII (von Willebrand Factor) is an important blood clotting protein. It was found that the 

amount of von Willebrand factor is high when pulmonary hypertension and congenital heart disease are 

present in patients [189,190]. Its amount was also found to be increased in cases of pulmonary 

hypertension [191].  

CD34 is a marker of vascular endothelial precursor cells, embryonic fibroblasts, and 

hematopoietic stem cells. It has been used to demonstrate vascular endothelium in studies of rats with 

congenital diaphragmatic hernia and rats with pulmonary hypertension [192,193]. In the case of 

pulmonary hypertension, bone marrow-derived proangiogenic precursors are found to be elevated [194].  

A marker of endothelial cells is CD31, also known as platelet endothelial cell adhesion molecule 

also takes an active role in the formation of new vessels [195]. It was used as an endothelial cell marker 

in a study on the contribution of endothelial to mesenchymal transition to endothelial dysfunction in 

pulmonary arterial hypertension [196].  

Collagen type 4 is the main collagen component of the basement membrane and is important for 

basement membrane stability. It was shown that endothelial dysfunction, which is one of the main features 

of the pathogenesis of pulmonary arterial hypertension, is decreased [197]. It has increased in proportion 

to the severity of the disease in cases of pulmonary hypertension [198]. 

Vascular smooth muscle cells include smooth muscle alpha-actin that provides support for 

vascular motility and contraction. Vascular remodeling in pulmonary arterial hypertension involves the 

accumulation of mesenchymal-like cells that synthesize smooth muscle alpha-actin, so smooth muscle 

alpha-actin is important for demonstrating the presence of pulmonary hypertension [199]. However, it was 

found to be increased in the proximal vessels in cases of pulmonary hypertension [200].  

Immunohistochemistry and western blot procedures were performed using the above-mentioned 

cell markers. For the immunohistochemistry procedure, first of all, lung tissues were fixed in 10% 

neutralized formalin, after necessary dehydration, clearing, and infiltration steps, they were embedded in 

paraffin and using a microtome, paraffin-embedded tissues were divided into 5 m slices. 

Immunohistochemistry staining was performed using the Mouse and Rabbit Specific HRP-DAB Detection 

IHC Kit (AB64264, Abcam). After rehydration of the tissues, slides were boiled in citrate solution for 

antigen retrieval, followed by proceeding in accordance with the protocol of the commercial kit. The cell 

markers mentioned above were used as primary antibodies in this process and the secondary antibody 

was provided by the kit. After counterstaining with hematoxylin, dehydration steps were followed, and the 

slides were sealed with EntellanTM. Imaging of the slides was done with the Zeiss Axio Scope A1 light 

microscope. Analysis of the images to be obtained will be done using the Fiji biological image analysis 

program, with a focus on assessing differences in staining intensity between groups. 

The lung tissues that stored at -800 were used primarily for protein isolation for the western blot 

procedure. After adding protein extraction solution and protease inhibitors to these tissues to prevent 

protein degradation, the tissues were homogenized and sonicated, followed by the supernatants formed 

at the end of the centrifugation. BCA analysis was performed with a microplate reader to obtain amounts 

of supernatants and protein and the values obtained were used for western blot. The isolated protein 



samples were mixed and incubated with the loading solution prepared with 2-mercaptoethanol and 4x 

Laemmli sample buffer solution, and then loaded onto the Mini-PROTEAN TGX gel (Bio-Rad) placed in 

the Mini PROTEAN Tetra system tank (1658004EDU, Bio-Rad) with the protein marker. and the required 

running solution, Tris-Glycine-SDS buffer solution, filled the tank. The gel was run at 95 V for 

approximately 1-2 hours, with regular control. A PVDF membrane (Bio-Rad) was used for the gel-to-

membrane transfer step, and after the transfer cassette was formed, it was placed in the tank, the tank 

was filled with the transfer solution and run at 40° to 40 V overnight to allow the transfer to take place. 

After the necessary blocking and washing steps, the primary antibody was applied to the membrane 

overnight, and then the secondary antibody was applied for an hour. Finally, imaging was performed using 

the Chemidoc XRS+ (Bio-Rad) instrument to provide chemiluminescent signal detection with the Pierce 

ECL Western Blot Substrate kit (32106, Thermo Scientific). The analysis of the obtained gel images was 

done using the Fiji biological image analysis program, focusing on protein concentration calculations and 

intergroup comparisons on the images. 

5.10. Statistical analysis 

The statistical analysis was performed using IBM SPSS Statistics 20.0.0 (Chicago, IL). The mean 

and standard deviation are used to express data. The distribution's normality was demonstrated via the 

Kolmogorov-Smirnov test. The variables' homogeneity was analyzed using a one-way ANOVA. Student's 

T-test and Pearson correlation were used for parametric data. If the p-value was 0.05, statistical 

associations were deemed significant. The mathematical calculations for the measures including the 

number, length, cross-sectional area of segments and elements, segments/elements (S/E) ratio, 

length/diameter (L/D) ratio, and connectivity matrix, and their statistical analysis were conducted in 

MATLAB (MathWorks Inc., Natick, MA). The data were expressed as mean ± standard deviation. For the 

above-mentioned measures excluding the connectivity matrix, the differences between the right and left 

lungs as well as the lungs with and without CDH were analyzed by using a two-sided Mann-Whitney U 

test. Mann-Whitney U test was also used to investigate the statistical differences between each 

corresponding element of the connectivity matrices, whereas the overall difference between connectivity 

matrices was analyzed through the analysis of similarities (ANOSIM) test [201]. The threshold for 

statistical significance was set at p 0.05. 

To avoid bias in the statistical tests, the cross-sectional area-based Strahler’s approach was 

applied for the pooled data of both sick and healthy rat fetuses, and the ordering schemes were 

determined individually for their left and right lungs. Correspondingly, the segments and elements were 

assigned orders between 1 and 4. The cross-sectional area-based ordering scheme was specified 

according to the means given in Table 3. 

Table 3: Intervals for the ordering scheme 

Orders (𝐧) 1 2 3 4 

Intervals for Left Lungs (µm)  17.34 45.30 66.73 119.02 

Intervals for Right Lungs (µm) 14.15 38.75 63.03 138.72 

 

  



6. Results 

6.1. Gross results 

There were 70 fetuses examined throughout the study, 40 of which were used in the first part to 

demonstrate the feasibility of the Lugol application while the rest were used in the second part. In the 

latter one, 15 (50%) of the fetuses had CDH while the other half served as the control. To increase the 

effectiveness of penetration of the pulmonary tree by the iodine stain, various iodine introduction 

techniques were tested such as direct injection, extracted lung, whole body without any intervention, half 

body (upper half), and partial skin removal. Lugol diffused uniformly throughout the capillaries in the pups 

with partially removed skin, allowing fine-grained imaging of the lung vasculature (Figure 9). This way this 

method becomes the best choice. 

 

Figure 9: A: Partially peeled skin of a rat fetus (arrow), B: Contrast enhancement of the fetus under micro-
CT.  

On the other hand, a CT scan revealed no visible arteries in an isolated entire lung from a fixed 

fetus that had been exposed to Lugol solution (Figure 10). Moreover, the contrast agent directly given to 

the right ventricle was an unexpected failure, with little to no apparent vasculature and a considerable 

amount of contrast agent pooling in the heart. This might be due to the loss of blood from the injection 

side. Due to severe blood loss, although the fetal body was submerged in the Lugol solution, the iodine 

stain barely partially penetrated, making it impossible to see the entire pulmonary tree. 

 

Figure 10: Embryos' micro-CT scans. A: The right ventricle is immediately injected with contrast material. 
B: The fetus' upper half of its body is immersed in Lugol solution. C: The skin is partially peeled off in 
option. 

A B 



6.2. Visualization of fetal lung microvasculature 

For each group, eight rat fetuses were scanned to enhance the model for displaying the lung 

vasculature (Figure 11). The method of partially excised skin, which caused very little blood loss, was the 

only strategy that worked that allowed observation of each sample's microarchitecture. 

 

Figure 11: The vascular structures gathered through different Lugol applications. 

To minimize the blood loss, the body of the fetus was cooled on a cold pad, and the umbilical 

cord was clamped immediately after birth, prior to skin incision. This method demonstrated the 3D 

interconnectedness of the entire fetal lung as well as the high-generation arteries' side branches. Iodine 

stained just the blood, and bleeding in puppies prevented the entire pulmonary vascular tree from filling 

until the level of the alveolar capillaries, making it impossible to see the pulmonary microcirculation clearly. 

On embryonic day E21 of a rat fetus, the micro-CT data collected and processed by the software revealed 

all vasculature dispersed throughout the lung (Figure 12). The pulmonary vascular tree served as a model 

for the configuration and architecture of the lungs.  

 

Figure 12: A partial skin specimen that underwent ex vivo Lugol treatment produced three-dimensional 
images of the whole lung vasculature in the coronal and axial planes (A, B), the whole pulmonary vascular 
system being reduced to a skeleton (C), analysis of a single lobe's vasculature using a colored picture 
(D), and skeleton of vascular network in the right lobe (E) with mapping, which aids in measuring all vessel 
parameters by either choosing the junctions between the vessels (blue [mid-branches] and red [end 
branches]), or the vessels themselves (yellow and green) (F). 



After skeletonized tree structures were available, the vessels' branch generation information and 

number of branches were discovered. The root point of the tree structure was manually assigned at the 

beginning of the artery. Once the root point selection was complete, the initial location when the tree 

structure deviates from normal was given a new node (Figure 13).  

 

Figure 13: Mapping of the tree structure 

Binary structures and skeletonized structures were rendered to determine the area of the 

branches (Figure 14).  

 

Figure 14: Rendered view of the tree structure of the lung vasculature. 

Then, measurements of the tree structure were taken, and a radius value was computed for each 

node. Each output from the tree structure was recorded into a file for the later part of the study (Figure 

15). 

 



 

Figure 15: An example of a tree structure analysis 

 

Two distinct methods were used to compare artery architecture. Using the first method, the 

vasculature of both lobes was compared. Figure 12 displays the measures of the vessels' length, cross-

sectional area, and branch count. The alternative procedure, which was more thorough, involved ranking 

the right and left arteries by the size of their cross-sections and comparing those rankings for each lobe 

separately. When the root point was chosen to serve as the artery's entry point, AnalyzeTM automatically 

allocates the node points generations higher. However, because the widths of the vessels were neglected 

when generations were ordered in this manner, comparisons might not produce accurate results. 

Arranging the rat artery branches per the dimensions of their cross-sectional areas, a modified Strahler's 

stream order approach was employed. The tributaries of the river are arranged in the stream order system 

of Strahler based on their magnitude. A higher-order branch results from the union of two identical orders, 

but when two different orders combine, the larger branch receives the degree. The area between the two 

bifurcations in the diameter-defined Strahler system is referred to as a segment. Elements are formed by 

combining segments in the same sequence that are serially aligned. Figure 16's bottom right corner shows 

the combination of two orders and two branches, however, due to the fact that this approach also takes 

diameters into account, the resulting generation is still order two rather than order three. 



 

Figure 16: Strahler system with defined diameter [157]. 

 

6.3. Morphometry 

Our morphometric results were subjected to the modified Strahler method, and four orders were 

established based on cross-sectional area values (Figure 17).  

 

Figure 17: An illustration of branches of an organized artery 

The pulmonary tree's mean number of segmented vessels was 900 ± 24 (mean ± SD), and their 

average diameter was 134.13 ± 53.00µm (range 40.72-265.69µm). Table 4 summarizes the measures 

of the arteries and veins in comparison. Although vessels could be divided into arteries and veins up to 

the 30th generation, most branches belonged to the 11th through 30th generations (Figure 18). There was 

no statistically significant difference between the number of arteries and veins in the same lung (p>0.005). 
 

RPA RPV LPA LPV 

Area of vessel (µm2) 36.38 ± 28.86 52.46 ± 42.01 40.64 ± 28.03 47.01 ± 39.16 

Vessel length (µm) 21.02 ± 14.31 20.64 ± 14.4 19.3 ± 13.04 22.26 ± 13.51 

Diameter of the vessel (µm) 122.97 ± 46.07 145.78 ± 60.18 131.14 ± 45.46 137.68 ± 57.72 

Circumference of the vessel (µm) 386.32 ± 144.75 457.98 ± 189.05 411.97 ± 142.82 432.53 ± 181.34 

L/D ratio 0.20 ± 0.15 0.18 ± 0.14 0.18 ± 0.14 0.21 ± 0.16 

Table 4: The morphometric results per vessel type. (RPA: Right pulmonary artery, RPV: Right pulmonary 



vein, LPA: Left pulmonary artery, LPV: Left pulmonary vein, L/D ratio: Vessel length to diameter ratio.) 
(Values expressed as means ± standard deviations) 

 

Figure 18: The average number of vessels for each type of vessel over generation groups. (RPA: Right 
pulmonary artery, RPV: Right pulmonary vein, LPA: Left pulmonary artery, LPV: Left pulmonary vein.) 

 

6.4. Histology 

6.4.1. Hematoxylin and Eosin staining 

To assess the developmental variations in the lung tissues obtained from fetuses in the control 

and nitrofen groups at ED21, H&E staining was performed. H&E staining of fetal lungs from ED21 showed 

dilated airspaces in the control group (Figure 19). However, in the nitrofen-exposed fetuses, even though 

their lungs seemed to have a close dilation to the control group, the alveolar airspaces were not thinned 

enough, and the cellular linings were much more compact. 

 

Figure 19: Hematoxylin and eosin staining of lungs from control and nitrofen-exposed fetuses at ED21. 



6.4.2. Masson-Goldner staining 

For selective visualization of the pulmonary vasculature, Masson-Goldner staining was 

performed. Similar to H&E staining, Masson-Goldner staining of lung tissues from the control fetuses at 

ED21 showed more dilated airways compared to nitrofen-exposed lungs (Figure 20). However, staining 

did not allow pulmonary vasculature to be distinguishable in the control group. In the images obtained 

from the nitrofen-exposed lungs, sections showed a more intense reddish color, possibly due to less 

developed airway dilation and more cellular compactness. Even though pulmonary vessels surrounded 

by connective tissue can be seen with the green-blue colored elements, pulmonary vasculature was not 

distinguishable enough to acquire a comparison between the groups. 

 

Figure 20: Masson-Goldner staining of lungs from control and nitrofen-exposed fetuses at ED21. 

 

6.4.3. Immunofluorescence staining 

To demonstrate the presence of PAH in the lung tissues obtained from the nitrofen-exposed 

fetuses and compare them to the control group, the lung tissues were stained with primary antibodies 

against alpha-smooth muscle actin (α-SMA) and von Willebrand factor (vWF) with an immunofluorescent 

approach. 

Immunofluorescence staining of α-SMA showed specific and robust expression both in vascular 

smooth muscle cells (vSMCs) surrounding pulmonary vessels and in airway smooth muscle cells 

(aSMCs), which enclose the bronchioles (Figure 21). 



 

Figure 21: Immunofluorescence staining of lung tissue from the control group at ED21 for alpha-smooth 
muscle actin (α-SMA). α-SMA staining was strongly seen in vascular smooth muscle cells (vSMCs, 
asterisks) surrounding pulmonary vessels and airway smooth muscle cells (aSMCs) surrounding 
bronchioles. 

 

Immunofluorescence staining of vWF showed strong expression in regions that are considered 

to be vascular endothelial cells (Figure 22). 

 

Figure 22: Immunofluorescence staining of lung tissue from the control group at E21 for von Willebrand 
factor (vWF). 

 

6.4.4. Western Blotting 

For the assessment of α-SMA and vWF protein expression levels, western blot was performed 

both in control and nitrofen-exposed fetal lungs at ED21 with 60 μg and 40 μg as alternatives for 

optimization. To ensure equal protein loading amounts, β-tubulin was used as a loading control. Even 

though the membrane containing the β-tubulin protein lane was not properly cut, it showed almost similar 

expression in the samples loaded as 60 μgs (Figure 23). However, vWF showed no expression in both 

control and nitrofen groups in 60 μgs which might be due to the high protein amount present and because 



of the high molecular mass of vWF. vWF gave slight expression in both groups, but it was not quantifiable 

enough for assessment. 

 

Figure 23: Protein expression levels of vWF and β-tubulin in loaded amounts of 60 μg and 40 μg of protein 
from lungs of control and nitrofen-exposed fetuses at ED21. 

 

Improper cutting of the membrane exposed to α-SMA primary antibody did not allow proper 

assessment for both control and nitrofen-exposed fetal lungs (Figure 24). 

 

Figure 24: Protein expression levels of α-SMA in loaded amounts of 60 μg and 40 μg of protein from lungs 
of control and nitrofen-exposed fetuses at ED21. 

 

6.5. Group comparison 

There were 30 fetuses analyzed with CT, of which 15 (50%) were controls and 15 (50%) were rat 

fetuses with CDH. To analyze the diseased and normal subjects, the right and left lungs were examined 

separately (Figure 25). When compared to the intact diaphragm in the normal group, the defects in the 

left diaphragm of the nitrofen-induced CDH group were type D per CDH Study Group Staging, and in all 

cases, a combination of the large and small bowels, stomach, spleen, and liver herniated into the chest.  



 

Figure 25: A: Micro-CT scan of the fetal lung, B: Segmentation of the arterial vasculature, C: Segmentation 
of the venous vasculature, D: Skeletonized Right Artery 

 

6.5.1. Comparison of total networks 

Table 5 compares the morphometric results for the networks of rat arteries. The parameters of 

the CDH groups and the control group's left and right lobes were evaluated separately. At the left lobe, 

there was no discernible difference in the mean (std) value of the vessels' cross-sectional area between 

healthy and sick subjects (p=0.43), but at the right lobe, it was smaller in the control group (p=0.015). For 

both lobes, there were no statistically significant variations between the vessel lengths of both groups. 

For both the left and right lobes, there were fewer branches in sick participants compared to control 

subjects (P 0.05). 

Table 5: Comparison of the lung morphometry  

  

Left Right 

Control CDH p Control CDH p 

Cross-Sectional Area 57.09 ± 18.95 71.05 ± 15.53 0.431 56.83 ± 17.81 92.16 ± 26.75 0.015 

Vessel Length 32.02 ± 6.17 40.42 ± 13.84 0.817 35.32 ± 3.57 30.05 ± 9.56 0.727 

Number of Branches 30.78 ± 13.15 14.20 ± 7.44 0.029 42.20 ± 12.19 15.40 ± 6.62 0.002 

 

6.6. Results of tree structure mapping 

Table 6 shows the total number of pooled segments and elements for each order of the lungs in 

healthy and CDH fetuses. When compared to the control group, the CDH group had a significantly smaller 

number of segments and elements, notably in the distal vasculature. 

 



Table 6: The numbers of pooled segments and pooled elements 

𝑛 
Pooled Segment Numbers Pooled Element Numbers 

Left Right Left Right 

Control CDH Control CDH Control CDH Control CDH 

1 118 11 123 0 95 11 105 0 
2 62 17 133 20 49 15 99 19 
3 52 24 111 18 30 13 70 12 
4 77 20 101 31 15 6 24 12 

For order 1, CDH had fewer segments than the control group on both the left (U=2.5, p=0.004) 

and right (U=0, p=0.001) sides (U=0, p=0.001), while there was no difference for order 4 as expected, 

there was a significant difference for orders 2 and 3 solely on the right side (U=1 (p=0.001) and U=6 

(p=0.012), respectively (Table 6). In the control group, there were also more segments in the right lung 

than the left lung, but only for orders 2 and 3 (U=13, p=0.003, and U=16.5, p=0.007). 

Table 7: Comparison of the mean number of segments and elements 

n Left Right Left -Right* 

Control CDH U, p Control CDH U, p U, p 

S
eg

m
en

ts
 1 11.80 ± 7.57 2.20 ± 2.28 2.5, 0.004 11.18 ± 6.82     0.00 ± 0.00     0, 0.001 52.5, 0.888     

2 6.20 ± 3.36 3.40 ± 0.89 9.5, 0.062     12.09 ± 3.75 4.00 ± 2.55 1, 0.001 13, 0.003 

3 5.20 ± 4.21 4.80 ± 4.09 23, 0.855     10.09 ± 5.24  3.60 ± 3.05  6, 0.012 16.5, 0.007 

4 7.70 ± 4.90 4.00 ± 4.06 15.5, 0.264 9.18 ± 4.92 6.20 ± 2.59 13.5, 0.120 45.5, 0.529     

E
le

m
en

ts
 1 9.50 ± 5.34 2.20 ± 2.28     4, 0.005 9.55 ± 4.97     0.00 ± 0.00 0, 0.001 53, 0.916 

2 4.90 ± 3.21 3.00 ± 1.00 15, 0.237 9.00 ± 3.44 3.80 ± 2.28 3.5, 0.005 20, 0.015 

3 3.00 ± 2.26 2.60 ± 1.67  25, 1.000 6.36 ± 3.64  2.40 ± 1.95 9.5, 0.042 24, 0.031 

4 1.50 ± 0.97 1.20 ±0.84 20, 0.638 2.18 ±1.25 2.40 ±0.55 24, 0.718 38, 0.223 

*Control group 

The statistical analysis that was performed for the number of elements yielded similar results 

(Table 7). There were differences only between the elements of small orders in both left lungs (U=4 

(p=0.005) for elements of order 1) and right lungs (U=0 (p=0.001) and U=3.5 (p=0.005) for elements of 

orders 1 and 2) of subjects with and without CDH. The number of elements in the right and left sides of 

healthy lungs for orders 2 and 3 were significantly different (U=20, p=0.015, and U=24, p=0.031). 

Table 8: Comparison of the mean length of segments and elements 

n Left Right Left -Right* 

Control CDH U, p Control CDH U, p U, p 

S
eg

m
en

ts
 1 40.74 ± 18.85 34.59 ± 21.42 521.5, 0.284 44.80 ± 27.75 - - 6966, 0.592     

2 43.36 ± 25.09 55.14 ± 59.36 521, 0.948 48.18 ± 37.25 43.75 ± 29.04 1268.5, 0.741 4100, 0.949     

3 30.76 ± 26.41 30.47 ± 22.17 611.5, 0.893 41.83 ± 37.93 52.20 ± 36.57 775, 0.129 2417, 0.097     

4 32.22 ± 34.41 36.09 ± 42.48 752.5, 0.880 33.36 ± 25.31 33.34 ± 24.37 1559, 0.974 3472.5, 0.226 

E
le

m
en

ts
 1 50.61 ± 27.23 34.59 ± 21.42     343.5, 0.064 52.48 ± 31.90     - - 4945, 0.920     

2 54.86 ± 40.79 62.49 ± 68.34 345, 0.727     64.72 ± 49.95 46.06 ± 29.72 724.5,0.115 2197, 0.355     

3 53.31 ± 69.73 56.26 ± 53.40  168, 0.483    66.34 ± 60.23  78.30 ± 50.20 309.5, 0.149 878, 0.197     

4 165.40 ± 109.11 120.29 ± 113.67 33, 0.371 140.41 ± 107.87 86.14 ± 63.13 109, 0.247 153, 0.444 

*Control group 

The lengths of segments and elements were pooled for each order of the subject groups and 

were analyzed similarly for the differences between the left and right lungs and the control versus CDH 



lungs. Although the CDH group has a lower number of elements and segments both on the right and left 

side compared to the control group none revealed any statistically significant differences (Table 8).  

Figure 26 illustrates the fitted lines using a least squares algorithm. Horton's Law was observed 

in the control group's pooled element numbers (R2=0.996 for left lungs, R2=0.811 for right lungs), while 

the CDH group violated this regulation (R2=0.395 for left lungs, R2=0.750 for right lungs). Although a high 

R2 was found for element numbers of the right lung of rats with CDH, the linear relationship would be 

disrupted if the element numbers of order 1 were included in the analysis. These results indicated that 

CDH not only decreased the number of elements of small orders but also destructed the fractal structure 

of the pulmonary arterial trees regarding the number of elements. Since the pulmonary arterial trees of 

rat fetuses were not mature yet, the elements were not long relative to the roots (elements of order 4). 

Therefore, the pulmonary arterial trees of the rat fetuses did not sufficiently obey Horton’s Law (R2=0.635 

for left lungs, R2=0.795 for right lungs). Moreover, this issue prevented the interpretation of the effect of 

CDH on the fractal structure regarding the element lengths. On the other hand, the modified Strahler’s 

approach applied here considered the cross-sectional area of vessels for the pooled data of both CDH 

and healthy rat fetuses. The diameters in all groups obeyed the Horton’s Law (R2=0.991 for the left lung 

of the control group; R2=0.992 for the right lung of the control group; R2=0.979 for the left lung of CDH 

group and right lung of CDH group R2=0.998). 

 

 

Figure 26: The link between the quantity of pooled elements and the order numbers for the left (A) and 
right (B) lungs, the length of pooled elements, and the order numbers for the left (C) and right (D) lungs, 
the diameter of pooled elements and the order numbers for the left (E) and right (F) lungs. 

The mean segment/element (S/E) ratio accounts for the degree of asymmetry of ramification. The 

S/E ratio was highest for order 4, which meant that the vessels of this order had the highest asymmetry 

of ramifications (Table 9). The statistically significant difference was only on the left side for order 1 (U=4, 

p=0.010) and on the right side for order 2 (U=8.5, p=0.028). When the ratio of the length to the diameter 

of the vessels (L/D) was analyzed, the only difference was found between the healthy and CDH fetuses 

on the right side for order 2 (U=7, p=0.019).  

 

a b c 

f e d 



Table 9: Comparison of the mean S/E and L/D ratios 

n Left Right Left -Right* 

Control CDH U, p Control CDH U, p U, p 

T
he

 M
ea

n 

S
/Ê

 r
at

io
 1 1.20 ± 0.16 1.00 ± 0.00 4, 0.010     1.13 ± 0.15 - - 38.5, 0.251     

2 1.58 ± 1.30 1.20 ± 0.45 21, 0.634     1.46 ± 0.64 1.04 ± 0.08 8.5, 0.028     42, 0.370     

3 2.09 ± 1.74 1.71 ± 0.64 24.5, 0.996    2.10 ± 1.55 1.57 ± 0.42  22, 0.565     42, 0.358     

4 5.96 ± 3.76 3.00 ± 1.63 16.5, 0.330 4.44 ± 1.76 2.53 ± 0.70 10.5, 0.055 49.5, 0.724 

T
he

 M
ea

n 

L/
D

 R
at

io
 1 8.80 ± 1.94 6.90 ± 2.77 11, 0.099     10.23 ± 2.92     - -     36.5, 0.218     

2 7.68 ± 3.59 9.25 ± 5.82 19, 0.514     10.34 ± 4.69 6.49 ± 2.53 7, 0.019     29, 0.073     

3 6.96 ± 6.33 5.58 ± 2.43 23.5, 0.886     9.64 ± 6.98  9.59 ± 3.30 26, 0.913     32, 0.113     

4 16.36 ± 9.58 10.38 ± 7.17 21, 0.679 12.07 ± 5.02 7.08 ± 3.03 15, 0.180 53, 0.916 

*Control group. S/E stands for segment/element ratio; L/D stands for length/diameter ratio. 
 

6.7. Results of connectivity matrix  

Table 10 shows the mean of the connectivity matrices that belonged to the vessels in the left and right 

lungs of healthy and CDH fetuses. Connectivity matrices represent the average branching number of 

elements of each order. For example, element C_12 of the matrix given for the left lungs of the control 

group denotes that the average number of elements of order 1 springing from the elements of order 2 is 

0.76 with a standard deviation of 1.52. Since it is unrealistic to have thick vessels springing from thin 

vessels in an arterial tree, connectivity matrices are upper triangle matrices. On both sides of healthy 

arterial trees, the average number of elements of order 2 and 3 springing from the elements of order 4 

(C_24 and C_34) was higher than the average number of springing elements of other orders. This 

quantitative relation was also preserved for the CDH fetuses within their own groups. On the other hand, 

when comparing with healthy fetuses, these averages mostly decreased especially for the springing 

elements of order 1. 

Table 10: Comparison of the mean of connectivity matrices 

Orders Control CDH 

1 2 3 4 1 2 3 4 

Le
ft 

lu
ng

 

1 0.19 ± 0.15     0.76 ± 1.52     1.49 ± 1.90     1.18 ± 1.31     0     0.10 ± 0.22     0.37 ± 0.65     0.40 ± 0.55     

2 0     0.05 ± 0.13     0.50 ± 0.49     1.62 ± 1.56     0     0.10 ± 0.22  0.38 ± 0.36     0.70 ± 0.67    

3 0  0     0.06 ± 0.16     1.82 ± 2.15     0     0        0.15 ± 0.22  1.30 ± 1.10     

4 0     0     0     0.32 ± 0.28     0     0        0     0.20 ± 0.27     

R
ig

ht
 lu

ng
 1 0.11 ± 0.15     0.39 ± 0.59     1.07 ± 0.78     0.33 ± 0.40     0     0     0     0  

2 0     0.07 ± 0.08     1.12 ± 1.32     1.45 ± 0.81     0     0.03 ± 0.07     0.53 ± 0.51     0.77 ± 0.72    

3 0     0     0.10 ± 0.17     2.42 ± 1.41     0     0     0  1.00 ± 0.94     

4 0     0     0     0.44 ± 0.30     0     0     0     0.57 ± 0.09     

There was a statistically significant difference between the C11 elements of the left lungs (U=5, p=0.014) 

as well as the C13 of the right lungs (U=2.5, p=0.003) of the subjects with and without CDH (Table 11). 

These differences belong to the average number of elements of order 1 springing from the elements of 

order 1 in the left lungs of the control and CDH groups, and the average number of elements of order 1 

springing from the elements of order 3 in the right lungs of the control and CDH group. The connectivity 

matrix could be considered as a single measure that describes the average number of connections of 

elements of different orders with each other. Accordingly, to investigate the differences in the entire 

connection scheme, an ANOSIM test was applied by using the Euclidean distance of matrices. As a result, 

the null hypothesis that the similarity between groups was equal to the similarity within the groups was 



accepted (R=0.127, p=0.191 for the right lungs with and without CDH, R=-0.150, p=0.876 for the left lungs 

with and without CDH and R=0.075, p=0.058 for healthy left and right lungs). 

Table 11: U, p values for connectivity matrices 

Orders Control – CDH (Left) 
1 2 3 4 

1 5, 0.014 15.5, 0.270 13.5, 0.167 15, 0.227 
2  24, 0.813 23.5, 0.886 16.5, 0.360 
3   19.5, 0.484 23, 0.842 
4    19, 0.690 

 Control – CDH (Right) 
1 2 3 4 

1 15, 0.212 10, 0.058 2.5, 0.003 12.5, 0.115 
2  19, 0.346 22, 0.558 15, 0.166 
3   17.5, 0.362 10.5, 0.054 
4    24, 0.731 

 Left – Right (Control) 
1 2 3 4 

1 36, 0.180 52.5, 0.885 51, 0.805 30, 0.078 
2  38, 0.183 28.5, 0.066 53.5, 0.943 
3   46, 0.453 33, 0.127 
4    39, 0.245 

 

  



7. Discussion 

Despite advancements in disease management, congenital diaphragmatic hernia still has a high 

mortality and morbidity rates among babies. The researchers have put a lot of work into using prenatal 

diagnostic methods to determine prognostic factors to predict the severity and postnatal survival. To 

extrapolate the degree of pulmonary hypoplasia, antenatal imaging is mostly focused on measurements 

of lung area or volume. Pulmonary hypertension should be categorized prenatally to improve accuracy in 

predicting the severity of the disease, but nowadays no measurable antenatal factor seems appropriate. 

The current prognostic parameters are based on the correlation of prenatal and postnatal markers in 

retrospective patient data [45]. In the development of the embryo and fetus, the lung vasculature is 

especially important since the main concern is the development and arborization of the lung from the 

bronchial and vascular point of view. As a result, fetal lung vascular modeling applications have received 

a lot of attention. Understanding the fetal pulmonary tree and its quantitative analysis is critical for 

predicting the severity of the hypoplasia and understanding the etiology of PAH in congenital 

diaphragmatic hernia. 

The approach for visualizing the fetal lung vasculature has already been proven [133]. In order to 

enable the homogenous passive diffusion of the intravascular contrast material, various techniques were 

utilized. Additional distal vascular branches from four different specimen groups were prepared to 

compare the visualization of the pulmonary tree. These specimen groups included an isolated lung, the 

upper half of the torso, a direct right ventricle injection (injection group), and a whole body with partial 

thoracic skin excision (2mm in diameter), as the skin is the main barrier preventing Lugol perfusion. To 

evaluate the iodine's diffusion into the pulmonary vasculature and ascertain which preparation produced 

the best Lugol penetration, four fetuses from each group were scanned individually. The isolated lung did 

not work due to excess loss of blood during the isolation process. Inserting the upper half of the torso into 

the Lugol solution resulted in the same outcome due to loss of blood. The direct injection of Lugol into the 

right ventricle enabled the passive diffusion of the contrast, however, the blood loss through the entrance 

point of the injector resulted in a heterogenous distribution of Lugol. The partial removal of the skin while 

the whole body is preserved resulted in the best characterization of the vasculature. On the other hand, 

the visibility of the lungs was considerably impaired in CDH fetuses due to the abdominal organs 

herniating into the thoracic cavity. Because the fetuses were not alive and there was no blood flow, the 

procedure did not apply pressure to deliver the contrast material into the intravascular area, which may 

have led to some squeezed arteries being missed. Although the Lugol solution was passively diffused 

into the vascular region, since these vessels may have been constricted, causing the CT scanner to miss 

them. The fetuses were immediately utilized after birth to avoid bias in this comparison. 

Many different biological systems' structure and function have been modeled using networks and 

network theory. Systems that span scales from cells to ecosystems include metabolic processes, food 

webs, host-parasite webs, disease dynamics, gene regulatory networks, and social interactions. As a 

result, structural archetypes such as themes, scale-free behavior, modularity, the presence of hubs, and 

small-world structures have been identified. These theories, however, frequently do not consider the 

spatial limitations that govern the positions and connections of nodes and edges. There are several types 

of supply and distribution networks, where the nodes and edges are actual physical entities interwoven in 

space, including leaf venation networks, cardiovascular networks, cortical networks, root networks, ant 

trails, and road networks. Since physical restrictions have a significant impact on how biological networks 

are organized, theory is also necessary to describe these networks. 



Even though the idea of spatial networks is rather varied, it frequently makes certain 

simplifications when it is applied to biological resource delivery networks. An example of a perfectly self-

similar structure is a network, such as a splitting binary tree, under the fractal branching theory. The 

cardiovascular system is thought to be a fractal with physical properties that have evolved to efficiently 

transport fluid from the aorta to capillaries, according to a popular idea of metabolic scaling in mammals. 

Similar presumptions are made using this model to analyze the above-ground organization of tree 

branches. With a growing understanding that the initial fractal branching assumption is overly 

straightforward, both models have sparked a wide range of follow-up research. For instance, biological 

physical networks are not completely balanced binary trees but rather feature side branches. The study 

of river networks is where the first theories of side-branching resource distribution and delivery networks 

were developed. Streams in a river converge to generate larger streams. However, smaller streams can 

merge to form bigger streams of any size. The so-called Horton-Strahler order can be used to investigate 

the networks of rivers with a topological structure. Every branch of the network is given an integer number 

under this system. Larger numbers correspond to the network's larger stream segments, and they reflect 

various levels of the branch hierarchy. The statistical characteristics of river networks, particularly the 

discovery that river networks are fractal, are described in terms of the Horton-Strahler ordering. 

Furthermore, Tokunaga's original side-branching statistics can be utilized to describe both the general 

characteristics of river networks and their deviations. 

The literature contains a variety of grouping methods for the classification of lung vasculature. 

Examples of widely used metrics to categorize human airway and pulmonary artery branching include 

generations, orders, Strahler order, and the aforementioned fractal branching as a technique targeted 

specifically at the categorization of monopodial lungs. These methods are typically proven by 

demonstrating a link (often logarithmic) between a group designation and the mean dimension of one or 

more morphological features (for example, diameter or length). Other research used one technique (for 

instance, orders) and used the findings to describe branching variations between species. When a 

method's suitability for a given task is regarded to be inappropriate because a type of separate vessel is 

classified into a broad range of generations, comparisons between other ways are uncommon and only 

made in debate form. Because of the various geometric presumptions used to create the classifications, 

the resulting groups will exhibit varying degrees of internal morphometric similarity and will vary in size 

and number. This begs the question of whether the classification systems would work best for the 

monopodial lung and whether there are any other systems for categorizing the pulmonary artery branches 

that would be better than the ones that are now used. 

The Strahler method has gained wide acceptance, especially in lung morphometric analysis 

[153,185,188]. A useful tool for identifying and comparing morphologically and functionally similar 

structures, such as between healthy and sick tissue, is the classification of the segments of the vascular 

tree into homogenous groups. Learning site-specific information regarding the preferential localization of 

ongoing processes may provide a thorough characterization of developmental or pathological processes. 

This could aid in extending current techniques for studying the pulmonary vasculature in the lung to more 

thoroughly examine the consequences and progression of other conditions like cystic fibrosis, 

bronchopulmonary dysplasia, or chronic obstructive pulmonary disease. Since there are abdominal 

organs on one side of the thorax, pooling of the data would eventually result in bias and confounding, 

therefore, both lungs were analyzed separately. Concerning the parameter selection, the number of 

branches and generations, vessel diameters, and lengths were included. So, the selection bias, as 

mentioned above, was prevented. Four levels of branching were demonstrated in each lung in both groups 

similar to the other studies in the literature. Both lungs in CDH were found to be affected historically 



regardless of the hernia side [202]. The comparison of both sides of the lung in healthy and CDH fetuses 

also correlates with this information. While one can speculate that, it is not new information, it is definitely 

a novel finding that a non-invasive tool could demonstrate it and have that tool the potential to be 

translated into human counterparts.  

 In the most distal segments and elements of the vessels, there was a statistically significant 

difference. The 2nd and 3rd segments of the right lung were likewise discovered to be significantly different, 

but no such change was found in the left lung, where the herniation occurred. In addition, the lengths of 

segments and elements were found to be comparable among groups. The disturbed fractal structure in 

CDH fetuses was convincingly proven in terms of the element number when the tree structure of the lungs 

was studied according to Horton's law. However, the length of the elements could not indicate this, which 

could be the reason for the fetal vascular tree's immaturity. The distal vasculature had a statistically 

significant difference when the ramification of the vascular tree was examined, which was consistent with 

the typical findings of CDH. The connectivity matrix depicts the average branching numbers between 

vessels of all orders in an arterial tree and is a useful tool for calculating estimated blood pressure and 

vascular volume in the coronary arteries [156]. When the connection matrix was viewed as a whole, no 

statistical significance could be found between groups, although there were fewer elements of order 1 in 

the CDH group that sprang from elements of order 1 on the left and fewer components of order 1 that 

sprang from elements of order 3 on the right. 

Micro-CT has unfortunate constraints that go beyond the fact that it is an ex-vivo technology, 

especially in the equipment and experiment setup and design [203]. To reduce radiation exposure, 

conversion of these investigations into in-vivo MRI images has been attempted. The image quality, just 

like with conventional imaging modalities, depends on minimizing artifacts from improper positioning or 

interference. For accurate 3-dimensional reconstruction, precise geometric proportions must be followed 

[203]. This might be accomplished by using pins to secure the specimens to the scanner. Both PFA 4% 

and Lugol-induced tissue shrinking are limiting factors that may change the tissue's architecture. 

According to Vickerton et al., the shrinking effect of the Lugol is primarily concentration-dependent. To 

avoid this, we took advantage of the earlier-adjusted concentration  [204]. Comparing specific branching 

patterns between fetal samples and recognizing them, on the other hand, requires the use of micro-CT, 

which is the greatest imaging technology available. Identification of illness influence on embryological and 

developmental state requires determination of organ-specific vascularization patterns and modeling of 

these vascular trees. The commercial software used in the field has also limitations since most of them 

are operator dependent.  

  



8. Conclusions 
1. Our research demonstrates a marked decrease in arterial branching in the lungs of fetuses 

diagnosed with CDH, indicating a direct correlation between the extent of vascular development 

and the severity of pulmonary hypoplasia. 

2. The use of advanced radiological imaging techniques has been validated as an effective method 

for identifying the fetal lung vascular tree, offering a promising approach to estimate the potential 

degree of pulmonary hypertension. 

3. This study supports the feasibility of assessing the severity of CDH prenatally through radiological 

evaluation, providing critical information for parental counseling and the development of prenatal 

therapeutic strategies aimed at mitigating postnatal complications associated with the disease.  



9. Future lines 
The upcoming studies that we are working on are to translate this knowledge into humans. 

Utilizing similar techniques to prenatal MRI and correlating it with postnatal CT, echocardiography and 

the outcome of the patient will potentially result in creating an artificial intelligence-based prenatal 

parameter to predict the survival of the fetuses.  
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