
[image: ]


The value of advanced imaging in clinical                                        obstetrics

      
     
     					         By

Dr. Nadia S. A. Rahaim
MBSc & MSc




A thesis submitted to the University of Sheffield for the degree of Medical Doctorate 



Department of Human Metabolism


October 2015





Academic Unit of Reproductive and Developmental Medicine

[bookmark: _Toc319528910]Abstract
Developments in fetal medicine and invasive surgical procedures have emphasized the importance of having precise diagnosis before delivery. Antenatal diagnosis plays a major role in the management strategy in obstetric practice. Magnetic Resonance imaging (MRI) value in obstetric clinic is evolving rapidly but its use is still restricted in a narrow scope of the practice. 

Placental adhesion disorder (PAD) is a severe complication of pregnancy associated with catastrophic postpartum haemorrhage (PPH) if placenta detachment has been attempted at labour. There are three categories of placental invasion, accreta, increta and percreta, at which the severity of the condition is increasing with the depth of invasion.  The incidence of PAD is increasing; therefore accurate antenatal diagnosis is fundamental for safe delivery by allowing planning and preparation for delivery by the multidisciplinary team. The diagnostic characteristics of MRI criteria, which are used for evaluation of placental invasion, have not been well evaluated. This thesis sought to further evaluate these criteria and correlate their diagnostic significance with delivery outcome. This study reports a novel value of T2 dark bands as a potential predictor of PAD’s consequent PPH severity and emphasis the value of using combined criteria to improve diagnosis of PAD by MRI.   

Congenital chest malformations (CCM) in fetus are the second most commonly referred pathology for fetal MRI after Central nervous system (CNS) lesions. They include a spectrum of malformations and developmental abnormalities, which indicate different treatment options and pregnancy outcome. Therefore, accurate antenatal diagnosis of CCM is essential for parents counselling and management strategy. Recently MRI is used frequently as a complementary diagnostic test to Ultrasound (US). In the second part of this thesis I investigated the value of the fetal MRI in cases with CCM and then an in depth evaluated the significance of MRI in prediction of outcome in cases with congenital diaphragmatic hernia.  I found that MRI can detect CCM and differentiate between the different types of CCM better than US. MRI at the early gestation (<25 weeks gestation) can detect fetal mortality better than late MRI (>30 weeks gestation). Using the observed to expected total lung volume is the independent factor to detect fetal mortality and using multiple variable will increase the predictability of MRI for fetal survival. Fetal lung signal intensity may predict pulmonary hypoplasia but have no role to predict the potential ability of the fetus to survive. The important findings emerged here would enable development of a guideline to inform the clinical practice for timing and criteria to use to help predict the likelihood of fetal survival.   

 Ultrasound still and will continue to be the first line diagnostic modality for evaluation of pregnancy related condition. However, when it fails to provide the required information, MRI acts as an effective alternative or complementary diagnostic technique. 
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[bookmark: _Toc319528917] Overview 
The role of magnetic Resonance imaging (MRI) in the obstetric field is expanding and is increasingly considered as an important problem-solving technique in the antenatal period as it provides more information about fetal structure than ultrasound (US). Development of fetal medicine and invasive surgical procedures has emphasized the importance of having precise antenatal diagnosis. The use of MRI in obstetric diagnosis was established in the mid-1980s and was restricted to a narrow scope of clinical practice (1). Fetal central nervous system (CNS) and placenta abnormalities were the initial area to be assessed by MRI (2). However, the unprecedented advances in computer technology, development of gradient systems with high performance and the use of fast pulse sequences advanced its use in the antenatal period. Development of protocols, which permit using higher field strength, in the last few years, has also led to an expansion of the list of indications in the obstetric field.  It is worth noting that fetal MRI is still an adjunct to ultrasound and not a replacement (3). 

[bookmark: _Toc319528918]Ultrasound in obstetric clinic
Ultrasound was and almost certainly will remain the standard imaging technique in pregnancy. Over the past five decades ultrasound usage in the assessment of fetal wellbeing has increased dramatically. It is used in the routine screening, growth evaluation and invasive procedure control. Ultrasound has undergone vast improvements in recent years including development of trans-vaginal probes, high frequency transducers and escalating speed (4). Although, in the majority of patients it provides sufficient information on which to base an effective management strategy, in certain cases ultrasound fails to do so and extra information is essential. Certainly in these cases the additional data is fundamental for management decisions.

The main advantages of ultrasound include its widespread availability, cost effectiveness and proven utility and safety. Its disadvantages are a small field of view, operator variability, limited soft tissue acoustic contrast and the effects of fetal position, decrease in amount of liquor and increase in maternal body mass index (BMI). In the third trimester of pregnancy fetal bone ossification and engagement of the fetal presenting part leads to less optimal fetal examination (5).  The emotional stresses for parents as a result of limited information provided is another problem associated with using ultrasound only for prenatal diagnosis. The insufficient or inconclusive data acquired by ultrasound emphasizes the need for other complementary devices that should be non invasive, safe and able to provide clearer structural information (6, 7). 

[bookmark: _Toc319528919]MRI in obstetric clinics 
Introducing MRI into clinical practice has revolutionized the diagnostic imaging. Magnet strengths of 0.08-0.35 was used at the beginning to visualize the unborn fetus and the image required several minutes to be attained (8). In the past MRI utilization in the obstetric field, especially for fetal assessment was hindered by fetal motion. Initially, maternal or fetal sedation was used to reduce the movement of the fetus during screening. However in the early 1990s the fetal motion artifact effect became less relevant with the development of the single-shot fast-spin echo sequence, where the time for slice acquisition is less than a second (3). Reproducible and thorough anatomical data can now be provided by ultrafast fetal MRI (9). Because of the high contrast between the brain and the cerebrospinal fluid the brain was the first organ to be assessed by MRI (4). Other organ evaluations using MRI evolved alongside new developments of the MRI imaging techniques. 

The main challenges of fetal MRI include respiratory movements of the mother and the fetus, small fetal anatomical structures and the continuous change in fetal organs as they develop during pregnancy (10). In comparison to ultrasound, MRI, as a noninvasive technique, has multiple superiorities. First of all, images can be obtained with outstanding soft tissue contrast in several directions. Secondly, MRI can provide the required information in patients with high BMI and where oligohydramnious exists. In addition, MRI offers a large visual field where the relationship of adjacent structures becomes obvious even late in gestation or when assessing complex anomalies (11). It also has multi-sequence capabilities that enable detailed structural and anatomical delineation of the individual organs. Ultrasound findings are often considered as ‘’only the tip of the iceberg’’ whereas additional information regarding associated pathology may be revealed by MRI and alter the outcome and determine the ultimate prognosis (12). 

 MRI’s role in clinical obstetric practice is expanding rapidly and many areas now use MRI without full evaluation of its impact. In this thesis I will concentrate on two areas where clinical demand has resulted in increasing use of MRI.  These are: 1 - Placenta adhesion disorders (PAD); 2 - Congenital chest malformations (CCM) concentrating on congenital diaphragmatic hernia (CDH).  This chapter will provide a brief overview of the MRI system equipment and basic physics, embryology of placenta and fetal lung and will focus on PAD and CCM with special interest in CDH.  

[bookmark: _Toc319528920]MRI system equipment 
Figure 1.1 demonstrates the main components of an MRI system. It encompasses three main parts; the control center console and the host computer, connected to the MRI machine.  The MR machine includes the main magnet, three gradient coils, shim coils and the radiofrequency coils (13). In the MRI system the patient is exposed to a strong static magnetic field (B1) that is generated by the main magnetic coil. The strength of the magnetic field is measured in Tesla (T). In obstetric practice 1.5 T and 3 T superconducting MRI systems are used and considered safe at any gestation (14). 

The direction of the magnetic field in the MRI system is defined by a set of coordinates. The magnetic field gradient coils define the three orthogonal directions (x, y and z) (Figure 1.1) (13). The electromagnetic field (B1) is generated by the radiofrequency (RF) coils close to the tissue of interest (13). The RF coils work as antenna by transmitting the rf energy to the target tissue and receiving the induced rf signal from the target tissue (15). When the B1 field is switched on it excites the protons that are spatially localized and encoded by the gradient magnetic field to create the MR images (16). The receiver coil picks up the output signal and digitizes it before reconstruction into the final image after a complicated mathematical operation (13). 

Localization of the MR signal necessitates a uniform magnetic field. Introducing a patient within the main B1 field generates local susceptibility effects, which decrease the homogeneity of B1. Shimming indicates fine magnet field adjustment to improve the overall B1 field homogeneity (13). 
[image: Screen Shot 2015-09-10 at 10.50.39.png]
[bookmark: _Toc319511331]Figure 1.1 The equipment in the MRI system

[bookmark: _Toc319528921]Patient preparation for obstetric MRI 
Mothers in the obstetric MRI need to be well prepared for the examination to obtain good quality images. First they should complete the MRI screening form. They need to wear cotton clothing without any metal zippers, hooks, or buttons or change into the hospital gown as it become a bit hot once scanning is started.  Parents should receive comprehensive information regarding the procedure and asked if they have any queries before examination starts. To minimize the impact of the panging noise of the magnet during the procedure they will receive headphones or earplugs and an alarm button to alert the technologist of any discomfort they may experience at any point at examination. No contrast or any other treatments are used in obstetric MRI. Pregnant woman should be imaged in the most comfortable position for her either lying on her back or on the semi-decubitus position to reduce the risk of inferior vena cava compression. For further relaxation the mother will receive pads and cushions to support her body (Figure 1.2).  

[image: ]
[bookmark: _Toc319511332]Figure 1.2 MRI machine

[bookmark: _Toc319528922]Basic physics of MRI 
In MRI the hydrogen nucleus is the main source of MR signal used to generate most of the clinical images. It is a single proton nucleus and has a positive electric charge, combined with the quantum mechanical property spin to produce its own magnetic field. These fields are called the magnetic moments, which are randomly orientated. If an external magnetic field (B1) is applied the magnetic moments will align with B1 where the nuclei will align parallel (low energy) or antiparallel (high energy) to the B1 according to their energy status (Figure 1.3). Each magnetic moment preces (Figure 1.4) around the axis of the B1 and the frequency of precession is known as the Larmor frequency, which is proportional to B1 (f=B1 The gyromagnetic ratio ϒ=42.6MHz/Tesla for a proton). The difference in number of protons with and against B1 is known as the net magnetization vector (NMV) (M) and is very small, indicating the low sensitivity of the technique. The NMV depends on the strength of the external magnetic field and the temperature of the sample (13, 17).

[image: ]
[bookmark: _Toc319511333]Figure 1.3 The impact of external magnetic field on the alignment of the protons
At zero magnetic field strength the protons randomly align with no preferred direction. No net magnetization vector (A), when an external magnetic field is applied (B1) the protons align parallel or antiparallel to B1 and development of the net magnetization vector (M) align parallel to B1 (B). 
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[bookmark: _Toc319511334]Figure 1.4 The presession of the NMV around the axis of the B1

The radiofrequency field (rf) (B1) controls the signal used to generate an image and is normally applied as a short rf pulse (16, 17).  The net magnetization vector rotates by a certain angle when an rf pulse is applied (Figure 1.4). The strength and duration of the rf pulse determines the flip angle.  This leads to the production of two magnetization vector components; that are the longitudinal and transverse magnetization (17). 
· The longitudinal magnetization is the magnetisation that is in the same direction as B1.  The patient in the MRI system becomes a weak magnet with a magnetic vector aligned with the external magnetic field. Because the magnetisation of the patient lies in the same direction as the B1 it cannot be measured. The longitudinal magnetisation will increase as the magnetic field increases, which will lead to a higher proportion of the hydrogen nuclei to align in the parallel direction. 
·  Transverse magnetic field develops when the rf pulse is switched on. The rf pulse disturbs the protons as the energy is transferred from the rf pulse to the protons. After protons gain energy (excited) the bulk magnetization M will move out of alignment with the external magnetic field and lead to a decrease in the longitudinal magnetisation (known as resonance phenomenon). The process of energy transfer only occurs when the rf pulse is set at the Larmor frequency. The resulting transverse magnetic field induces an electrical current in the receiver coils and forms the MR signal (13). 
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[bookmark: _Toc319511335]Figure 1.5 Development and detection of the net magnetization vector after application of the radiofrequency pulses

Once the rf pulses are turned off, the hydrogen nuclei losses its energy (relax) and as it recovers and continues to precess and the bulk magnitisation M, follows a spiral path. According to Faraday’s law of induction when a receiver coil is placed close to a dynamic magnetic field a voltage will be induced on it. The stimulated electric energy, which is induced by the precessing M is known as free induction decay (FID) and this process forms the basis of the MRI signal. The FID decays away due to a reduction in the signal induced in the coil as the nuclei gradually spin out of phase when the rf pulse is turned off. The MR imaging signal intensity (SI) depends on the magnitude of the M, which is related to the tissue relaxation properties, proton density and magnetic field strength (17).


T1 and T2 relaxation 
The release of energy is associated with two relaxation processes. 
· The T1 recovery, or longitudinal recovery occurs by the realigning of the net magnetization vector with B1 and with M recovers back to equilibrium (as the spinning nuclei release energy to the environment, hence also being referred to as spin-lattice relaxation). 
· The T2 decay and T2* decay: The transverse magnetization decreases in the T2 decay because each nuclei looses coherence due to change in their precession frequency affected by the neighboring nuclei and local magnetic environments. In the T2* decay the rate of transverse magnetisation decay also includes magnetic field inhomogeneity. 
T1, T2 and T2* decay differ with different tissue. For example, fat has a relatively short T1 and T2 decay compared to that of water (17). 

The key parameters for creating an image contrast are (Figure 1.6):
· The Echo time (TE in ms) is the time between the application of the rf pulse and the peak of the echo detected. The timing of the recalled echo determines the TE. The TE regulates the amount of T2 weighting, which increases with long TE.
· The Repetition time (TR in ms) is the time between the application of the rf pulse and the beginning of the next rf pulse (17). TR regulates the magnitude of T1 weighting, which increases as the TR shortens. 
These two variables offer different levels of sensitivity to differences in relaxation time between different tissues. The variability in relaxation time between water and fat can be detected at short TRs because the longitudinal magnetization recovers faster in fat (17). Based on these facts, at long TR and short TE the observed contrast on MR images is mainly due to the variability in proton density between the two tissue types. The signal intensity increases as the proton density of the tissue being imaged increases and the vice versa (17). 
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[bookmark: _Toc319511336]Figure 1.6 The echo time (TE) and the repetition time (TR)

[bookmark: _Toc319528923]MR sequences 
In the Spin echo pulse sequence (SE) the echo obtained is subsequent to the application of the 180o refocusing pulse after the 90o excitation pulse (Figure 1.7) (13). This rotates the proton 180o in the opposite direction to precess at the X and Y axis (Figure 1.8) (13). The spinning nuclei rephase when the 180o pulse is applied at a time equal to TE/2 (17). The maximal signal is achieved as the slower protons catch the faster protons and returns to in-phase. As the inhomogeneity of the static magnetic field remains, this leads the protons to continue losing phase coherence following the 180o refocusing pulse. Further SEs can be obtained by repeating the 180o refocusing pulse. As a result of the effect of T2 relaxation, the amplitude from each SE will decline over time. The T2 curve results from connecting the SE intensities. When the 180o rf refocusing pulses are not applied the T2* curve results, i.e gradient echo sequence (13).  Predominantly the SE contains T1 and T2 information due to neutralization of the effect of T2* relaxation. 
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[bookmark: _Toc319511337]Figure 1.7 Spine echo versus gradient echo signals
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[bookmark: _Toc319511338]Figure 1.8 The spin echo pulse sequence induction

In the Gradient echo pulse sequence (GE) a complete echo developed as a consequence of the application of two gradients: the de-phasing and rephrasing gradients. T2* and TE control the signal strength, which is smaller in the gradient echo in comparison to SE. GE is more susceptible to artifacts than the SE. However, GE has shorter scan time because a shorter TR value may be used (Figure 1.7). The GE sequence presents T1 and T2* contrasts. Other things that we can do to reduce the data acquisition time include use smaller flip angle and use the half fourier in which we only obtain slightly more than half the data and by using mathematical tricks estimate the other half of the data. Second we can apply a reduced matrix and acquire a rectangular field of view (18). 

[bookmark: _Toc319528924]MR images used in obstetric practice 
The main MR images used to study placenta and fetal chest are the T1 W and T2 W images. Therefore they are also the main images used for analysis of data in this thesis. Other images may also be added to the protocol like balanced gradient echo (BGE) and diffusion weighted image (DWI). The differences between T1 and T2 weighted images is summarized in table 1.1 (18) 


[bookmark: _Toc319515689][bookmark: _Toc319516428]Table 1.1 The Differences between T1 and T2 weighted images
	
	T1 -weighted image
	T2 -weighted image

	Physics 
	Produced by using either SE or GE sequences
	Produced by using either SE or GE sequences. The GE images are affected by the inhomogeneity in magnetic field (T*2).

	
	Use short TR and short TE to enhance the T1 differences between tissues
	Require long TR and long TE

	Scan time 
	Shorter 
	Longer 

	Tissue contrast 
	Excellent 
	Excellent 

	Fluids 
	Very dark (unless fast moving)
	Very bright

	Water-based tissues 
	Mid-gray 
	Mid-gray 

	Fat-based tissues
	Very bright
	Mid-gray 

	Known as
	Anatomy scans (show the boundaries between different tissues) 
	Pathology scans (collections of abnormal fluid are bright against the darker normal tissue)



[bookmark: _Toc319528925]T 1 weighted images
The two dimensional GE and the turbo fast low angle shots (FLASH) are typically used to develop T1 W images. Tissue contrast is controlled by signal intensity. Although all MR images are to a certain extent affected by the T1 decay, T2 decay and the proton density, adjusting the TR and TE can emphasize a particular type of contrast (Figure 1.9). For example, if the TR is short and the flip angle is large, the NMV reducing the available signal to zero and the result is T1 weighted image (17). At long TR the image contrast will not be affected by T1 relaxation, whereas it might be affected by variability in proton density of the tissues and T2 relaxation (13). 
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[bookmark: _Toc319511339]Figure 1.9 The difference in T1 contrast between tissues at different TR level

Advantages and disadvantages of T1 W images
The problem of fetal and maternal motion artifacts is still problematic in T1 W images because it requires a long acquisition time. Furthermore, in a variety of fetal structures T1 has little difference in the intrinsic signal intensity (19). T1 weighted images provide less detailed information in comparison to T 2 W images. 

 However, in PAD T1 is a useful sequence to exclude recent hemorrhage and calcification. It is also useful to image some fetal organs like fetal thyroid and liver, as they are both bright on T1 W images. In CDH it is important to identify the type of bowel herniated in the fetal thorax as well as to confirm liver herniation.  In T1 W images there is large difference in the signal intensity between fetal liver and lungs. Meconium is bright on T1 W images as well so determination of the bowel position is feasible in CDH. MRI provide assessment of the airway patency in cases with neck mass especially in fetal goiter, this is paramount for delivery plane (20).  

[bookmark: _Toc319528926]T2 weighted images
By the application of T2 W imaging many pathological conditions can be observed because the tissues involved have higher water content than that of the normal tissue making it look brighter on T2 WI (17). The T2 value varies between tissues for example fluid has longer T2 than fat (Figure 1.10). TE can be manipulated by the operator of the MRI to influence the T2 contrast between tissues (13). Single shot fast spin echo obtains 20 slices in 20 seconds in 2 blocks of 10, the second block interleaved with the first to reduce any crossover between slices. 
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[bookmark: _Toc319511340]Figure 1.10 The difference in T2 contrast between tissues at different TE level

Advantages and disadvantages of T 2 weighted images
The T2 W images form the basis of fetal MRI. It is the most frequently used sequence due to the limited effect of motion artifacts (only the slices in which the motion occurred) (19). It is characterized by short acquisition time. The T2 W steady-state fast spin echo (SSFSE) sequence is the most useful sequence in assessment of the lung anatomy and pathology. The fetal lung contains significant amounts of alveolar fluid, giving it high signal intensity (SI) on the T2 W sequence, therefore it is useful for all types of the lung lesions. On T2 W the placenta has high SI in comparison to that of the surrounding uterus (21), but lower than the amniotic fluid. This is also important for the delineation of the placenta from the underlining myometrium in cases with suspected PAD.  
[bookmark: _Toc319528927]Artefacts in MR imaging
The most common artefacts seen in obstetric MRI are caused by motion (18, 22) (Table 1.2).
[bookmark: _Toc319515690][bookmark: _Toc319516429]Table 1.2 Artefacts in MRI and how to improve the images
	Types 
	Causes 
	Remedies 

	Phase encoding artifact 
	Respiratory movement
	Reduce scan time 
And use the breath holding technique. Or increase the number of signal acquisitions. 
Respiratory gating or respiratory compensation, 


	
	Patient motion due to discomfort
	Careful patient preparation for the scan include a clear description of the procedure and using pads and cushions to support her body as well as following the instruction through headphones provided. 

	
	Fetal motion 
	Patient fasting 2 hours before imaging 

	Wrap around artefact 
	Occurs when the anatomy outside the FOV folded inside the selected FOV
	Most system automatically apply no frequency wrap frequency and by enlarging the FOV in the phase direction



[bookmark: _Toc319528928]Safety of MRI in obstetric practice
In pregnancy using any new imaging technique, safety is paramount. Although theoretical risks related to uses of MRI in the human fetus exist, to date no adverse impacts have been documented (9). 1.5 T is the typically used field strength of MRI and the newly established higher field strength of 3T is considered as safe during pregnancy (4, 23). MRI safety was strongly emphasized in 2002 by the American College of Radiology, who claim that MR imaging can be performed at any age of gestation (24).

In 1991, the National Radiological Protection Board in the UK stated that it would be wise to avoid exposing the pregnant women in the first trimester to MRI (6). Acoustic damage to the fetus as a result of the loud noise generated by the coil of the magnet was one of the concerns, however reassuring data has been published in the UK highlighting its negligible effect (25, 26). Reeves et al. (2010) tested the prevalence of hearing impairment in 96 neonates how have had MRI examination in utero at the second and third trimesters. They found that the prevalence was only 1% (26). Yet, in 2005 an extensive review of published data strongly insisted that more research is essential to establish the safety of MRI (27). Therefore until more information regarding safety of MRI is available a careful attention should be adopted to avoid unnecessary examination and cost (28). Taking into account the theoretical risk of MRI, the benefit/risk ratio on both the maternal and fetal side including, the inability to obtain such information with other cheap non ionizing techniques and the impact of the obtained information on management plan timing is really crucial.

To avoid the motion artifact due to the small fetal size, 20 week gestation or after is considered a preferential time for performing MRI (2). Sundgren et al. (2011) concluded that since there is limited data regarding safety of using gadolinium-based contrast media, it is sensible to restrict its uses to the cases where the acquired information is important or would affect the management strategy (29). Obtaining written informed consent from pregnant women undergoing MRI assessment is strongly recommended in the USA (30). In the UK written consents not routinely obtained for clinical scans. Patients in their second and third trimester should be informed that MRI posses no known risk to the fetus.  In first trimester more caution is required and the benefit should exceed the risk if MRI is required (31). Based on the continuing use, development and research of MRI, its practical significance and safety information will continue to expand.

[bookmark: _Toc319528929]Indications of fetal MRI in pregnancy 
MRI is indicated when ultrasound findings are inconclusive and a second opinion is required to confirm diagnosis, such as when ultrasound diagnostic ability is limited by                                   oligohydramious, maternal obesity or when fetal anatomy is obscured by the maternal pelvic bone. Furthermore, in spite of the negative ultrasound findings, MR imaging may be requested in the following cases, positive family history of genetic diseases, preceding child with congenital defect and in a history of maternal serious infection or cardiac disease in the current pregnancy (12). Table 1.3 summarizes the maternal and fetal indication of fetal MRI (4, 10). 

[bookmark: _Toc319515691][bookmark: _Toc319516430]Table 1.3 Indications of MRI in pregnancy
	Maternal indications 
	Maternal obesity, abdominal scarring 
	

	
	Placental lesion 
	PAD

	
	
	Placental perfusion assessment (IUGR, Preeclampsia)

	
	Abdominal, retroperitoneal or pelvic abnormalities
	MRI determine the etiology of lesion, assess the size and location of abdominal-pelvic masses

	General indicators 
	Oligo-anhydramnios, 
	

	
	Familial or maternal history of genetic syndrome
	

	
	Past history of miscarriage or stillbirth of unknowing etiology 
	

	Fetal indications 
	CNS lesion 
	Lissencephaly, cortical dysplasia, Arachnoidal cyst, and in bilateral ventriculomegaly >15mm for screening of associated pathology. 

	
	Spine abnormalities
	Neural tube defect, sacrococcygeal teratomas, caudal regression syndrome, sacral agenesis and sirenomelia.

	
	Non-CNS lesion 
	Face lesions including facial clefts, inner ear defect, and tongue hyperplasia and eye lesions vascular anomalies and tumors.   

	
	
	Chest lesions including CDH, space occupying intrathoracic lesions, lung hypoplasia and plural effusion. 

	
	
	Neck lesions including space occupying lesion to delineate the lesion and identify the trachea, esophageal obstruction, 

	
	
	GIT lesions including CDH to confirm involvement of bowel and liver in the hernia, intra abdominal masses, esophageal and bowel atresias, and abdominal wall defect. 

	
	
	GU anomalies including abnormalities involved the kidneys, collecting system and bladder especially if associated with oligohydramnios. 

	
	
	Musculoskeletal lesions by using EPI sequences can be scanned especially to give an overview of fetal skeletal development and thoracic size as well as the developing epiphysis. 

	
	
	Complex pathology such as in malformation of multiple organ systems MRI can provide more specific and accurate diagnosis of the lesion than that of US



[bookmark: _Toc319528930]Contraindications of MRI in pregnancy 
The following absolute and relative contraindications should be taken into consideration whenever MRI in pregnancy is requested. Some pacemakers and metallic implants are the main general absolute contraindications. Claustrophopia, parents’ refusal of the examination for any reason and expectation of non-useful information drawing from the MRI examination are the main relative contraindications.  



[bookmark: _Toc319528931]Normal placental development 
The placenta is the organ that ensures maternofetal nutrients, gas and waste exchange. These functions are provided from the early developmental stages of the placenta and continue as the placenta develops. The main stages of placental development encompass: 

First, the pre-implantation stage; after conception at the days 4-5, trophoblast differentiation occurs.  The blastocyst consists of trophoblasts (single layer and mononucleated) surrounding the embryoblast (inner cell mass) and the blastocele. The trophoblast later on gives rise to the major part of placenta and fetal membranes; whereas, the embryo, umbilical cord and the placental mesenchyme develop from the embryoblast.  At approximately days 6-7 after conception, formation of the placenta begins by hatching of the blastocyst from the zona pellucida and its attachment to the uterine epithelium (32, 33).  

Second, the Prelacunar stage; the site of attachment of the blastocyst to the uterine epithelium is defined by the localization of the embryoblast.  The first oligonucleated syncytiotrophoblast is generated from the syncytial fusion of mononucleated cells once the blastocyst has tightly attached to the uterine epithelium. The blastocyst can penetrate the uterine epithelium only on the form of syncytiotrophoblast. The embryo attaches to the decidual stroma by the syncytiotrophoblast forming a complete layer around the conceptus. The cytotrophoblast (remaining mononucleated trophoblast) divide rapidly and fuse with the syncytiotrophoblast, which is the only cell that has direct contact with maternal cells and fluid (32, 34). 

In the lacunar stage; eight days post-conception fluid-filled spaces form in the syncytiotrophoblast that then merge to form larger lacunae. The remaining masses in the syncytiotrophoblast between the lacunae are known as trabeculae, which are later important for the placental villous tree development. Once the lacunae have developed the three placental zones can be outlined: in contact with the uterine endometrium is the primitive basal plate, confronting the embryo is the early chorionic plate and in between is the lacunar system with the trabeculae that develops into the intervellous space and the villous trees. Implantation occurs at this stage by penetration of the invading syncytiotrophoblast into the interstitium of the endometrium to become in contact with the endometrial capillaries and the superficial venous plexus. Implantation may be considered to be complete at 12 days post conception (32, 35). By day 15 postconception the cytotrophoblasts of the chorionic plate reach the maternal side of the placenta by penetrating and following the course of the syncytiotrophblast of the trabeculae. The first cytotrophoblasts differentiate into extravillous cytotrophoblasts after leaving the placenta proper at 30-35 days after menstruation. These later further invade the endometrial stroma between capillaries and glands. Finally, a subgroup of these cells enter the lumen of the spiral arteries (32). 

At the villous stage (day 13 post-conception) the first side branches of the trabeculae begin to develop and are known as the primary villi, which protrude into the intervillous space. Then after further development the primary villi transform into secondary villi. At day 20 after conception, independent of the embryo proper, the first placental blood cells and endothelial cells develop. The later development transforms the receptive villi into tertiary villi and this process occurs throughout gestation (32, 36). 

[bookmark: _Toc319528932]MR imaging of the Normal placenta 
Knowing the normal appearance of the placenta on MRI is essential for better use of the technique and to enable accurate diagnosis of the utero-placental anomalies. MRI is characterized by excellent soft tissue contrast, which allows visualization of the normal placenta and delineation between the placenta and uterine wall without contrast (21).  

The MRI signal of the normal placenta varies according to the gestational age at examination and the MR sequences chosen to obtain the images. The signal intensity (SI) of the normal placenta decreases with the increase in gestation (21). The placenta/amniotic fluid SI ratio also decreases with advanced gestation and grading (21). On the T2 sequence the normal placenta shows an intermediate signal, and in comparison to the surrounding myometrium it is hypo- or isointense (37). The placental-myometrial interface may be seen as a fine line of separation. In the early second trimester the placenta has mainly homogeneous signal intensity and appears comparatively smooth and with a flat surface (Figure 1.11A).  As the placenta matures, it becomes heterogeneous with clearer cotyledons (round high signal areas outlined by low signal line in T2 sequences) (Figure 1.12B). Its fetal surface becomes less smooth with gentle lobulations. Fine blood vessels between the placental tissues can be identified (37).  On T2 images the normal placenta myometrium interface has a trilayered appearance. The vascular layer in the middle is heterogeneous and hyperintense and a thinner layer on either side has a low signal intensity (38) (Figure 1.11A). 

The placenta on the BGE sequences demonstrates hypo- to isointense SI in comparison to the myometrium (Figure 1.12 C). With a homogeneous appearance in the second trimester and as pregnancy progress it becomes more heterogeneous. The placenta myometrial interface is less clear than in the T2 sequences (37). On T1 sequences it demonstrates a homogeneous SI, and it is difficult to separate the placenta from the uterine myometrium (37) (Figure 1.12B).
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[bookmark: _Toc319511341]Figure 1.11 T2 W MR images show normal placenta at 21 and 29 weeks gestation
At 21 weeks (A) gestation the placenta is homogenous with the placenta uterine interface in three layers inner and outer hypo intense (arrows) and in the middle the vascular hyper intense layer (lightning bolt), which all represent the decidua basalis, and at 29 weeks gestation (B) shows the heterogeneity that is associated with maturation (half frame). 
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[bookmark: _Toc319511342]Figure 1.12 MRI of normal placentae (Diamond) at 31 weeks gestation in T2 W (A), T1 W images and BGE (C)



[bookmark: _Toc319528933]Placenta adhesion disorders 
In placenta adhesion disorders (PAD) that is also known as placenta accreta, invasive placenta or morbidly adherent placenta, the chorionic microvilii invade the myometrium.  According to the depth of invasion PAD is divided into placenta accreta vera (the microvilli reach the myometrium without invasion), placenta increta (the microvilli partially invade the myometrium) and placenta percreta (the microvilli penetrate the myometrium and reach the serosal layer) (Figure 1.13) (39). PAD is increasingly encountered in obstetric practice due to the increase in caesarean section deliveries and placenta previa rate (9.3%) (40). Beside these two major risk factors additional but with minor relevance are maternal age (MA >35 y+ 1 or 2 CS 39% risk), previous uterine surgery, uterine deformity and history of dilation and curettage (39). 
The aetiology of this clinical condition is not clear but multiple theories exist in relation to the established risk factors. The first theory referred the aetiology to existence of a defect in the decidua basalis. In the absence of other risks factors existence of a low lying placenta especially previa increases the risk of an abnormally adherent placenta by 5%-10% (41, 42), which might be explained by the small content of the decidualized tissue in the lower uterine segment (43). Surgical interventions such as C/S, myomectomy and dilatation and curretage cause disruption of the uterine integrity (44, 45) and increased numbers of C/S found to be associated with dramatic increase in the risk of abnormally adherent placenta. In one series the odds ratio increased from 0.3 in cases with one previous C/S to 2.3 in those with 3 previous C/S (46). Furthermore, the risk reaches 40% when 2 or more previous C/S is associated with an anterior or central placenta previa (41, 47). Despite the fact that the majority of other invasive procedures such as hysteroscopic surgery, uterine artery embolisation and endometrial ablation are also associated with adherent placenta, the absolute risk is small (45). Cytotrophoblastic cell development has been found to be regulated by the differences in oxygen tension, therefore localized hypoxia in the scared uterine tissue, might play a role in increased risk of placenta creta (45). Abnormal or excessive trophobastic invasion, abnormal and a decreased quantity of remodelled vessels at the creta lesions are further suggested pathogenesis of abnormal placental attachment (45, 48).

[image: Screen Shot 2015-09-09 at 14.53.42.png]
[bookmark: _Toc319511343]Figure 1.13 Normal and abnormal placentation

[bookmark: _Toc319528934]Complications of PAD
The clinical significance of this medical condition is the high risk of catastrophic post partum haemorrhage (PPH), which if not treated promptly consequent complications may arise such as renal failure, disseminated intravascular coagulopathy, and adult respiratory distress syndrome. Maternal mortality rate in this category of patients has been documented as high as 10% (49). Furthermore, hysterectomy is one of the management options, which is not risk free, and ureteric injury, cystotomy and pulmonary embolism to name a few have been documented (39). Precise early antenatal diagnosis of PAD permit organizing a meticulous plan for delivery including arrangement of site and time of labor, preparation of blood products and recruitment of proficient surgical and anaesthetic and interventional radiology staff (50). In addition, it helps the care providers to properly counsel patients and enable them to make an informed decision and be prepared for life-threatening complications (39). In terms of future fertility in such cases accurate antenatal diagnosis also helps by directing the management plan towards uterine preservation treatment options (51). 

[bookmark: _Toc319528935]Antenatal diagnosis of PAD
The role of US in antenatal diagnosis of PAD
The primary imaging technique used in the diagnosis of placenta related conditions is US.  It is able to diagnose PAD in 50%-80% of cases (39). Diagnostic criteria for placental invasion in US screening encompasses: visualization of placental lacunae (Figure 1.14 B) (sensitivity 78.6%), destruction of clear space between placenta and uterus (sensitivity 57%) and interruption of the echo-lucent line between the bladder and uterus (sensitivity 21.4%) (49, 52). Decreases in the myometrial thickness, presence of placenta previa and having uncharacteristic color doppler imaging patterns have also been described in association with PAD (39). Although, discordance has been documented in relation to their individual relevance, having more than one criterion is considered as strong evidence of the existence of PAD (53).  Despite the high negative predictive value of Color-Doppler imaging observed in one study (54), other studies consider having either turbulent lacunar blood flow or continuous retroplacental blood flow informative regarding the existence of placental invasion into the uterine myometrium (39, 49, 55, 56). The reliability of US screening in PAD has been evaluated in many small studies and found to be high (57, 58). Larger studies confirmed this data and calculated its sensitivity as high as 77%-82% and specificity of 96%- 96.8% (59, 60).  However, in some cases due to maternal, placental or fetal reasons confirmation of such critical diagnosis by US is hampered. Therefore the requirement for a complementary imaging technique is evident. 
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[bookmark: _Toc319511344]Figure 1.14 US and MRI of placenta
US images of 32 weeks gestation of normal placenta (Pl), which looks homogeneous (A) whereas when the placenta invade the uterus in PAD it looks inhomogeneous (B) with dilated lacunae (blue arrows). MRI images of normal placenta in T2 (C), T1 (D) and BGE (E) show the change in contrast of the Placenta (Pl) and amniotic fluid (AF). 
The role of MRI in antenatal diagnosis of PAD
MRI is a new diagnostic modality used in the evaluation of PAD and increasingly used as an adjunct to US to optimize the diagnostic accuracy of this critical condition. This is especially recommended when US findings are inconclusive and guidance of management is required (61). MRI, owing to its inherent ability in providing large field of view, multiplanar and multisequence imaging and high tissue contrast (Figure 1. 14 C, D, E), can identify the degree of placental invasion, which is reported to modify the management strategy (49, 62). Gadolinium contrast has been suggested to supplement specificity to the MRI diagnosis of PAD because it clearly outlines the border between the placenta and the myometrium (60).  

Diagnostic criteria for PAD in MR imaging have been defined by Lax and co-workers (2007) as “uterine bulging, heterogeneous signal of the placenta on T2 weighted (T2 W) images and the presence of dark intraplacental bands on T2 W images” (63). These criteria have been used and proved by Teo et al (2009) and Baughman et al (2008), who suggested further criteria, but with less reliability, such as focal interruption in the myometrium at the invasion site, placenta previa and bladder tenting. 

The effectiveness of MR imaging in prenatal diagnosis of PAD seems to increase in line with the advent in MRI modalities. Earlier studies demonstrated a sensitivity of 38%- (64) - 88% (60) and 93.3% (65) and specificity of 65% (66) - 100% (60) 85% (65). Although studies presenting low sensitivity of MRI in detection PAD exist, a large study conducted by Palacios Jaraquemada and Bruno (2005) emphasized the capability of MRI in identifying the affected cases and highlighted the impact of data obtained by MRI in modification of management, permitting applying a more conservative plan and reduction in morbidity rate (67). The same conclusion has been grasped and emphasized by recently published reports (68, 69). However, as yet there is no consensus regarding the value of individual MRI criterion described in the literature. 

[bookmark: _Toc319528936]Summary 
Based on the fact that the incidence rate of abnormal placentation is increasing due to many factors, and that if a case is encountered unexpectedly the result is massive blood loss, which cannot be managed optimally unless identified early in antenatal period. Development of diagnostic techniques that have high sensitivity and specificity and assessment of their value and reliability should have priority in obstetric practice. MRI has been used as a complementary diagnostic test of the PAD. Nevertheless its diagnostic accuracy and value as part in the management plan still need to be fully investigated. This will be covered as part of this piece of work presented in this thesis.


[bookmark: _Toc319528937]Congenital chest malformations (CCM)
The impact of lung lesions varies according to the size, site, etiology and morphology of the lesion therefore; accurate diagnosis is essential for early intervention, planning delivery and better prognosis. CCM encompass a wide spectrum of malformations with a broad variability in prognosis. Fetal lung malformations (FLM) include congenital cystic adenomatoid malformation (CCAM), broncho-pulmonary sequestration (BPS), bronchogenic cyst, and atresia in the trachea, bronchus and larynx, and congenital lobar emphysema. Other examples of CCM are diaphragmatic hernia, pulmonary hypoplasia, pleural effusion and tumors.  

 Fetal chest examination is an important component of the standard fetal screening. CCM may be responsible for poor neonatal outcome as a result of the mass effect on the mediastinum and respiratory distress. Therefore antenatal diagnosis of these malformations may modify the antenatal management by planning delivery of the affected fetus in specialized neonatal center and help to inform family decisions. The discovery of such malformations may indicate an underlying chromosomal defect and lead to detection of other associated malformations through a systematic assessment.   US is the primary imaging technique in pregnancy. MRI provides additional detailed structural examination of fetal chest due to the excellent tissue contrast in the images obtained. 

[bookmark: _Toc319528938]Normal fetal lung development 
Adequate development and maturation of the lungs is essential for fetal survival at birth. Human lung development starts as early as three weeks of fetal life and continues until after adolescence (70). The growth and development of fetal lungs have been described in 5 phases based on the histology of lung morphology (Figure 1.15). 
1. Embryonic phase (0-7 weeks of gestational age)
In the first 4-7 weeks in utero life the lung bud differentiate and the vascular tissue connect around the airway buds (71). 
2. Psodoglandular phase (7-17 weeks of gestational age)
This stage is characterized by extensive airway branching and progressive differentiation of the lining epithelial cells to form the lumens (72)
3. Canalicular phase (17-27 weeks of gestational age)
This stage is characterized by the establishment of the possible platform for gas exchange, which summarized in two important steps in the fetal lung development process: type I and type II pneumocytes are differentiated and the vessels are dramatically proliferated leading to formation of the alveolar capillary barrier (70, 72, 73).    
4. Saccular phase (28-36 weeks of gestational age)
Airways division is almost complete by this stage. Further development and branching of the peripheral airways continues ensuring enough surface area for gas exchange. There is alongside further development of the surfactant system (70). 
5. Alveolar phase (36 weeks of gestational age- 2 years)
This phase is characterized by secondary septa formation and continuation in alveolar growth. Definitive cup shaped alveoli are the marker of this phase (70), with significant expansion of the gas exchange region. 
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[bookmark: _Toc319511345]Figure 1.15 Stages of fetal lung development
Image taken at 30/07/2015 from http://ehp.niehs.nih.gov/wp-content/uploads/118/8/ehp.0901856.g002.tif permission for reuse detals as following: 
License Date: Aug 27, 2015 
License Number: 3697110177253 
Publication: Pharmacology & Therapeutics 
Title: Environmental factors and developmental outcomes in the lung

[bookmark: _Toc319528939]Normal fetal chest structures in MRI 
T2 (SSFSE) W image is the most useful sequence to depict the fetal lung anatomy. On T2 W images fetal trachea, bronchi and lungs show hyperintense signal due to the high content of fluid (Figure 1.16A). Fetal oesophagus can occasionally be seen as a fluid filled structure. Fetal heart shows dark signal area on T2 SSFSE with no or very little details. The T1 W sequence is less useful to assess lung anatomy (Figure 1.16 B), as the detail is limited due to little inherent pulmonary tissue contrast in T1 and the low special resolution. The pulmonary tissue appears as intermediate signal intensity structure, whereas the normal liver and meconium are bright on T1 making it ideal image to assess liver herniation and bowel involvement in the herniated mass in CDH (Figure 1. 21 B). Fetal lung signal intensity increase with gestation on T2 W images and decrease on T1 W images as a consequence of complicated physiologic background (74-78).
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[bookmark: _Toc319511346]Figure 1.16 T2 and T1 W images show the normal fetal neck and chest anatomy
T2 W sequence shows the larynx (double red arrows), trachea (blue arrow), the heart (single red arrow), diaphragm (green arrow) and the lung (white arrow) in image (A). T1 W image shows the lung (yellow stars), liver (blue arrow), gallbladder (white star), stomach (red star) and meconium in bowel (white arrow).  
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[bookmark: _Toc319511347]Figure 1.17 MRI and US of normal fetus
A 20 weeks gestation fetus MRI coronal T2 W images shows the stomach (red arrow), heart (green arrow), right lung (yellow arrow), liver (brown arrow) and bowel (blue arrow) image (A). Sagittal T2 W image shows fetal lung (yellow arrow) and liver (blue arrow) image (B). Sagittal T1 W image shows fetal lung (yellow arrow) and fetal liver (blue arrow) image (C). Sagittal US image shows normal lung (yellow arrow), fetal bowel (blue arrow) and fetal bladder (brown arrow) image (D).   






[bookmark: _Toc319528940]Congenital Diaphragmatic Hernia
CDH is an anatomical defect that can be corrected by surgery. The incidence rate of CDH is one in 2500-5000 according to whether stillbirths are included or not (79). It accounts for about 8% of all major congenital malformations (80).  CDH occurs late in organogenesis due to insufficient closure of the pleuroperitoneal canal with unknown etiology. There are two types of CDH according to the location of defect; the commonest site for hernia in the pleuroperitoneal canal is posterior (Bochdalek type) and rarely an anterior (Morgagni type). CDH occurs mainly on the left side (88%), 10% on the right side and only in 2% bilateral (81).  Associated abnormalities such as chromosomal defects and anomalies affecting the cardiovascular, musculoskeletal, central nerves system and genitourinary system are seen in 29% of CDH cases (82). The most common chromosomal anomalies associated with CDH are trisomy (21, 18 and 13) whereas; Turners and tetrasomy 12p are rarely associated with CDH. Examples of genetic syndromes allied to CDH encompass Fryns syndrome, Marfan syndrome and de Lange syndrome to name a few. The survival rate is less than 15% in CDH that are associated with other abnormalities; whereas the mortality rate reported by large surveys is around 30% in isolated CDH (83-85). Survival rate in isolated CDH has improved due to advancements in prenatal diagnosis and neonatal care. However, survivors still suffer from a significant risk of morbidity and mortality due to pulmonary hypoplasia and lung and mediastinal compression.  

[bookmark: _Toc319528941]Antenatal diagnosis of congenital diaphragmatic hernia 
The role of US in antenatal diagnosis of CDH  
CDH is detected at variable gestational ages from the earliest being seen at fifteen to sixteen weeks’ gestation to late in pregnancy. Late diagnosis is common in right side CDH. On US, CDH may mimic the CCAM of the lung (Figure 1. 18). The prognosis of these two conditions is very different. Less than 20% of fetuses with CDH will survive (including TOP as one of the causes for demise) (83); whereas CCAM mainly have a good prognosis. Other differential diagnosis of CDH are BPS, bronchogenic and enteric cysts and mediastinal teratomas (82).  
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[bookmark: _Toc319511348]Figure 1.18 MRI and US images of CPAM
A 22 weeks gestation fetus with CPAM coronal MRI image shows right side CPAM (brown arrow), normal left lung slightly squashed by the expanded right lung with CPAM (yellow arrow), fetal heart (white arrow), fetal stomach (green arrow) and fluid in the abdominal cavity (blue arrow) image (A). Coronal T1 W MRI shows the right CPAM (brown arrow), normal left lung (yellow arrow), fetal liver (green arrow), stomach (white arrow), fluid in the abdomen (brown arrow) and meconium in the large bowel (blue arrow) image (B). US image of same fetus shows aorta (red arrow) and CPAM (blue arrow) image (C).  

Diagnosis of a left side CDH can be made from eighteen weeks gestation onwards (Figure 1.19). The main sonographic criteria for diagnosis of left side CDH include cardiac displacement to the right side of chest with mainly unaffected cardiac apex and the stomach as a transonic area can be clearly seen above the level of fetal diaphragm (82). US cannot assess the fetal lung at the affected side, whereas the contralateral lung can be identified and lung volume evaluated. Lewis et al reported that half of the CDH cases have been missed in one cohort (86). 

[image: ]
[bookmark: _Toc319511349]Figure 1.19 Axial and sagital US images of left side CDH
Left side CDH at the 20 weeks detailed US scan axial section shows the fetal heart (white star), fetal stomach at the level of fetal heart (red star) and bowel (blue arrow) and pulmonary tissue (red arrow) image (A). Sagittal section shows the fetal heart (white star), stomach (red star), compressed fetal lung (blue star), diaphragm (blue arrow) and liver (yellow star) image (B). 
 
On the right-sided CDH, the herniated mass usually contains liver and occasionally small bowel.  This type of hernia is difficult to diagnose early in pregnancy by US because of the similar echogenicity of liver, compressed lung and small bowel on US (Figure 1. 20). It should be suspected if the fetal heart is shifted more to the left with coronal displacement of the axis of the interventricular septum from the normal oblique position (82).  Fetal breathing movement is associated with rotatory movement of the abdominal and thoracic content, due to the upward movement of the abdominal content into chest on the affected site and downward movement at the normal side. The diaphragmatic defect is very difficult to identify even with high image quality (82). 
[image: ]
[bookmark: _Toc319511350]Figure 1.20 US vs MRI of right side CDH
US of right side CDH at 20 weeks gestation demonstrating the similar echogenicity of fetal lung (red stars) and fetal liver (yellow stars) image (A). T2 W image shows right side CDH liver in the fetal thorax (yellow stars), stomach (black star), and bowel (blue arrow) image (B) 

 Antenatal diagnosis of CDH using US becomes feasible with the advances in US technology, but antenatal prognostication remains challenging. Liver herniation is associated with poor outcome and assessing liver position on US is challenging. In addition, a systematic review and meta analysis advocated the value of grading liver herniation as a prognostic marker of fetal prognosis in CDH (87), which is more difficult to do using US than defining liver herniation as a categorical variable.  Calculation of the lung-to-head ratio has been found to be unreliable to predict fetal outcome in CDH (88). 3D ultrasound improved diagnosis of CDH, however, in approximately 50 % of cases in one study the ipsilateral lung volume was difficult to assess (89). These limitations emphasized the value of supplementary information that MRI could add in CDH.  
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[bookmark: _Toc319511351]Figure 1.21 MRI and US images of left side CDH
A 24 weeks fetus with left side CDH: sagittal T2 MRI image shows squashed left lung (orange arrow), small bowel (green arrow), inverted dilated stomach (red arrow) and fetal liver (blue arrow) image (A). Sagittal T1 WI shows squashed left lung (orange arrow), small bowel in fetal chest (green arrow) stomach in chest (red arrow) and fetal liver (blue arrow) image (B). US image of the same fetus shows bowel in chest (orange arrow), stomach in chest (red arrow), fetal liver (blue arrow) portal vessels (green arrow) image (C).    
The role of fetal MRI in antenatal diagnosis of CDH 
In CDH MRI provides several functions before delivery. First, it can confirm the diagnosis of CDH. Mainly US can detect the CDH, however when it is inconclusive or atypical MRI can verify the diagnosis. There is general agreement that MRI increases diagnostic confidence and improves the quality of patient counseling (90). MRI has a higher diagnostic ability to differentiate between the different types of congenital chest malformation. As a result of the MRI multi-sequences ability and the excellent soft tissue contrast, identification and localization of lung, liver, bowel and stomach should be easy. On US the echogenicity of lungs and liver is similar; whereas on MRI they are easily distinct.  Lungs on MRI have high T2 and low T1 signal intensity, while the liver has low T2 and high T1 signal intensity  (Figure 1.19), (Figure 1. 20) and (Figure 1.21) (91).   There are few research studies in the literature evaluating the additional value of MRI to US and the advantages of repeating MRI late in gestation in cases of CDH to predict fetal survival. 

Secondly, MRI can be used to evaluate prognosis by assessing lung development. MRI can provide a direct measurement of the fetal lung volume. MRI can also be used to assess and predict the chances of survival of the affected fetus by assessing the degree of pulmonary hypoplasia.  Lung hypoplasia is the primary factor that determines fetal survival. Liver herniation is associated with increasing severity of pulmonary hypoplasia and determination of the percentage of liver herniation using US is quite difficult; whereas MRI can provide the required supplementary diagnostic certainty (91). 

The third function of MRI is the ruling out any additional structural malformations. All these functions will help with family counseling and the management plan.  In severe cases and in those that have complex malformations parents may opt for termination of pregnancy. Fetuses with CDH have to be delivered in specialized center hence they require specific antenatal care and preparation for surgery. Early accurate diagnosis will allows safe patient referral in utero.  Furthermore in the era of fetal intervention, determination of the severity of pulmonary hypoplasia according to MRI lung volumetry and confirmation of associated structural anomalies are essential for deciding the suitability of fetus for Fetoscopic Endoluminal Tracheal Occlusion (FETO) and treatment follow-up, if available. 
[bookmark: _Toc319528942]Summary 
CDH is a severe malformation that is associated with high morbidity and mortality, therefore it requires early antenatal diagnosis for appropriate management.  US is the primary screening imaging method for CCM. However with CDH the diagnosis and evaluation of prognosis based only on US is challenging. US assessment of lung volume even 3D US is less reliable than that based on MRI measurements (89). Pulmonary hypoplasia may be best evaluated by using combination of MRI parameters and techniques. Furthermore, the value of fetal lung SI in prediction of fetal survival is not clear yet. However, MRI examination is expensive and requires thorough evaluation of its value to establish proper use of the technique and ensure that the data obtained is of benefit to the patient without adding unnecessary cost to the health care. 
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[bookmark: _Toc319528943]Proposed work and hypothesis
MRI provides detailed anatomical information regarding tissue structure, which would make it more than a useful adjunct to ultrasound. Based on this we hypothesis that MRI is a useful adjunct to US to further define a suspected abnormality in PAD and CDH. This in turn, will provide additional information to guide or influence management, counseling, and prognosis. Hypothesises will be tested in this thesis are as following 
·  Using MRI in assessment of PAD at the late second and third trimester provides complementary function to that of US and MRI criteria are highly sensitive and specific for PAD lesion.
· MRI has complementary function to US in the diagnosis of CCM and the clinical value of MRI report in diagnosis of CCM is improving over time. 
· MRI assessment of fetal lungs at 20-24 weeks gestation provides a more accurate measurement of pulmonary hypoplasia than third trimester MRI when used to predict fetal survival.  
· Using multiple models increases the accuracy of predicting fetal survival in isolated CDH
· MRI signal of fetal lung correlates to the degree fetal pulmonary hypoplasia and mortality.
Using the MR imaging in screening for lesion when risk factors exist and ultrasound provides limited evidence, would lead to earlier risk identification and would afford new perspectives helpful in the decision making process. This valuable information would aid clinicians in parents counseling and in establishing an appropriate management plan for the antenatal, delivery and postnatal period. In the literature most of the MRI work in obstetrics has been conducted in CNS. This thesis is dedicated to assess the value of MRI on the non-CNS lesion particularly in the abnormally adherent placenta and on the fetal chest abnormalities with special interest in CDH. 










[bookmark: _Toc319528944]Chapter 2. MRI assessment of placental adhesion disorder features and significance: Systematic Review














[bookmark: _Toc319528945]Introduction
Placental adhesion disorder (PAD) encompasses placenta accreta, increta and percreta lesions, which are classified according to the depth of uterine invasion by the placental chorionic villi. Instead of attachment to the underlying decidua placenta attaches to the myometrial wall in the case of accreta, invades the myometrial muscle in increta and it penetrates into the serosal layer of the uterus or even beyond that into the adjacent organs in percreta (45). The morbidity and mortality rate increases with the increase in the depth of invasion (92, 93). Although PAD is considered as a rare condition, its incidence has increased ten times in the last 5 decades (94) now it is between one in 500 and one in 2500 deliveries (95). A twenty-year analysis, ending in 2002, declared that its rate is increasing in coincidence with the caesarean section rate, and advanced maternal age (96).

Universally PAD is increasingly considered as a major cause of substantial complications at delivery. It is commonly associated with postpartum haemorrhage if placental detachment has been attempted. The associated fetal, and maternal mortality rate has been forecasted to reach 9-19% and 6-7% respectively, (97, 98). However, a systematic review, which assessed uncontrolled post partum bleeding that lead to emergency postpartum hysterectomy included only studies conducted in developed countries, and reported the maternal morbidity and mortality rate as 56% and 2.6% (99) . The need for postpartum curettage and blood transfusion are high (43). Uterine atony was previously the main reason for an emergency peripartum hysterectomy. This has now been shown to be PAD in retrospective (28% and 39.5%) and prospective (50%) studies (100-103).
The diagnosis and management of patients with PAD is difficult.  Several measures have been used to manage cases with placenta invasion. The ideal strategy for clinicians unfamiliar with this condition appears to be planned caesarean hysterectomy with avoidance of placental delivery (104).  When fertility preservation is requested, the solution will require a specific tactic and strategies which require experienced surgical team and a multidisciplinary management approach are recommended (105). However, this requires an accurate antenatal diagnosis to be applied effectively.

Diagnostic methods and the surgical management have been fundamentally changed in recent years. Ultrasound will remain the standard diagnostic imaging technique in obstetrics because it is more accessible to care providers and users.  Placental assessment is conducted in conjunction with the fetal screening that is normally performed at 18-20 weeks gestation.  In most cases, ultrasound provides accurate diagnosis of PAD. The cardinal US signs used are placental lacunae, obliteration of the clear space between the placenta and uterus, myometrial thickness of less than 1mm and interruption of bladder border (106-108). The overall sensitivity, specificity, positive predictive value and negative predictive value of ultrasound have been reported to be 82.4-100%, 71-100%, 68- 100%, and 97.6-11.1% respectively (66, 109, 110). However, in advanced gestational age, or when ultrasound findings are equivocal, or the placenta is posteriorly located MRI is a complementary technique.

MRI is recommended as an adjunct imaging technique to US in assessment of PAD. MRI has a multi-planer capability; good soft tissue contrast, which should allow assessment of the depth of placental invasion, and provides a large field of view, which may help in assessment of potential placental invasion and adjacent organ involvement (107, 111). The main disadvantages of MRI are its cost, limitation in the available skillful expertise, and the long time required for imaging, which can be challenging in cases at their third trimester and in claustrophobic patients (112).

In the UK, the RCOG published guidelines in Jan 2011 advocating the use of MRI in cases of uncertainty (113) yet most radiology departments have little if any experience in performing and interpreting the images. Numerous imaging criteria have been suggested as useful for the diagnosis of the condition on MRI. These include T2 dark intra-placental bands, heterogeneous placenta, abnormal uterine bulging, adjacent organ invasion and focal interruption of the myometrial wall.

However, systematic assessment of the value of each of the criteria both individually and in combination from the currently published data have not been conducted in research that did not use IV contrast in isolation. Recent review and meta-analysis evaluated the diagnostic accuracy of MRI in detection of PAD and its ability to assess the topography of placental invasion using combination of studies that used contrasted and un-contrasted MRI (114). Available evidence suggests that placental MRI using gadolinium-based contrast agent provide better imaging of the uterine-placental interface (67). Therefore, it is inconsistent to combine and compare contrasted and non-contrasted sequences’ diagnostic values.  Furthermore, if we can obtain the same diagnostic value without using contrast, why should pregnant women be exposed to a potential risk even if it is only theoretical? Therefore this review will only include studies that used un-contrasted MRI for diagnosis of PAD.
[bookmark: _Toc319528946]Aims
 This review was carried out to identify and assess which MRI criteria and sequences were used for the diagnosis of PAD and the significance of the findings.

This review has been published by the journal Clinical Radiology (Rahaim et al. 2015). Permission for re use attached in the appendix.  

[bookmark: _Toc319528947]Methodology
[bookmark: _Toc319528948]Literature search 
A literature search for relevant articles was conducted in October 2012 and updated in March 2014.  This review has been generated by conducting a multiple search strategy of the published medical literature by using the following databases:
· Medline via Pubmed and Ovid,
· Google scholars
· Scopus
 614 studies were retrieved as potentially relevant articles for assessment. The keywords and subject headings used were MRI* or Magnetic resonance imaging* or prenatal diagnosis and placenta accreta* or morbidly adherent placenta* or placenta. The entire search strategies were limited to those studies available in the English language, carried out on humans (animal studies are not relevant) and for those published since 2008 (development of the MRI imaging technique and consistency in reporting is advised 2007 by Lax et al. as well as the MRI criteria have been described in this paper). Articles were included if they met the subsequent inclusion criteria:
· MRI were carried out at/after 20 weeks gestation,
· Detailed information was available in relation to criteria and sequences used for diagnosis.
·  Original paper
The main exclusion criteria were:
· Case report study, which small sample size less the 4 cases.
· Studies that used intravenous contrast agents
After careful critical analysis and duplicate removal only 11 articles were found to be eligible to be included in this review.
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[bookmark: _Toc319505948][bookmark: _Toc319511352]Figure 2.1 Literature retrieval process

Figure 2.1 displays the retrieval process of the relevant articles.  The selection process was started by screening the titles and abstracts to exclude the non- related papers then the duplicates were removed electronically. In accordance with the pre-set inclusion and exclusion criteria, the two reviewers (NR postgraduate student and EW the experienced radiologist who have more than 15 years experience in fetal and placental MRI) re-evaluated the recruited articles and agreed on the included papers and consensus was reached regarding inconsistencies. If the sensitivity and specificity of MRI were not stated but enough data was provided this was calculated by the reviewers (indicated by italics in the table 2.3).   
[bookmark: _Toc319528949]Quality assessment: 
The updated quality assessment of the diagnostic accuracy studies (QUADAS-2) tool was used for the assessment of the methodological quality of included papers (Figure 2.2) (115). QUADAS-2 is designed to assess the quality of primary diagnostic accuracy studies.  It encompasses 4 key domains covering patient selection, index test, reference standard, and flow of patients through the study and timing of the index test(s) and reference standard. Each domain is assessed in terms of the risk of bias and the first three are also assessed in terms of concerns regarding applicability. The risks of bias and applicability have been assessed and rated as “low, high, or unclear”, where data available is incomplete. 
[bookmark: _Toc318885160][image: ]
[bookmark: _Toc319505949][bookmark: _Toc319511353]Figure 2.2 QUADA-2 tool assessment of risk of bias and applicability concerns graph
Summary of the quality assessment of diagnostic accuracy studies, Based on the QUADAS II guideline there was a high quality in the research conducted to assess the diagnostic accuracy of MRI in diagnosis of PAD. Overall, the risks of bias and applicability concern were low.  
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[bookmark: _Toc319505950][bookmark: _Toc319511354]Figure 2.3 MRI diagnostic accuracy
The sensitivity and specificity of MRI for diagnosis of PAD lesion in the included studies of the current review


[bookmark: _Toc319528950]Results
[bookmark: _Toc319528951]Literature search 
The primary electronic literature search yielded 614 papers as potentially relevant articles. Because of the comprehensive search approach that was used, 575 papers were excluded at the title and abstract screening level and duplicates were removed. Only 11 studies remained for inclusion. Table 2.1 & 2.2 display and summarise the included studies. All the studies involved small numbers of cases and were conducted differently such that combining studies was thought not to be appropriate. Table 2.3 summarises all of the MRI diagnostic criteria used in the individual studies study by study as stated in the original paper. 

[bookmark: _Toc319528952]Study characteristics 
The individual study characteristics are detailed in tables 2.1 and 2.2. In total 371 pregnant women were referred for MRI because of an existence of risk factors and US suspicion of PAD. PAD was confirmed in a 134 cases at surgery and histopathology. MRI diagnostic accuracy ranged from 75-100%, 65-100%, 67-94.4%, and 79-92% for overall sensitivity, specificity, PPV and NPV respectively in the included studies (Figure 2.3). Only in six studies the radiologists were blind to the suspected diagnosis. The gestational age of the included cases at scanning time was around 30 weeks in most studies. Six studies were conducted retrospectively and five were prospective. 





[bookmark: _Toc319514937][bookmark: _Toc319515692][bookmark: _Toc319516431]Table 2.1 Characteristics of the included studies
	Study 
	Country 
	Study duration
	Inclusion criteria
	MRI criteria of diagnosis 
	Field strength
	Sequences used
	Total Scan time in mins
	Conclusion 

	Peker 2013
	Turkey
	Jun2008-jan2011
	PP
	1,2,3,5
	1.5
	T2, BGE
	?
	Sensitivity,
 Specificity 95%

	El Hawary 2013
	Egypt 
	Jan 2010-june 2012
	Us suspicious
	1,2,3,4,5,6
	1.5
	T1, T2
	?
	Sensitivity 89.6%
Specificity 92.8%

	Maher 2013
	Egypt 
	Aug 2008-sep 2011
	High suspicion of PA in us
	1,2,3,4
	1.5
	T2
	25
	Sensitivity 85.7%
Specficity76.9%

	Alamo L 2012
	Switzerland
	June 2007-dec 2009
	Us suspicion of PAD
	1,2,3,4,5,6
	1.5 T
	T2, T1, 
	30 
	Sensitivity 90.9%
Specificity 75%

	Shweel 2012
	Egypt
	Jan 2009-Octo 2011
	H/O uterine surgery, US suspicion of PI
	1,2,3,4,5,6
	1.0 Tesla
	T2, T1 WI
	?
	Sensitivity 90% 
Specificity77%
PPV 71%
NPV 92% 
Accuracy 82%

	Mansour 2011
	Egypt
	Jan 2010-june 2011
	High risk, pp, 
	1,2,3,4,5,6
	1.5 
	T2, T1, BGE, 
	32 
	Sensitivity 93.3 %
Specificity 85%
PPV94.4%
NPV 82.3%

	Lim 2011
	
	1/2009-11/2010
	Risk factor
	1,2,3,4,5,6
	1.5
	T1, T2
	?
	Sensitivity 78%
Specificity 75%

	Derman 2011
	USA
	2007-2011
	H/o C/s
	1,2,3,4,5,7,
	1.5
	T1, T2, BGE
	
	Sensitivity 75% 
Specificity100%

	Teo 2009
	Singapore
	Dec2004-aug2007
	Clinical or us Risk for invasion
	1,2,3,4,5,6
	1.5
	T2, T1
	?
	Sensitivity & specificity 100%

	Masselli 2008
	Italy
	March 2006-june 2007
	PP & h/o c/s
	
	1.5
	T2, T1, BGE
	20-25
	Sensitivity & specificity 100%

	Dwyer 2008
	USA
	2001-2006
	
	1,2,3,4,5,6
	1.5 
	T2, T1
	?
	Sensitivity 80%
Specificity 65% 
PPV67%
NPV 79%


MRI criteria for diagnosis of PADs 1) T2 intra-placental dark bands, 2) placental heterogeneity, 3) uterine pulging, 4) focal interruption in the myometrial wall, or myometrial thinning, 5) adjacent organ invasion, or loss of tissue plane between placenta and bladder,  6) tenting of bladder, 7) disorganized placental vascularity seen on BGE.  MRI, magnetic resonance imaging; PP, placenta previa; h/o, history of; c/s caesarean section; BGE, balanced gradient echo; PPV, positive predictive value; NPV, negative predictive value. 


63



[bookmark: _Toc319514938][bookmark: _Toc319515693][bookmark: _Toc319516432]Table 2.2 Demographic characteristics of the included studies  
	Study 
	Study design 
	Average of GA at scan
	Average of maternal age
	No of Patient scanned 
	No of invaded cases
	TP
	FP
	TN
	FN 
	Image interpretation  
	Reference standard

	Peker et al 2013
	Prospective
	3rd
	34.2
	40
	20
	19
	1
	19
	1
	Not blinded
	Surgery/ histopathology

	El Hawary et al 2013
	Prospective
	3rd 
	32.2
	39
	9
	8
	4
	26
	1
	Not  clear
	Surgery

	Maher et al 2013
	Prospective
	3rd
	35.5
	20
	7
	6
	3
	10
	1
	Not blind
	Surgery/ histopathology

	Alamo et al 2012
	Retrospective
	3rd 
	35.16
	25
	12
	11
	3
	10
	1
	Blinded 
	Surgery/ histopathology

	Shweel et al 2012
	Retrospective
	2nd/3rd
	33.2
	28
	11
	10
	4
	13
	1
	Not clear
	Surgery/ histopathology

	Mansour & Elkhyat 2011
	Prospective
	3rd
	32.2
	35
	15
	14
	3
	17
	1
	Blind
	Surgery

	Lim et al 2011
	Retrospective
	2nd/3rd
	33
	13
	9
	7
	1
	3
	2
	Not blind
	Surgery/ histopathology

	Derman et al 2011
	Retrospective
	3rd
	
	17
	4
	4
	0
	13
	0
	Blind
	Surgery/ histopathology

	Teo et al 2009
	Retrospective
	3rd
	34.7
	7
	6
	6
	1
	0
	0
	Blind
	Surgery/ histopathology

	Masselli et al 2008
	Prospective
	2nd, 3rd
	31
	50
	12
	12
	0
	38
	0
	Blind
	Surgery/ histopathology

	Dwyer et al 2008
	Retrospective
	Not clear
	
	32
	15
	12
	6
	11
	3
	Blind
	Surgery/ histopathology



	
	
	
	
	371
	134
	108
	24
	163
	11
	
	


Where the paper did not provide the sensitivity and specificity but provide enough data for us to calculate this ourselves we have done the calculation and in these cases the information supplied in the table above is in italics. MBV mean band volume



[bookmark: _Toc319514939][bookmark: _Toc319515694][bookmark: _Toc319516433]Table 2.3 Details of the MRI criteria described by studies

	MRI criteria
	Peker et al, 2013
	Elhawary et al, 2013
	Maher et al, 2013
	Alamo et al, 2012

	Shweel et al, 2012

	Mansour , Elkhyat , 2011

	Lim et al, 2011

	Derman et al, 2011.


	Teo et al, 2009

	Masselli et al, 2008

	Dwyer et al, 2008


	Abnormal uterine bulging
	No details
	No details
	No details
	Sensitivity 59.1 Specificity 41.3
	5/28 (17.8%)
	No details
	No details
	No details
	Sensitivity & specificity 100%
	No details
	No details

	Heterogeneous placenta
	No details
	No details
	No details
	Sensitivity 68.2 Specificity
28.9
	2nd commonest 10/28 35.7%
	No details
	Sensitivity 77.77% specificity 25%
	Sensitivity 75
Specificity 100%
	Sensitivity & specificity 100%
	No details
	No details

	T2 dark intraplacental bands
	No details
	No details
	No details
	Sensitivity 86.4, Specificity 54.2

	The most frequent finding50% 14/28
	No details
	Sensitivity 100% specificity 50%,

	Sensitivity 100% specificity84.6% 
	Sensitivity & specificity 100%
	No details
	No details

	Disorganised abnormal placental vascularity
	No details
	No details
	No details
	No details
	No details
	No details
	No details
	Exist in the 4 positive cases & In ¾ pa cases  size  >6 mm 
	No details
	No details
	No details

	Loss of retroplacental T2 dark zone
	No details
	No details
	No details
	No details
	No details
	No details
	No details
	Often thin and non-continuous in many patients
	No details
	No details
	No details

	Tenting of the bladder
	No details
	No details
	No details
	Sensitivity 89.7 
Specificity 92.3
	2/28 (7%)
	No details
	No details
	No details
	No details
	No details
	No details

	Invasion of adjacent organ
	No details
	No details
	No details
	Sensitivity 83.8 

Specificity 82.4
	No details
	No details
	No details
	No details
	No details
	No details
	No details

	Myometrial thickness <1 mm
	No details
	No details
	No details
	
	No details
	No details
	6/13 & 4/6 invaded group
	No details
	No details
	No details
	No details

	Focal disruption of myometrium
	No details
	No details
	No details
	2nd commonest
Sensitivity 90.9 
Specificity 62.4
	3/28 (10.7%)
	No details
	No details
	No details
	No details
	No details
	No details

	At least 2 criteria
	
	
	
	
	10/28 (35.7%)
	
	
	
	3 feature
Consistently available in all positive cases 1,2,3
	
	



[bookmark: _Toc319528953]Frequency of risk factors 
Risk factors such as placenta previa and history of uterine surgery are very high in the research sample because of the inherent selection bias in this research group. This bias is difficult to avoid because patients referred for MRI assessment are cases who are at high risk due to previous uterine surgery, placenta previa and/or had ambiguous US findings.
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[bookmark: _Toc319528954]MRI features of abnormal placental invasion
Although all the included studies provided the list of the MRI criteria used for the assessment of placental invasion in their research, the majority of them did not assess the sensitivity and specificity of each criterion. The most frequently used criteria were T2 dark intra-placental bands, heterogeneous placenta, abnormal uterine bulging, adjacent organ invasion and focal interruption of the myometrial wall. Four studies, Alamo et al., 2013, Shweel et al., 2012, Lim et al., 2011, and Teo et al., 2009, agreed that the first 3 of the aforementioned criteria were the most frequently encountered in cases with PAD, and that dark intra-placental bands on T2 W image are the most sensitive measure followed by marked heterogeneity of the placenta (62, 98, 116-118). Derman et al., 2011 (119) present a new criteria. They suggested that thick dark intra-placenta bands on T2 that became bright on the balanced gradient echo (BGE) image were indicative of PAD and emphasised that this criteria alongside the T2 dark bands that remain dark on the BGE is the most specific sign of placental invasion.  T1 and T2 (SSFSE) and Balanced GE were the most commonly used sequences in all research studies. 








[bookmark: _Toc319528955]Discussion
[bookmark: _Toc319528956]Overview 
There are few studies (62, 117, 120) that have assessed the role of MRI in diagnosis of PAD and specified the most reliable MRI criteria used. The majority of the included studies (66, 69, 110, 121-123) assessed the overall diagnostic accuracy of MRI and US in the diagnosis of PAD. The sensitivity and specificity scores reported are as low as 75%, and 65% respectively and as high as100% for the two variables.   The poor sensitivity of MRI in detection of PAD that has been reported in the earlier studies (60, 64) might be due to the use of a retrospective design in addition to the fact that diagnosis was based on US features due to non existence of well recognised MRI diagnostic criteria of PAD (98, 124).  More recent studies (62, 69, 117, 120) reported high sensitivity and specificity of MRI in the diagnosis of PAD probably because of the establishment of specific MRI criteria for diagnosis, increased reporting expertise and further development of the MRI sequences used for diagnosis. Interestingly even studies with a low sensitivity score (66, 116, 119) agreed that although MRI was not superior to US in terms of sensitivity and specificity it is definitely a useful adjunctive technique. This is because it offers good assessment of the topographic location of the area involved with PAD, adjacent organ involvement and thus aids in surgical planning.

Although gadolinium contrasts has been reported to enhance the diagnostic accuracy of MRI by delineating the placental myometrial border (53), a randomised controlled trial that compared, contrasted and non-contrasted sequences value in diagnosis of PAD does not exist. Imaging based contrast in pregnancy can be confusing and controversial. Although no side effect has been reported in human, the use of gadolinium based contrast, remains controversial because of the potential toxicity and a lack of a human clinical study that provides the long-term follow-up (29, 125, 126). Experimental animal studies used high nonclinical doses of a gadolinium based agent reported developmental, skeletal and visceral abnormalities (29). Based on the above-mentioned facts its use in pregnancy should be limited unless it is considered essential (29), and none of the other diagnostic imaging such as US and non-contrast MRI can provide the required information.  

The most frequently used sequences are T1WI, Balanced GE, and T2 WI (SSFSE) in the three planes. Leyendecker and et al. (2012) agree that these sequences reasonably differentiate between placenta and myometrium, but available evidence suggests that in practice it is difficult (92, 127). Morita et al. (2009) suggest that the Diffusion weighted (DW) sequence in the evaluation of invasive placenta seems to be promising (128). They reported that in DW images the placenta at b value of 1000 sec/mm3 shows a very high signal intensity, which enables clear identification of the placenta myometrium interface. The myometrium at a b value of 0 sec/mm3 likewise shows very high signal intensity, which make it distinctive from the surrounding fat. Consequently, a combination of these two images can be used to assess the myometrium thickness that has been difficult to assess in the conventional sequences and adds value to the MRI technique (128). 

 If invasion is suspected, the placenta-myometrium interface needs to be well visualized in MRI evaluation by adding more sequences and applying imaging planes perpendicular to the myometrium-placenta interface, which would enable assessment of level of invasion and possibility of adjacent organ involvement (110). The sagittal plane on T2 WI is considered as the best orthogonal plane to display the level and the scope of invasion (62).  Because of the excellent soft tissue resolution and multi planner capability of MRI, the level of invasion in the majority of the included studies has been correctly identified in concordance with the pathological and surgical finding.

MR scanner field strength in almost all included papers was 1.5 T. 3T has advantages like providing greater signal intensity, but it also has some theoretical disadvantages such as susceptibility artifacts, dielectric effects and chemical shift artifacts (129, 130). 3T provides improved image quality which permits greater spatial resolution and reduction in the scanning time (131). Although more detailed imaging of the placenta might be obtained through the 3T system in comparison to that obtained at 1.5 T (39, 92), its full potential has not yet been assessed.

Lax and colleagues (2007) emphasised the fact that a comprehensive evaluation of the MRI features commonly seen in PAD does not exist, and identified some of these criteria. The majority of the studies conducted later on still did not present the value of each MRI criteria used in their research (124), which is essential to facilitate reproducibility and apply evidence based medicine.   Only one study conducted by Alamo et al. measured the respective sensitivity and specificity for each particular criteria used (117).  Shweel et al. (2012), Lim et al. (2011), Derman et al., (2011) and Teo et al (2009) discussed only the value of the most frequently seen criteria (62, 98, 116, 119). Whereas Elhawary et al., (2013), Maher et al., (2013), Peker et al., (2013), Mansour and Elkhyat, (2011), Masselli et al., (2008) and Dwyer et al., (2008) did not provide any details of the value of criteria used for assessment (66, 110, 132). Table 2.3 shows the studies and their evaluation of each criterion. 
[image: ]
[bookmark: _Toc319505951][bookmark: _Toc319511355]Figure 2.4 Dark intraplacental bands characteristics in T2 WI and BGE images
Sagittal T2 WI of a 35 years old woman at 32 weeks gestation shows dark intraplacental bands (double headed arrow) thick and irregular that originate from the maternal surface of the placenta, where the douple arrow pointing in image A. Abnormal intraplacental vascularity (double headed arrow) (B). T2 dark bands that represent new vessels are light on the BGE image. 

Among all the evaluated criteria, T2 dark intra-placental bands, abnormal uterine bulging, and marked heterogeneity of the placenta were consistently associated with placental invasion and the less frequently seen in normal cases (62, 98).  Derman and co-workers agreed that thick dark intra-placental bands in T2 that become light on balanced GE are characteristics of PAD and that they are the most sensitive criteria (119). A combination of T2 dark bands, pelvic organ infiltration, bladder tenting and focally interrupted myometrial border were considered by Alamo et al. as the ‘gold combination’ that improved the specificity of MRI (117). All authors agreed that using more than one criterion increases the reliability of the diagnosis.

[bookmark: _Toc319528957]MRI findings of PAD
T2 Dark intra-placental bands
This criterion has been reported to have the highest sensitivity score (86.4%) amongst all of the criteria in Alamo et al. study (117). Others agreed that it is the most frequent finding in MR images in PAD and emphasised that despite its existence in some normal cases its presence, especially in combination with any one of the other criteria, and risk factors or sonographic features of invaded placenta, should raise a very high suspicion of PAD (62, 98, 116, 119, 124). The precise pathology of these dark bands is not known. Histopathology has shown that fibrin is deposited in the placenta tissue at the level of invasion (39, 133). Baughman et al. (2008) stated that the underlying pathology could be due to frequent haemorrhage and infarction.  New evidence suggest that the flow void of the newly formed placental vessels generate the manifestation of the T2 dark band (119). Others believe that the underlying pathology is related to the placenta lacunae seen on US (116) and corresponds to haemorrhagic and infarcted areas, which are different from the flow void from placental vessels described by Derman et al. Lim et al. (2011) noted that T2 dark bands (Figure 2.4A) are located on the maternal side of the placenta and good correlation has been noticed between the depth of invasion and the band size (116). The dark bands seen on T2 can only be separated in terms of their pathological correlation by using BGE sequences to look for the presence or absence of high signal due to flow and T1 to exclude a recent haemorrhage.


Disorganised abnormal intra-placental vascularity 
This new criterion for evaluation of PAD is described by Derman and colleagues (2011). Their hypothesis is based on the placental lacunae, which are widely described by sonographers.  Although this feature is found in cases with different degrees of invasion, the most bizarre vascular architecture exists in percreta cases. This chaotic vasculature has been found to be best seen on a BGE sequence, as it is flow sensitive demonstrating high signal confirming its vascular origin (Figure 2.4B). These dark bands that are seen on T2 SSFSE are found to be of high signal in 3 out of 4 cases with invasion on the BGE and measured >6 mm in diameter, whereas they are absent in the non invaded cases. The authors suggest that the existence of dark bands on T2 that are not dark on BGE sequences should be considered as a high indicator of invasion, but this requires further assessment. 

Abnormal uterine bulging
Normally the gravid uterus is a pear shape with smooth outlines. Any focal bulging raises suspicion of invasion (Figure 2.5) (39, 124). Leyendecker et al. (2012) consider this imaging sign as the most useful criteria in isolation (92). However, this criterion is very specific, but less sensitive as it exists only in the percreta cases. Further more its diagnostic accuracy varied between studies since they are all small in size, and the sensitivity depends on the number of percreta cases in each study. 
[image: ]
[bookmark: _Toc319505952][bookmark: _Toc319511356]Figure 2.5 Sagittal plane on the BGE image of a 32 years old woman at the 33 weeks gestation shows abnormal uterine bulging (double-headed arrow) into the bladder

Heterogeneous placenta
The placenta normally appears on MR sequences as a homogenous organ with intermediate signal intensity. As pregnancy progress heterogeneity becomes more prominent mainly in the third trimester (Figure 2.6A) (21). Recent data demonstrated that dark intra placental bands contribute to the heterogeneity of placenta associated with invasion (Figure 2.6B) (119, 127). Heterogeneity of the placenta is seen as a non-specific indicator and a subjective discriminator that needs sufficient expertise to be used accurately.  A mild to moderate degree of heterogeneity is deemed a non-useful sign of invasion. Other data suggest that marked heterogeneity should be considered as a strong indicator of invasion (117, 119). 

[image: ]
[bookmark: _Toc319505953][bookmark: _Toc319511357]Figure 2.6 Heterogeneity of the placenta associated with maturity and invasion
Sagittal T2 W image of a 29 years old woman at the 32 weeks gestation shows heterogeneity of the placenta associated with maturity (double headed arrow) and a swirl-like pattern of lower signal areas in the placenta (A). Sagittal T2W image shows heterogeneity of the placenta associated with invasion. This is non-uniform, patchy appearance of low signal areas that correspond to the lacunae seen on ultrasound (B).

Thinning or Loss of retro-placental T2 zone
Loss of retroplacenta zone is one of the sonographic features of invasive placenta used for MRI evaluation. The placenta-myometrium interface is normally seen as a smooth curve. Thinning or loss of this interface (Figure 2.7A) is considered in isolation as a non sensitive criterion even by the sonographers because it can be seen in normal cases (119). This is an unreliable sign on MRI as it is difficult to assess.

[image: ]
[bookmark: _Toc319505954][bookmark: _Toc319511358]Figure 2.7 Sagittal T2W image shows change in placenta myometrium interface thickness
Sagittal T2W image of a 30 years old woman at the 31 weeks gestation shows normal placenta myometrium interface thickness (white ring) compared with myometrial thinning and alteration of the interface at the invasion area (black ring) (A). Sagittal T2W image shows the thinning or loss of the dark zone under the placenta (arrow), which represent the decidua (B). 

Myometrial thinning or focal disruption of myometrium 
Focal disruption of the myometrium is the earliest sign among all the MRI criteria that may suggest placenta accreta (Figure 2.7A,B) (92). Alamo et al. (2012) define focal disruption of myometrium as the second commonest criteria seen in cases with invaded placenta sensitivity 90.9% (117). Myometrial thinning is reported in Lim and co-workers paper.  Derman and colleagues considered it as a non-specific signs because they exist normally in late gestation and are difficult to assess as the myometrium becomes very thin as pregnancy progress especially at the site of previous scars (119). 

Invasion of adjacent organ and Tenting of the bladder
In the majority of percreta cases, the bladder is the most frequently invaded organ (108). Prenatal diagnosis of adjacent organ involvement is essential for effective surgical planning. Although bladder tenting has been suggested as a specific criterion of percreta, its sensitivity depends on the level of invasion (39, 62).

[bookmark: _Toc319528958]Conclusion 
Although this systematic review has not been followed by mathematical analysis of the individual MRI criteria, it presents a detailed analysis of the current evidence regarding its diagnostic significance.   The incidence rate of placenta accreta is increasing, and accurate antenatal diagnosis is vital. MRI has been found to be a useful adjunctive diagnostic technique to US. Introducing MRI for the routine evaluation of patients at high risk of PAD would reduce the maternal morbidity and mortality rate (66, 110, 132). MRI has been shown to be reliable, but the observer’s experience has a significant impact on its diagnostic value (110, 117). Identification of the increta and percreta type of invasion by using MRI does appear to be possible and accurate whereas, accreta type is still difficult to detect. 
An increase in placenta heterogeneity and in the size and the number of T2 dark bands on the maternal side of the placenta should raise high suspicion of PAD (119). Other criteria such as uterine bulging and adjacent organ invasion seems to be more specific and less sensitive as they only exist in the deeper types of invasion. A disorganised abnormal placental vascularity that is best seen on the BGE needs to be assessed in a larger cohort to establish its significance.  The rest of the criteria described appear to be difficult to assess on MRI. In the light of current evidence, MRI sensitivity and specificity is increasing because of the increase in expertise and development of sequences in use.  Systematic reporting is fundamental to apply evidence-based medicine (EBM). All studies are small due to the low incidence of the condition, which reduces the generalisability of the findings. The incidence of PAD is increasing worldwide, and clinicians find themselves in a position of managing a patient without a definitive diagnosis. Risk factor screening is fundamental for early antenatal diagnosis and treatment. However, skilled operators are few in number, and the diagnosis is still difficult. Therefore, a large cohort is required to further assess the currently established MRI criteria of placental invasion, develop new sequences and asses the value of using a stronger magnet strength. 














[bookmark: _Toc319528959]Chapter 3. Placenta adhesive disorder: The role of Magnetic Resonance Imaging in antenatal diagnosis and peripartum management




















[bookmark: _Toc319528960]Introduction 
Placenta adhesive disorder (PAD) is a relatively rare complication of pregnancy. Its incidence has increased over the last decade and is reported to be up to 1 in 533 deliveries (96). However, in newly published studies the estimated incidence of PAD is reported as 1.7-3.4 per 10,000 deliveries (134, 135). In a recent systematic review and meta-analysis, the prevalence of the condition was 9.3%, which increased when the dominant study (52) was excluded to 19.3%, which is thought to be representative of the realistic estimation of PAD in women who have risk factors at the third trimester (136). The variability in the reported incidence figures may be because there is no consensus clinical definition for PAD. Pathological diagnosis is the gold standard, but this only obtained when a hysterectomy is performed. Using a combination of clinical diagnosis, where active management was necessary to preserve the uterus, and pathological diagnosis when possible may reduce the false positive and false negative rate. 

It is unclear why this recent dramatic increase in incidence has occurred. Recognised risk factors for the condition include previous caesarean delivery (OR 14.41, 95%CI 5.63-36.85), placenta previa (OR 65.02, 95%CI 16.58-254.96), advanced maternal age (OR 1.15, 95%CI 1.06-1.24 for every one year increase in age) and multiparity (2 or more OR 11.11, 95%CI 5.63-21.90) (45, 134). In women with previous C section and PP, the incidence was estimated to increase to 1 in every 20 women (134). This emphasises the significance of having a high index of suspicion for PAD and allows arrangement for delivery in a well-prepared center. 
PAD is associated with a major postpartum haemorrhage (PPH) at delivery especially if the condition has not been previously recognised and an attempt is made to forcibly detach the placenta (108). Other complications include hysterectomy, cystectomy, ureteric injury, fistula formation, re-operation, intensive care unit admission, infection and maternal death (137, 138). Maternal complications associated with PAD may be significantly reduced if antenatal diagnosis is available to guide the delivery plan, time and location. Accurate antepartum diagnosis enables the woman to be delivered in a unit staffed by a multidisciplinary team experienced in the management of PAD. 

US has been reported to be able to detect or exclude PAD (132, 136, 139). Color Doppler has been found to improve the US performance (136). Nevertheless, US ability is limited in certain cases for example when the placenta is posteriorly located or when maternal body mass index (BMI) is high (40, 140). In these cases MRI is a complimentary diagnostic imaging technique. Recent work shows that the combination of both imaging techniques can improve the diagnostic accuracy of PAD (119).  Using both modalities also provides information for patient counselling and facilitates management decisions especially if invasion of other organs has occurred, often the bladder and/or bowel.  Accurate antepartum identification of the extent of other organ involvement and the position of the invasion are considered important factors affecting safe delivery and outcome (137). However the diagnostic accuracy of both US and MRI in detection of PAD and identification of the most relevant specific MRI criteria remain uncertain. 


[bookmark: _Toc319528961]Hypothesis 
· US and MRI have comparable diagnostic accuracy. 
· Using MRI in assessment of PAD at the late second and third trimester provides essential additional information to that of US. 
· MRI criteria are highly sensitive and specific for PAD lesion. 
· MRI finding are useful for management plan for PAD cases.  
[bookmark: _Toc319528962]Aims
 This study aimed  
· To compare the efficacy of Magnetic Resonance Imaging (MRI) with ultrasound imaging with respect to the diagnosis of PAD.
· To evaluate each of the MRI diagnostic criteria used in evaluation of PAD.
· To assess the impact of antenatal diagnosis of PAD on peripartum management. 









[bookmark: _Toc319528963]Methodology
[bookmark: _Toc319528964]Study and population 
This was a retrospective analysis of the clinical data in one center and registered as a service evaluation at the hospital concerned. Ethical approval was not required. The records of 57 women who underwent pelvic MRI scans between February 2010 and October 2013 were reviewed. The MRI had been requested due to ultrasound features suggestive of abnormal placentation, ambiguous US finding or women at high risk of PAD. Two of the 57 cases were excluded because of unknown pregnancy outcome leaving 55 cases for statistical analysis. The final diagnosis was confirmed by pathological and/ or surgical reports. 

The following complementary information was extracted from the case notes; demographic risk factors for PAD (maternal age, parity, previous caesarean section, placenta previa in current pregnancy) blood loss at delivery, volume of blood transfused and duration of postpartum hospital stay.

[bookmark: _Toc319528965]US examination                                                                                          
 US was performed in Feto-maternal medicine unit. A transabdominal approach was used for US evaluation in all cases (Trans-abdominal US transducers 4-9MHz or 5-9MHz). US criteria used to detect invasion included prominent lacunae, abnormal colour doppler, loss of retroplacental clear space, anomalies in the bladder myometrium interface.

[bookmark: _Toc319528966]MRI protocol 
The MR images were obtained by using a 1.5 Tesla MRI scanner (Seimes Avanto, Erlangen, Germany) using T1 W (sagittal), T2 W SSFSE (axial, coronal and sagittal) and Balanced GE sequences (axial and sagittal) (Table 3.1). The examination included the abdomen from diaphragm to symphysis pubis. Body coils were used to acquire the images. MR readers were not blind to US findings. The MR examination took between 20-30 min in all cases.  No intravenous gadolinium was used.  

[bookmark: _Toc319516434]Table 3.1 MRI protocol used for imaging PAD
	Sequence/parameters

	FOV
	Slices thickness
	TR
	TE
	Matrix
	Flip angle

	T2
	350mm
	5mm
	100
	92
	512x512
	140

	T1
	350mm
	4mm
	700
	32
	256x208
	180

	BGE
	350mm
	5mm
	6
	2
	384x252
	61




[bookmark: _Toc319528967]Image analysis 
Analysis of the images was achieved using the clinical picture archiving and communication system (PACS) and MRI workstation.  In order to assess the diagnostic ability of each MRI criterion re-reading of the MRI sequences was undertaken by an experienced radiologist (EW). The radiologist was not blind to US report but was blind to the final diagnosis. The MRI criteria selected were dark bands, on T2 and their characteristics on balanced gradient echo sequences (BGE), uterine bulging, placental homogeneity, myometrial thickness, focal disruption of the myometrium, adjacent organ involvement, uterine wall thickness, loss of utero-placental interface, tenting of the bladder and placental protrusion into the internal os. 
The MRI criteria used to diagnose PAD resulted in three groups of women. One group had entirely normal appearances of their placenta, one group had features typical of PAD, and the remaining group had one feature of invasion or a few features in a very localised area but the remainder of the placenta was normal. These were evaluated separately as they were not typical for PAD. The pregnancy complications were compared accordingly. 

[bookmark: _Toc319528968]Statistic analysis 
SPSS for windows (version 21) and Excel were used in this study for statistical analysis. Based on the distribution of data, parametric or non-parametric tests were used to study the differences between and within the studied groups. Continuous data are summarised by the median (25th/75th centiles); categorical data by percentages. Continuous data is compared by the Mann-Whitney U-test (Gestational age at MRI, Length of stay in hospital, blood loss and blood transfusion), Independent samples Kruskal-Willis Test (when comparing 3 groups according to the number of dark bands on T2: none, single and multiple) or student t Test (Maternal age, Gestational age at delivery); categorical (Parity, placenta previa, Previous caesarean section) by Chi-squared test. Data for diagnostic testing (US and MRI and that for each individual MRI criterion) each was placed in 2x2 tables from which the following metrics were calculated: sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NVP) and odds ratio (OR). Missing data is documented but not otherwise considered. Graphical presentations are by clustered bar chart, dot plots and means plots. The ROC curve was used to show the predictability of each MRI criterion. A P value of less than 0.05 was considered to be significant. 


[bookmark: _Toc319528969]Results 
[bookmark: _Toc319528970]Demographic characteristics of the study population 
Table 3.2 shows the differences between the PAD (invaded) group and the non-invaded group according to the final diagnosis, which is based on the histopathology and/or the surgical finding.  All the tested parameters except one were not significantly different between groups. Gestational age at delivery was statistically lower in the invaded group mean±SD 36±2.16 the mean difference was 1.87 (P=0.007).  Risk factors including maternal age, parity and history of previous C-section did not show significant differences between groups. PP has non-significant borderline difference between the invaded and non-invaded groups.

[bookmark: _Toc319516435]Table 3.2 Demographic characteristics of the study population
	
	
	Invaded 
	Not invaded 
	P value 

	Maternal age 
	Mean±SD
	32.3±5.42
	32.8±5.76
	>0.05a

	Gestational age at MRI
	Median (25,75) percentiles
	33(30,35)
	32(29,33)
	>0.05b

	Gestational age at delivery
	Mean±SD
	36±2.16
	37.87±1.79
	0.007a

	Parity 
	0-1
	3
	22
	0.200c

	
	2 or more
	8
	22
	

	PP (%)
	Yes 
	54.5
	25
	0.058c

	
	No 
	45.5
	75
	

	Previous caesarean section (%)
	1 C-section
	54.5
	70.5
	0.300c

	
	2 or more 
	45.5
	29.5
	


aStudent t Test; SD standard deviation 
bIndependent samples Mann Whitney U Test
cPearson Chi-sequare
PP placenta previa 

[bookmark: _Toc319528971]Comparison of the efficacy of MRI with ultrasound imaging (US) for the diagnosis of PAD 
[bookmark: _Toc352673280]US diagnosis
US was less accurate than MRI in the detection of PAD (Table 3.3). US identified 4 out of 11 invaded cases and correctly excluded non-invasive placentae in 33/55 cases Sonographers failed to estimate the depth of the placental invasion in 3/4 cases.

[bookmark: _Toc352673281]MRI diagnosis 
MRI correctly identified PAD in 10/11 invaded cases and normal placentae in 36/44 cases. MRI confirmed US diagnosis of PAD in four cases and when US failed to detect the PAD, MRI was successful in identifying the lesion in a further 6 cases. The only case in which both MRI and US failed to detect the invasion status was a case of accreta in a posterior located placenta, where a small rim reached anteriorly to implant over the caesarean scar. The only MRI feature of invasion in this patient was single dark band at the lower edge of the placenta. MRI also agreed with the US diagnosis of normal placentae in 29 cases.  MRI had a higher sensitivity (91% vs 36%) and specificity than US (84% vs 77%) (Table 3.3; Figure 3.1). 

From the non-invaded group, MRI also raised concerns over the images in 8 cases where the findings were not typical of PAD but could not be considered normal. These include a single dark band and no other features, or an isolated area of heterogeneity but nothing more. These cases were not considered as PAD nor could they be classed as normal. The placental ultrasound imaging of these 8 “other” cases were all reported as normal.

[bookmark: _Toc319516436]Table 3.3 Diagnostic accuracy of US and MRI and all MRI criteria for detection of PAD
	
	
Sensitivity% 
	
Specificity%
	
PPV%
	
NPV%
	
OR

	US
	36.4
	77.3
	28.6
	82.9
	1.93

	MRI
	90.9
	84.1
	58.8
	97.
	52.86

	T2 dark bands
	90.9
	65.9
	40
	96.7
	19.3

	T2 multiple dark bands
	81.8
	90.9
	69.2
	95.2
	45

	Dark bands turn white on BGE
	90.9
	74.4
	47.6
	97
	29.09

	Heterogeneity of placenta 
	90.9
	90.9
	71.4
	97.6
	100

	Adjacent organic invasion
	54.5
	100
	100
	89.8
	nc

	Uterine bulging 
	63.6
	100
	100
	91.7
	nc

	Focal disruption of myometrium
	72.7
	95.5
	80
	93.3
	56

	Loss of uteroplacental zone 
	63.6
	97.7
	87.5
	91.5
	75.25


Nc – not calculable due to having zeros in the table.

[bookmark: _Toc319528972]MRI ability to estimate depth of invasion in PAD
MRI was successful in defining correctly the topographic features of invasion in 8 cases (one accreta, and 2 increta, 5 percreta). It overestimated the degree of invasion in two cases (accreta) and underestimated depth of invasion in another case (accreta missed the diagnosis). It was able to significantly define the severe forms of PAD (increta and percreta AUC 1.00 and 0.98 respectively (P<0.001)), but was less sensitive in identifying the accreta type (sensitivity and specificity 25% and 86.3% AUC 0.56; P=0.71) (Table 3.4) (Figure 3.4). 

[bookmark: _Toc319516437]Table 3.4 MRI ability to predict the depth of invasion of PAD
	
	Sensitivity% 
	Specificity% 
	PPV%
	NPV%
	AUC [95%CI]
	Pvalue

	Placenta accreta
	25
	86.3
	12.5
	93.6
	0.56[0.25-0.87]
	0.707

	Placenta increta
	100
	100
	100
	100
	1.00[1.00-1.00]
	0.017

	Placenta percreta 
	100
	96
	71
	100
	0.98[0.95-1.00]
	0.000




Evaluation of the MRI diagnostic criteria used to diagnose PAD
Re-reading of the MRI images of the women referred for MRI was conducted by using the diagnostic criteria of PAD that have been described in previous papers (63, 116, 117, 119, 141). T2 dark bands, dark bands those were then light in BGE and heterogeneity of placenta all of which had the same sensitivity of 91.9 %. Although, dark bands were sensitive for PAD they were not very specific (66%). Assessing the size and number of T2 dark bands increased its specificity (91%) and OR from 19% to 45% and this were more informative than using yes or no for the presence of T2 dark bands as they associate with a significant and larger AUC 0.81[0.62-0.99], p=0.01 vs 0.500[0.26-0.74], p=1.00 for presense of T2 dark bands.

As expected, uterine bulging and adjacent organ invasion were 100% specific, but less sensitive as they only exist in percreta cases. Focal disruption of myometrium also had a high specificity, but low sensitivity as it is related to the depth of invasion that is seen only in increta and percreta. The most useful sign was heterogeneity since it is both sensitive and specific (Table 3.3).   Another very specific criteria (97.7%) for PAD was found to be the loss of uteroplacental zone as it is the earliest sign of invasion in all type of PAD, therefore it had the highest OR=75.25 after heterogeneity of the placenta (OR=100%) reported among all the examined criteria. Although it was very specific, its sensitivity for PAD was low. 

[bookmark: _Toc319528973]Predictive ability of PAD by the MRI tested parameters  
ROC curve (Figure 3.3) demonstrated that using the following factors only can predict PAD significantly: multiple bands; heterogeneity of the placenta; uterine bulging; adjacent organ invasion; focal disruption of the myometrium and loss of uteroplacental zone (P<0.05) (Table 3.5). Using more than one factor increased the predictability of PAD by MRI, hence it is associated with AUC =0.978 95%CI [0.93-1.00] (P<0.001). The combined factors include multiple bands, heterogeneity of the placenta and loss of a uteroplacental zone.



[bookmark: _Toc319516438]Table 3.5 The AUC of all MRI tested criteria for prediction of PAD
	
	AUC [95%CI]
	P value 

	1/ T2 dark bands
	0.500[0.26-0.74]
	1.00

	2/ Multiple T2 dark bands
	0.81[0.62-0.99]
	0.01

	3/ T2 dark bands changed light on BGE
	0.61[0.38-0.83]
	0.38

	4/ Heterogeneity 
	0.89[0.76-1.00]
	0.001

	5/ Uterine bulging 
	0.85[0.67-1.00]
	0.004

	6/ Loss of uteroplacental zone 
	0.81[0.62-1.00]
	0.01

	7/ Adjacent organ invasion 
	0.80[0.59-1.00]
	0.014

	8/ Focal disruption of the myometrium
	0.78[0.58-0.98]
	0.02

	9/ Collective value of variables 2,4,6
	0.979 [0.93-1.00]
	0.000






[bookmark: _Toc319511359]Figure 3.1 Diagnostic accuracy of US and MRI
Positive predictive value (PPV) and negative predictive value (NPV)



Figure 3.2 Diagnostic accuracy of each MRI criterion
Positive predictive value (PPV) and negative predictive value (NPV)
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[bookmark: _Toc319511361]Figure 3.3 ROC curve shows the predictability of each MRI criterion for PAD
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[bookmark: _Toc319511362]Figure 3.4 ROC curve shows the predictability of MRI for the depth of invasion

[bookmark: _Toc319528974]Association of MRI criteria and pregnancy complication
Table 3.6 shows that the group with PAD had higher blood loss, blood transfusion and days in hospital than normal cases according to the final diagnosis. The ten cases of PAD that were detected antenatally had intervention radiology techniques used in planned caesarean deliveries.  Furthermore the affected parents received comprehensive counseling regarding the complications of PAD.


[bookmark: _Toc319516439]Table 3.6 The difference in pregnancy complication between PAD group and the normal cases group according to the final diagnosis
	
	Final diagnosis
	P value *

	
	Invaded
	Not invaded
	

	Blood loss (ml) 
	4000(2500,4500)
	550(400,875)
	0.000

	Blood transfusion (ml) 
	7000(3750,12000)
	0(0,0)
	0.000

	Length of stay in hospital (days) 
	10(5,12)
	3(2,3)
	0.000


*Independent samples Mann Whitney U Test; Results presented in Median(25,75) percentile 


The frequency of pregnancy complications were more in cases with T2 dark bands (Table 3.7) and in cases that have abnormal vascularity (T2 Dark bands changed light in BGE) (Table 3.8).  Although table 3.10 shows that the difference in means of blood loss 1735.5ml between patients with single T2 dark band and those with multiple T2 dark bands is not statistically significant, the median blood loss was higher in women with T2 multiple dark bands (3000 ml) compared to those with single dark bands (550 ml) (Table 3.7). Figure 3.5A indicates that cases with multiple bands are more likely to be invaded. PP was a cofactor for bleeding (Table 3.11), but multiple bands are an independent factor for maternal bleeding as the amount of blood loss is increasing with the number of bands irrespective of the presence or absence of PP (absent PP blood loss in no bands group mean±SEM 437.7±414.5, in single bands 1076.2±586.6 and in multiple band group was 2811.7±573.3 whereas in presence of PP the mean of blood loss was in no band group 1873.1±573, in single band group it was 2511.6±819 and in multiple band group was 4247±631 P=0.005) (Figure 3.5C). The non parametric correlation coefficient also showed that the number of dark bands correlate significantly with the amount of blood loss and blood transfusions in this cohort (Spearman’s correlation r=0.47 and r=0.53 respectively, both significant at P=0.001). 

[bookmark: _Toc319516440]Table 3.7 The difference in the incedence of complications according to the existance of T2 dark bands
	
	T2 Dark bands 
	P valuea 

	
	Yes 
	No
	

	Blood loss (ml) 
	1500(500-3500)
	550(400-1000)
	0.006

	Blood transfusion (ml) 
	1500(0,4200)
	0(0,0)
	0.003

	Length of stay in hospital (days) 
	3(2-6)
	2.5(2,3)
	0.02


aIndependent samples Mann Whitney U Test ; Results presented in Median(25,75) percentile



[bookmark: _Toc319516441]Table 3.8 The difference in complication rate according to the existance of abnormal vascularity on BGE
	
	T2 Dark bands turn white on BGE
	P value *

	
	Yes 
	No
	

	Blood loss (ml) 
	1500(500,4000)
	600(400,1050)
	0.015

	Blood transfusion (ml) 
	1500(0,5700)
	0(0,0)
	0.007

	Length of stay in hospital (days) 
	3(2.5,8.5)
	2(2,3)
	0.009


*Independent samples Mann Whitney U Test; Results presented in Median(25,75) percentile 







[bookmark: _Toc319516442]Table 3.9 The difference in complication rate according to the number of T2 dark bands

	
	Number of dark bands on T2
	P-value
 

	
	None 
	Single 
	Multiple 
	

	Blood loss (ml) 
	550(400,1000)
	550(462,750)
	3000(1500,4250)
	0.001

	Blood transfusion (ml) 
	0(0,0)
	0(0,0)
	3750(1500,8000)
	0.002

	Length of stay in hospital (days) 
	2.5(2,3)
	3(2,3)
	6(3,12)
	0.02


*Independent samples Kruskal-Willis Test; Results presented in Median(25,75) percentile








[bookmark: _Toc319516443]Table 3.10 Summarizes the average of blood loss in different categories of dark bands number

	Categories of dark bands
	Mean ±SEM
	
	
	
	Difference in means
	95%CI
	P value  (Sidak adjustment for Multiple comparisons)E

	None 
	1155.38± 390
	
	None 
	Single 
	638.54
	-2377.7-1100.7
	0.7

	Single 
	1793.9 ±639.9
	
	None 
	Multiple
	2374
	-4073.6- -674.46
	0.003

	Multiple 
	3529.4± 561.9
	
	Single 
	Multiple 
	1735.5
	-384.9-3855.9
	0.14





[bookmark: _Toc319516444]Table 3.11 Difference in blood loss according to PP existence
	PP
	Blood loss mean ±SEM 
	Difference in means
	95%CI
	P value Student t Test 

	Absent 
	1441.9 ±353.7
	1435.4
	-2692.5- -178.3
	0.026

	Present 
	2877.3 ±525.6
	
	178.3-2692.5
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[bookmark: _Toc319511363]Figure 3.5 Correlation of blood loss with T2 dark bands in presence and absence of PP
Demonstrates that T2 multiple dark bands are more in the PAD cases (A) than they are in the normal cases, however, only 53 % of cases with multiple bands have PP (B) and the means of blood loss is significantly different between cases no bands, single and multiple bands (C) even when adjusted for PP (present or absent). s.e. standard error

According to the MRI classification of cases the atypical group at delivery had higher median blood loss, blood transfusion and longer hospital stay in comparison to normal cases, but less than that of the PAD cases (Table 3.12) (P<0.001). 
[bookmark: _Toc319516446]Table 3.12 The difference in complications rate in the different groups according to the MRI classification
	
	According to MRI classification
	P value *

	
	Invaded n=11
	Atypical n=8
	Not invaded n=36 
	

	Blood loss (ml) 
	3000(2000,4500)
	1350(525,2900)
	500(400,700)
	<0.001

	Blood transfusion (ml) 
	4400(3000,12000)
	750(0,3500)
	0(0,0)
	<0.001

	Length of stay in hospital (days) 
	10(5,12)
	3(3,3.75)
	2(2,3)
	<0.001


*Independent samples Kruskal-Willis Test; Results presented in Median(25,75) percentile 




 


[bookmark: _Toc319528975]Discussion 
MRI has significantly higher diagnostic accuracy than US in detection of PAD. Furthermore, MRI was more successful than US in defining the depth of invasion in the majority of cases. MRI criteria that are useful for diagnosis of PAD are multiple T2 dark bands, heterogeneity of placenta, uterine bulging, adjacent organ invasion, focal disruption of the myometrium and loss of retroplacental zone. Using multivariable model improve diagnostic accuracy of MRI in detection of PAD.  Heterogeneity of placenta is the most useful sign because it was both sensitive and specific criterion. Another key finding is the value of the loss of retroplacental zone in differentiating between the normal and invaded placentae. These are very important finding that would standardize and develop guideline for diagnosis of PAD using MRI. The novel finding is the value of T2 multiple dark bands as a potential antenatal predictor of the severity of bleeding during delivery. 

Placental adhesion disorder is a relatively rare complication of pregnancy, but it is increasing in frequency. It is associated with life threatening complications resulting in substantial maternal morbidity and mortality. Risk factor assessment is crucial to prompt early antenatal investigation. Recognised risk factors include previous caesarean section and placenta praevia in the current pregnancy. The lower uterine segment normally has a small amount of decidua tissue, which may explain the significant association between low-lying placentas and PAD (43). In a recent prospective large cohort that included 205 cases of PAD a previous caesarean section is reported to increase the risk of invasion significantly from seven-fold when only prior one C/S exist to 56-fold in patients with 3 or more previous caesarean deliveries (135). Probably because of our small cohort this was not the case in the current study. All the examined risk factors did not significantly increase the risk of invasion in our cohort. PP has non-significant borderline difference between the invaded and non-invaded groups. Using larger sample size may increase the difference between groups and improve its significance in increasing the risk of invasion. 

Risk assessment at an early stage in pregnancy is fundamental to antenatal diagnosis. US is the primary screening tool in obstetrics and its role in the assessment of placenta adhesion disorders has been the focus of many papers (142-144). The overall sensitivity and specificity of US in diagnosis of PAD reported in a recent systematic review and meta-analysis were as following: 90.72 (95%CI, 87.2-93.6)%; 96.94 (95%CI, 96.3-97.5)% respectively (136).  The trans-abdominal approach is the most commonly used for assessment of invasion status, however it has been shown to be less accurate than the trans-vaginal approach (145). Trans-vaginal US, is unsatisfactory in posterior wall assessment, however, it permits in depth evaluation of the lower segment of the uterus (145). One of the invaded cases that had been missed by US in our cohort had a posterior located placenta where the trans-abdominal approach is known to have a low sensitivity. Warshak and colleagues showed that using trans-vaginal US in conjunction with trans-abdominal approach can detect invasion in 77% of cases and accurately assess normal in 96% of cases (60). The high false negative rate of US in our data may be because the cases have been assessed by the trans-abdominal approach only.

MRI is increasingly considered as an important diagnostic tool in obstetric practice. It has multi-planar capabilities and offers a large field of view, factors that increase its potential value in assessment of a gravid uterus in third trimester. MRI has been reported to have a comparable sensitivity and specificity values to that of US for detection of PAD (63, 67, 110, 121). It also provides detailed morphological and topographical features, which are helpful in planning for delivery (110). In the current study there was a difference in diagnostic accuracy between US & MRI and in the assessment of the depth of invasion. Although the study’s findings agree with that reported by Lim et al, Alamo et al, Dwyer et al, they are lower than that reported by Teo et al and Masselli et al whose MRI sensitivity and specificity were 100% (62, 66, 110, 116, 117). These differences may be explained by many factors including, firstly, the diagnosis of PAD is based on different methods (histopathology and clinical confirmation) and there is likely to be a difference in expertise in the imaging tests available for antenatal diagnosis. However, newly published systematic review reported similar overall sensitivity (94.4%) and specificity (84.0%) values of MRI in detection of PAD (136). 

In agreement with Masselli et al. we have shown that MRI is successful in defining the level of invasion in contrast to previous study who concluded that it is almost impossible using MRI to assess the depth of invasion if there is no adjacent organ involvement (62). In our experience MRI can confidently identify the severe forms of PAD percreta, and increta AUC 0.98-1.00, P<0.05. It remains difficult to exclude the accreta type of invasion. In Masselli et al. ‘s report, MRI was successful in defining the topography of invasion in 100% of cases (110). Using intra-venous gadolinium contrast is reported to give a high diagnostic accuracy by delineating the placenta myometrium interface (67). However, its safety profile on the fetus is not fully established and there is no data comparing gadolinium-enhanced MRI to non-contrasted MRI to prove any increase in diagnostic accuracy. 
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[bookmark: _Toc319511364]Figure 3.6 MRI finding indication placental invasion
Uttering bulging blue circle in image A and arrow in image C, heterogeneity of the placenta (duple arrow in image A), thick dark bands (arrow in image B) and loss of thin uteroplacental zone blue circle in comparison to the normal red circle in image A (showing the three layers hypo-, hyper and hypo intense layers in the uteroplacental zone).

Lim et al stated that hypo-intense dark intra-placental bands seen on MRI T2W SSFSE correspond to areas of haemorrhage and infarction and they correlate with the placental lacunae seen on US (116). Derman and colleagues agree partially with this conclusion. They stated that T2 dark bands present two different histopathology, abnormal fibrin deposition that show low signal intensity on BGE, and dilated vascular lacunae that display high signal intensity on BGE (119).   These findings were based on 4 cases of PAD.  The current study’s results are in accordance with these findings. We also observed dark bands on T2 SSFSE some of which were light on BGE, which represents abnormal vascularity (lacunae on US) and others stayed dark, which represents fibrous tissue due to infarction (Figure 3.7). None of these bands were hyper-intense (white) on T1, which would be expected if they were areas of haemorrhage as suspected by Lim and colleagues (141). The reviewer in the current study considered existence of T2 dark bands to be significant and correlated with placental invasion if they were thick, multiple, and on maternal side of the placenta. 
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[bookmark: _Toc319511365]Figure 3.7 Comparison between characteristics of dark bands on different sequences
Placental MR images of 28 years old pregnant women at the 30th weeks of gestation. MRI finding: T2 dark bands (image A) that stayed dark in BGE in image B indicating that it is fibrous tissue, these bands are not bright on T1 in image C as what it would be if it was haemorrhage. The dark bands on BGE (image D) that went light indicating its vascular origin, approximately at the same level dark bands on T2 in image E.  

Lim et al. found a significant correlation between the volume of T2 dark bands and the depth of invasion in PAD cases (accreta, increta, percreta (P<0.001) (116). Derman et al. found that all PAD cases had abnormal thick intraplacental bands on the T2 and the BGE images, and that the most bizarre intraplacental bands were present in the percreta cases (119). Although these two studies included a small sample size, the findings are of high clinical significance.  Interestingly when we studied the relationship between pregnancy outcome and T2 dark bands there were significant associations between the existence of T2 dark bands and dark bands that become white in BGE and the amount of blood lost, blood transfusion and length of hospital stay. Furthermore we observed that the increase in number of dark thick bands associated with higher blood loss during labour. This is the first report of these significant clinical findings, which correlate with the radiological findings of Lim et al and Derman et al (116, 119). Although table 3.8 shows that the difference in means of blood loss 1735.5ml between patients with single T2 dark band and those with multiple T2 dark bands is not statistically significant. From clinical point of view losing more than 1000ml of blood in the first 24 hours of delivery is considered as a major PPH. We found that PP contributed to the reported complications however multiple dark bands were independent cause for the amount of blood lost and transfused. These important clinical findings indicating that T2 multiple dark bands have the potential to be useful predictor of PPH.

A recent study compared the vascular architecture at the placenta- maternal interface of normal patients with those with placenta increta. They found that the size and spatial organization of the vascular architecture in the sub placental myometrium in cases with increta is different from that in normal pregnancy by being larger and sparser. This might explain the life threatening haemorrhage when placental separation is established after fetal delivery (94). Wright et al. examined the predictors of severe PPH in a retrospective review included 77 patients, who experienced hysterectomy at delivery for pathologically confirmed PAD (146). None of the examined factors, which included: maternal age, gravidity, parity, number of previous C-sections, depth of placental invasion and history of antenatal or blood transfusion, associated significantly with massive PPH (146). 

The placenta on T2 sequences normally shows intermediate signal intensity in comparison to that of the uterine tissue. In early pregnancy it appears as a homogenous structure with smooth outer surface. As it matures, especially after 25 weeks gestation, it becomes more heterogeneous (37). However, although heterogeneous the pattern is organised and appears as multiple ‘swirls’ within the placenta (Figure 3.8) compared to the disorganised irregular heterogeneity of invasion. These facts have been taken into consideration when our MRI specialist was reading the images reflecting very high sensitivity 91% and specificity 91% of placental heterogeneity in detecting PAD (AUC 0.89[95%CI 0.76-1.00], P=0.001) and the OR 100%, P<0.001. This finding is in contrary to Alamo et al. (sensitivity and specificity 68.2%, 28.9%) and Bour et al. (sensitivity and specificity 56%, 69% respectively) (117, 147). 
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[bookmark: _Toc319511366]Figure 3.8 Difference between heterogeneity of maturity of normal placenta (A) and that related to PAD (B)
At 32 weeks gestation T2 MR images show normal placentae (douple blue arrows in image (A) and the heterogeneity associated with invasion (douple arrow) image (B). 
  
Abnormal uterine bulging and adjacent organ invasion had 100% specificity; focal disruption of myometrium had 95% specificity, but both had a low sensitivity score. This is might be explained by the fact that they are most frequently seen in percreta only. In comparison to Alamo et al, Shweel et al, Lax et al (2007) we found that abnormal uterine bulging was very helpful in diagnosis of placenta percreta (63, 117, 139). 

To date there has been little agreement on the value of the loss of the uteroplacental interface. On MRI the uteroplacental interface is visualized on T2 as three layers that are the inner and outer hypointense and the middle hyperintense layer (Figure 3.10A). In contrary to our findings a recent small study concluded that loss of the thin T2 uteroplacental interface was non-specific because it is difficult to assess late in pregnancy and in the C-section area (119).  In the current study, this criterion had low sensitivity (63.6%) in detection of PAD, but it was very specific (97.7) and associated with high risk of PAD (OR was 75.25). Its low reported sensitivity may be affected by the atypical group, which might represent non-diagnosed placentae accreta. Kim et al. also found this criterion useful for the detection of PAD (148). Bour et al. stated that the single independent predictor of PAD was a focal uteroplacental interface defect (sensitivity, specificity, PPV and NPV for diagnosis were as following 75%, 75%, 81% and 81%, P=0.0006) (147). 

Findings such as tenting of the bladder and myometrial thickness less than 1mm as described on US were difficult to evaluate. In all our cases tenting of the bladder was not reported. Myometrial thickness less than 1mm is an in-consistent finding that exists even in normal cases and is impractical to measure, especially late in pregnancy when the myometrial wall becomes very thin (119). Placental protrusion into the internal os is a new criterion reported by Ueno and colleagues as a useful sign of PAD in placenta previa accreta (149). However, in our cohort we had 5 placentae previa major in PAD group from which only one case had placental protrusion into internal os and this sign was not seen in the non-invaded group.  
 
In the current study, the maternal blood loss in the PAD group that were diagnosed antenatally (mean 4400ml; range1500-15000ml) was similar to that reported by Tikkanen et al (2011), and was significantly (p=0.012) lower than that of the false negative group in their institution (7800ml; range 2500-17000ml) (68). Wong et al. also reported less blood loss in the antenatally diagnosed PAD group than in the intra-partum diagnosed cases (average 1400ml vs 3600ml, P=0.003) (104). In addition, Fitzpatrick et al. and Pilloni et al. as well found that antenatal diagnosis of PAD was associated with less blood loss (median 2750ml vs 6100ml; P=0.008 and 1300ml vs 3000ml P<0.048) (142, 150) respectively. In our institution the only case that was diagnosed intra-partum is the only case that did not have prophylactic interventional radiology used during the surgery, and had 7000ml blood loss and 8000ml blood transfused.  Although this case was accreta, where the maternal haemorrhage is expected to be lower than increata and percreta and hysterectomy can be avoided, it was the only case that underwent urgent hysterectomy after an un-planned vaginal delivery. 

All cases suspected to have invasion on antenatal evaluation either by US or MRI or both had a blood transfusion. This data is in accordance with that reported by McLean et al (2011) (151). Figure 3.9 shows blood loss, blood transfusion and the length of stay in hospital in the invaded and non-invaded and atypical group according to the MRI classification in the re-evaluation of the images. We observed the third group that includes the cases with abnormal features on MRI scan but not typical for invasion and unconfirmed clinically (Figure 3.9). There were significant differences in the median between the three groups in all the tested parameters (Table 3.12). The surgical report in the majority of them stated that the placenta was fragmented and was delivered in pieces, and they required significant cord traction or manual removal, which might suggest undiagnosed accreta. This group of patients requires to be treated cautiously to reduce the frequency of complications. In our study, a direct statistical comparison between maternal outcome of patients with antenatal and those with intra-partum diagnosis of PAD is difficult because we had only one case with intra-partum diagnosis. However, it is likely that antenatal diagnosis is associated with better maternal outcome as it tailored the management. 
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[bookmark: _Toc319511367]Figure 3.9 MRI images of normal placenta and Atypical placenta
MRI images of normal homogenous placenta (A) (blue arrows), Atypical placenta (B) with single dark band (blue oval shape) and the rest of placenta normal and invaded placenta (C) with multiple dark bands and marked heterogeneity (blue oval shape) 

Management choices for PAD vary from conservative approaches to radical management and the decision depends on numerous factors including early diagnosis, level of invasion, available expertise and patient preference (152). Therefore patient counseling is crucial in the antenatal period. These patients should have their delivery planned in a center where the required surgical expertise is available as part of a multidisciplinary team.  Planned caesarean hysterectomy with no placental detachment is considered as the optimal management approach (153, 154).  It has been reported that this is associated with reduced blood loss, transfusion and postoperative complications in comparison to other management approaches (104, 153). This would explain the difference in the average amount of blood loss between our antenatally diagnosed group and Wong’s antenatally dignosed group of PAD who had elective placental separation in only 2 cases. Pan et al also reported a significant difference in the average of blood lost between attempted placental removal hysterectomy (6750ml) and non-attempted placental removal hysterectomy (2062.5ml) (P<0.05), which was facilitated by antenatal diagnosis (155), whereas placental separation has been tried in all our PAD cases.  Obstetric hysterectomy is increasing in frequency. Recent data from China emphasised that the obstetric hysterectomy rate as indicated by PAD was 20% in the period 2004-2010 and increased to 77.8% in the period of 2011-2014, whereas the rate of obstetric hysterectomy indicated by uterine atony in the same two periods reduced from 50% to 11% (155).  In the current study, all PAD cases had hysterectomy except one, in which MRI overestimated the depth of invasion of accreta as percreta, however in surgery it was possible to manually remove the placenta and the patient lost 2000 ml blood and the same amount of blood was transfused into the patient. 

Our study was a retrospective observational analytical cohort, and the design has some inherent limitations that cannot be avoided. Incomplete data was the major issue we encountered. Furthermore, in the re-reading part of our study in some cases some MRI sequences have not been done such as BGE. Therefore there is a risk of bias because we had to rely on incomplete information. However, the missed data exists in both subgroups therefore the risk is balanced all over the study sample. Our center is a tertiary referral center that receives cases from many hospitals, which transfer only severe cases, highlighting the high sensitivity and specificity of MRI so our results may be incomparable to other studies.  However, the current study is the first that correlates radiological findings from MRI to clinical results and report the novel value of T2 dark bands. It is also presents comprehensive analysis of MRI criteria and their value in detection of PAD and determination of the depth of invasion.
[bookmark: _Toc352673284][bookmark: _Toc319528976]Conclusion 
 Antenatal diagnosis of PAD allows multidisciplinary team management of the delivery in a controlled environment optimising maternal and neonatal outcome. MRI and US are both diagnostic tools for PAD. In our experience MRI had a better diagnostic sensitivity than that of US. We recommend using US as a primary screening device, and MRI as a secondary tool to assess cases where the placenta is low lying and there is a suspicion of PAD. MRI criteria that are useful for diagnosis of PAD are multiple T2 dark bands, heterogeneity of placenta, uterine bulging, adjacent organ invasion, focal disruption of the myometrium and loss of retroplacental zone. Using multivariable model improve diagnostic accuracy of MRI in detection of PAD.  MRI is useful to guide surgical planning because it appears to be more successful than US in defining depth of invasion especially the severe forms (increta and percreta). Multiple thick dark bands on T2 sequences appear to be useful predictors of PPH. In addition, the atypical group of patients that have neither PAD nor normal placentation require additional support at caesarean section delivery because they may represent the accreta form. These have few or localised features characteristic of PAD on the MR images. A large prospective multicenter study is required to confirm the findings reported here and provide information for national guidelines for the diagnosis and management of PAD. 
















[bookmark: _Toc319528977]Chapter 4. The Contribution of fetal MRI in diagnosis of Congenital Chest Malformations in clinical practice























[bookmark: _Toc319528978]Introduction
Prenatal diagnosis provides genetic, anatomical and physiological information about the fetus providing information to help in detection of any anomalies that would affect the pregnancy progress. Fetal MRI is increasingly used to assess the suspected fetal pathology. It is mainly used in the assessment of CNS lesion (31) with congenital chest malformations (CCM) being the second most common reason for referral for MRI (156). CCM include a wide spectrum of malformations and developmental abnormalities. The congenital diaphragmatic hernia (CDH) and congenital lung lesions (CLL) are examples of such abnormalities. CLL include congenital pulmonary airway malformations (CPAM), bronco-pulmonary sequestration (BPS), bronchogenic cyst, and tumours.  They can be either single or multiple, isolated or associated with other anomalies and it may be part of syndromic or genetic condition. Accurate antenatal diagnosis of CCM are essential for counseling parents and to aid in the clinical management of the pregnancy (157).

CCM can vary from small and silent lesions to large chest masses that necessitate immediate surgical intervention. BPS, do not usually require prenatal intervention, whereas CDH which are corrected surgically in the postnatal period may also be suitable for antenatal intervention in some centers. Therefore, accurate antenatal diagnosis of CCM may guide antenatal and postnatal management that could improve outcome. This emphasises the importance of early prenatal detection and characterization of the lesions. 

Diagnosis of CCM has improved with improving technology and the addition of fetal MRI has played a major part in this. To identify the origin of the CCM, systematic examination of the thoracic structure is essential. In clinical practice ultrasound (US) is the routinely used diagnostic test, but it is not always able to adequately determine the malformation and provide sufficient information for accurate diagnosis. Recently MRI is increasingly used as a complementary diagnostic test to support US finding in diagnosis of fetal congenital chest malformations, looking for associated anomalies and to help predict fetal outcome (158, 159).   

[bookmark: _Toc319528979]Hypothesis
a) MRI provides additional information to US in the diagnosis of CCM.
b) MRI report value in diagnosis of CCM is improving over time. 

[bookmark: _Toc319528980]Aims 
1) To determine whether MRI is useful in the diagnosis of different CCM
2) To assess the change in clinical value of the MRI report over time in comparison to US report. 



[bookmark: _Toc319528981]Methodology
[bookmark: _Toc319528982]Study design and population
Retrospective and prospective cohort conducted to review all cases referred for MRI for further delineation of suspected lung lesions in the periods between 2000-2008 (26 cases) and between 2011-2014 (30 cases). The two cohort were chosen because their images were assessed by the same radiologist at different hospital but comparable equipment. 167 cases were recruited, from which 56 had a complete clinical data available for analysis.

[bookmark: _Toc319528983]Antenatal and postnatal diagnosis
All MRI examinations were performed as part of clinical practice using 1.5T-MR scanner. All US scans were performed at a tertiary referral fetal medicine unit at the Jessop Wing Hospital in Sheffield.  The value of MRI over the first part of this period is compared to the second part. The antenatal diagnosis of MRI and US were compared to the postnatal diagnosis, which is based on the surgical and pathological finding or postnatal imaging. 

[bookmark: _Toc319528984]Criteria used to assess the impact of experience on results of MRI
The following criteria were used to assess the impact of experience on the results of MRI: 
1) Agreement with US regarding diagnosis
2) Change diagnosis compared to US
3) Any additional details added by the MRI to the US findings including: side of hernia, lung size, contents of herniated mass, impact of herniated structures on the fetal heart and mediastinum and associated anomalies.

[bookmark: _Toc319528985]MRI protocol 
The patients were imaged in the old cohort by using a GE (Erlangen, Germany) and in the recent cohort a Siemens (Milwaukee, Wisconsin, USA) 1.5 T MRI scanner system with 2 x body flex coil and spine matrix coil. The mother entered the system lying on her back or left lateral position to avoid vasovagal compression and her feet first to decrease the risk of claustrophobia. No premedication was used. The images were obtained in three orthogonal planes for the fetal chest based on the multi-planar gradient-echo localizer. The last sequence was used to plan the following one. T2W imaging was performed in 3 orthogonal planes, supplemented by STIR, T1 and DWI (one plane only mainly sagittal) (Table 4.1) demonstrates the details of both sequences and parameters used for imaging the fetal chest. 

[bookmark: _Toc319514940][bookmark: _Toc319515695][bookmark: _Toc319516447]Table 4.1 MRI sequence parameters used for fetal chest imaging in study center  
	Parameters 
	T2
	T1
	DWI*
	STIR

	TR (ms)
	1000
	218
	4300
	4000

	TE (ms)
	92
	4.76
	118
	117

	Flip angle
	150
	70
	90
	140

	Band width (Hz/pixel)
	488
	380
	964
	454

	Slice thickness (mm)
	5.0
	5
	4
	5

	Intersection gap
	0
	0.75
	0.4
	0

	FOV (mm2)
	350mm
	350
	430
	300

	Matrix
	256
	256
	192
	256

	Acquisition time
	17s
	26s
	1m15s
	1m


(*)DWI using 3 averages and 3 b-values between 0 and 1,000 s/mm2
TR: repetition time
TE: echo time
FOV: field of view

[bookmark: _Toc319528986]Statistical analysis 
Excel and SPSS for Windows (21) were used for data analysis. Excel was used to obtain bar charts to illustrate the diagnostic accuracy of both MRI and US and the value added by MRI to US. Pie charts were used to represent the percentages of the studied congenital anomalies. The diagnostic accuracy is measured by calculating the sensitivity and specificity by using the conventional 2×2 table. According to the type of data the following tests were used to compare the demographic variables between the two cohorts; Independent Student t-Test, Independent samples Mann-Whitney U Test and the Pearson Chi-Square. The results were expressed as mean ± standard error of the means (SEM). Fisher exact test used to compare the difference between the two cohorts in the incidence of the studied pathology. For the normally distributed data the student unpaired T test was used to compare the means of the two cohorts. For skewed data non-parametric Mann-Whitney U test was used and the results expressed as median (25th and 75th percentile). For categorical data Chi-square test was used, and the results expressed in percentages. At a probability level P<0.05 the null hypothesis was rejected.


[bookmark: _Toc319528987]Results 
[bookmark: _Toc319528988]Demographic variables of the study populations  
Table 4.2 shows that there were significant differences between the two cohorts in gestational age at birth and in fetal sex (P<0.05). More males were affected by CCM in the second cohort than they were in the first cohort. There was higher elective termination of pregnancy (TOP) rate in the first cohort (22%) than the second cohort (6%) and all the TOP’s were for CDH (mainly right side defects). CDH was the most common referred pathology (59%) followed by CPAM (20%) and hybrid lesion and BPS (11%). 

[bookmark: _Toc319514941][bookmark: _Toc319515696][bookmark: _Toc319516448]Table 4.2 Demographic variables of study populations
	
	2000-2008 (26 cases)
	2011-2014 (30 cases)
	Difference in means[95%CI] 
	P value

	Maternal age Mean± SD
	26.91±6.5
	29.11±6.5
	-2.194[-5.849-1.46]
	0.231

	Gestational age at MRI
Median(25%,75%) percentile 
	23(22,27)
	23(21,30)
	N/A
	0.852

	Gestational age at birth Median(25%,75%) percentile
	37.4(28.7, 38.2)
	38(36.8, 39) 
	N/A
	0.412

	Birth weight
Mean± SD 
	2305.5±
1124.4
	2953.1±
804.6
	-647.5[-1258—37]
	0.031

	Fetal sex 
	Female
	53.8%
	20.8%
	N/A
	0.023

	
	Male 
	46.2%
	79.2%
	
	


1Independent Student t-Test
2Independent samples Mann-Whitney U Test
3Pearson Chi-Square
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[bookmark: _Toc319511368]Figure 4.1 The sensitivity and specificity of MRI (A) and US (B) in diagnosis of CCM

[bookmark: _Toc319528989]Diagnostic accuracy of MRI and US in diagnosis of CCM 
MRI had a higher diagnostic accuracy than that of US in diagnosis of CCM. 
MRI has 100% sensitivity and specificity in detection of congenital diaphragmatic hernia (CDH) and 94%, 95% sensitivity and specificity for diagnosis of the other congenital lung lesions (CLL) (Figure 4.1). Whereas, US has 85%, 100% sensitivity and specificity for diagnosis of CDH and 94% and 78% for identification of other type of CLL (Figure 4.1). 

[bookmark: _Toc319528990]The clinical value of the MRI report over time in comparison to US report
There is change in MRI report value in comparison to US over time. The radiologists were able in the second cohort to add information (45%vs8%) and change diagnosis (20%vs16%) more than they did in the first cohort (Figure 4.2).
They were tending less toward confirming diagnosis in the second cohort in comparison to the earlier cohort (35%Vs76%). 

The MRI diagnostic value increased over time (Figure 4.2).  It was able to add more details and change the diagnosis provided by US in the second cohort in comparison to that of the first cohort, despite the fact that the incidence rate of the studied diseases, and the median gestational age at MRI examination are approximately the same in the two cohorts (Table 4.3). 


[bookmark: _Toc319511369][bookmark: _Toc318885171]Figure 4.2 The change in MRI on clinical value of the report over time in comparison to US report

[bookmark: _Toc319514942][bookmark: _Toc319515697][bookmark: _Toc319516449]Table 4.3 Comparison of distribution of the incidence of the studied pathology over the tow cohorts
	
	2000-2008
	2011-2014

	CDH
	58%
	63%

	CPAM
	15%
	23%

	BPS
	4%
	3%

	Hybrid lesion 
	8%
	7%

	Bronchial cyst
	0%
	0%

	Jejuneal duplication cyst
	4%
	0%

	Tracheal stenosis
	4%
	0%

	Pericardial tumor
	4%
	0%

	Bronchial atresia
	4%
	0%


The incidence of the different type of studied pathology is almost the same in the two cohorts. There is no significant difference between the two cohorts in the incidence of the studied pathology (Fisher exact test, P>0.05)



[bookmark: _Toc319528991]Discussion
 MRI and US have been able to detect CCM with high accuracy, however MRI has higher sensitivity than that of US. MRI has been able to discriminate between the CDH and CLL better than US. In addition, more details have been added by MRI to that obtained by US in the second cohort. 

The natural history of CCM, management and outcome depend on the type of lesion. CCM are commonly associated with other organ anomalies (160), therefore accurate location and morphology characterization of the lesion are important.  The prenatal diagnoses of congenital anomalies ensure better management at delivery and planned postnatal care based on a well-informed decision by both the care team and parents.  US is a noninvasive and useful imaging modality for routine screening of fetal anomalies. It is widely available, safe, cheap and real-time. It has a high diagnostic accuracy for CCM as indicated in our results. In published evidence the detection rate of CDH is 59% mainly after 24 weeks of gestation with improved diagnosis as gestation advances (161). However, in some scenarios even in experienced hands, technical limitations exist such as late in pregnancy, obesity, oligohydramnios and fetal malposition. It also has low soft tissue contrast. non definitive prenatal US assessment of fetal anomalies always leads to stressful times for parents.

Some of the CCM are associated with significant morbidity and mortality, with the advances in prenatal assessment the diagnosis can and should be made antenatally. Beside the advances in other imaging modalities, fetal MRI is evolving rapidly and becoming an important part of clinical practice.  Evidence shows that combined US and MRI in a tertiary center allowed a correct diagnosis in 57% more cases than the referral US (156) when all types of congenital lesion that affect the fetus is addressed. In CDH combined US and MRI yielded additional findings in 10.3% of cases (156).

MRI provides a large field of view, excellent tissue discrimination, multi-planner and multi-sequence capability making it more than a useful adjunct to US in defining fetal morphology and pathology (156). These advantages of MRI explain the high diagnostic accuracy it has in this cohort for CCM and in another published series, which report that antenatal diagnosis was in concordance with the postnatal finding in 94.9% of their cohort (156).

In the recent cohort (2011-2014) MRI was able to add more details to the information provided by US in 45% of cases and change diagnosis in 20%. This is in agreement with earlier published evidence that reported in 38% of cases MRI either changed or added extra information to that acquired with US (76). In another report combined MRI and US provided extra information in 29%, and provided different diagnosis in 17% (156). 

The above-mentioned advantages of MRI have enabled us to more easily discriminate between different types of chest malformation.  As it was indicated before, CDH was the most commonly referred pathology (158). The aetiology of CDH is unknown and it has an incidence of 1 in 2500-5000 live births (158). US diagnosis can be difficult due to the similar echogenicity between liver and lung tissue, which could explain its low sensitivity in identification of CDH in our research.  MRI provided detailed information regarding the type of CDH, the organs herniated into the thoracic cavity and the impact of these content on the adjacent structures including lungs, parenchyma and the fetal heart.  

Different types of hernia and herniated organs are associated with different prognosis and may require a different surgical plan. Liver position and its amount in the thoracic cavity as well as the degree of pulmonary hypoplasia are recognised prognostic factors of fetal outcome (162). If the liver is in the thorax this is associated with a 55-57% mortality rate in comparison to 7% when the liver remains in the abdomen (162-164). In all right sided CDH the liver is the first organ to herniate, and in left sided CDH the liver is up in 60% - 86% of cases. (164, 165). 40% of CDH are associated with other congenital malformations, which are considered as independent prognostic factors and associated with survival rate less than 15% (84, 158).  Identification of the type of lesion, its structure and associated anomalies is essential for parent counselling and management (166, 167). In cases with CCM published evidence noted that MRI changed the management in 8% of cases (76).

The TOP rate in this study was higher in the older cohort (22%) than it was in the recent cohort (6%) and all TOP were for CDH. This might indicate that in the more recent cohort that more information regarding the fetal outcome in different degrees of severity of CDH was available or that the introduction of extra corporeal membrane oxygenation (ECMO) treatment altered parents counselling that led to less decisions made to TOP. Our findings agree with pervious reported results of TOP rate range 21- 34% (84, 161, 168, 169), whereas, other studies have reported approximately 50% TOP rate (83, 170-172). It is not clear why there is discrepancy in the TOP rate between the published reports. However it is well known that there is no universal agreement on the counselling and management of congenital diaphragmatic defects.

CPAM was the second most common reason for referral for MRI in this study. It occurs due to proliferation of abnormal terminal bronchioles that lead to formation of lung mass, with a feeding vessel from the pulmonary artery. CPAM can be either micro or macro cystic.  The microcystic (small and medium sized) lesions are usually associated with a good fetal outcome and need less frequent fetal and neonatal follow-up. Whereas, a large macrosystic lesion needs more frequent fetal follow-up as It may lead to severe complications, such as pulmonary hypoplasia, impairment in venous return, and fetal swallowing, polyhydramnios and IUFD (173). It is noticed that in half of the cases the lesions resolve spontaneously (174), and it will completely resolve if it is less than 57% of the total fetal lung volume, whereas it does not if it is more than 84% of total fetal lung (175). 

In our study the US especially in the first cohort provided uncertain diagnosis by giving a list of differential diagnosis of cystic lung mass in fetal chest. MRI was helpful to eliminate the uncertainty by differentiating the microsystic mass that related to CPAM from that is caused by bowel in chest in CDH lesion at early gestation.  This is because of its multi-sequence capability and high soft tissue contrast. MRI is useful in detection and follow-up of the CPAM (175). 

BPS is the third most common CCM. It contains pulmonary tissue that is not connected to the bronchial system and has a systematic blood supply, mainly from the aorta. It can be supra-diaphragmatic (90%) or infra-diaphragmatic (10%) (176). It may also occur in association with CPAM termed a Hybrid lesion. If it occurs in isolation, the prognosis for the lesion is excellent (174).  MRI is useful in assessment of the lesion and to look for associated anomalies (158)

This was a retrospective analysis with the risk of bias due to a high rate of missing data. The missing data are equally distributed over the two cohorts, minimalizing the potential impact of this bias. This study assessed the value of fetal MRI in assessment of CCM in the same center. It is highlighting the importance of referring patients to a specialized center where MRI expertise is high to improve diagnosis. It is also stressing the need for providing structured training in fetal MRI under the supervision of experienced radiologists, as the service is progressively required. 

Health care is a state of development and transition.  When developing a service, consideration should be given to both training and support for the radiologist to ensure that the service provides the maximum benefit for the patient. Qualitative and quantitative assessment of the service is of comparable importance. The national network of professionalism involved in the service may also help in maintaining a high quality of service across the country. MRI is rapidly moving from the state of being present in selected medical center to be available in community center.

[bookmark: _Toc319528992]Conclusion
MRI and US have high diagnostic accuracy in cases with a CCM, however MRI has better diagnostic accuracy than US. The MRI adds to the diagnostic information obtained from US in cases with a CCM.  It allows more tailored management of the pregnancy, delivery and allows preparation of postnatal treatment (177). The fetal MRI evaluation of suspected fetal malformation is best performed in conjunction with US (2, 3). Appropriate training as well as optimal clinical implementation of fetal MRI is fundamental for optimal patient management. 









[bookmark: _Toc319528993]Chapter 5. The Prognostic value of consecutive MRI based lung measurements in congenital diaphragmatic hernia



[bookmark: _Toc319528994]Introduction 
Congenital diaphragmatic hernia (CDH) occurs due to an anatomical defect in the diaphragm that leads to herniation of abdominal viscera into the thoracic cavity compressing the developing pulmonary and vascular structures. If this compression occurs at the canalicular stage, the period (before 26 weeks) at which bronchial and pulmonary vessels develop this leads to devastating physiological and pathological consequences. CDH is associated with morbidity and mortality rate of 50-70% in isolated lesions (83, 85, 170). Early accurate information particularly in severe cases, would allow for informed decisions to be taken by parents especially if termination of pregnancy (TOP) was being considered.

A clear understanding of the longitudinal lung development in fetuses with congenital diaphragmatic hernia (CDH), and the impact of this development on fetal survival have not yet been fully elucidated, although extensive scientific research into CDH exists (89, 166, 167, 178-182). CDH is associated with pulmonary hypoplasia and pulmonary hypertension. In cases of isolated CDH the Fetal lung volume is the primary predictor of pulmonary hypoplasia, chance of survival and the subsequent long-term complications. Several attempts have been made to accurately identify antenatal variables that help predict fetal outcome. Fetal imaging allows quantification of the fetal lung volume, which is essential for counseling (183). 

The reported detection rate of CDH is 59% of cases mainly after 24 weeks of gestation (161). The most frequently used method to provide a prognostic value in cases with CDH is the two-dimensional ultrasound (2D US) based lung to head ratio (LHR) (179, 184).  However this is indirect, non-uniform, gestational age and operator dependent.  Three-dimensional US (3D US) can provide a direct measurement of the fetal lung volume, however the evidence is contradictory regarding its predictive power in comparison to MRI. Some evidence considers both imaging techniques comparable (89, 185), others claim that 3D US has less predictive power than that of MRI (89, 186, 187). However even in 3D US maternal body habitus, fetal chest wall deformity, acoustic shadows of fetal ribs and oligohydramnios, cause image degradation reducing the image quality and diagnostic value (188-190).

MRI is increasingly used to complement US in examination of fetus with CDH. It allows assessment of both ipsi-lateral and contralateral lungs with improvement in accuracy of measurements of the fetal lung volume (89). MRI has higher soft tissue contrast, not affected by the fetal position and less affected by maternal body habitus as US. 

Although expectant management remains the standard care of fetuses with CDH, in few specialized centers fetal therapy is now an option for the more severe cases.  Available evidence suggests that Fetoscopic Endoluminal Tracheal Occlusion (FETO) increases lung growth and survival 30-75% (191-197) as well as reduces the frequency of severe pulmonary artery hypertension (PAH) (193). By using FETO, physicians try to stop or reverse the ongoing process of pulmonary hypoplasia by trapping the fluid released by fetal lungs. The optimal gestational age for this therapeutic technique to be applied at is 26-29 weeks and to be removed 6 weeks later (195). Lung volume was shown not to increase significantly in fetuses that had FETO after 29 weeks gestation (196, 198). Identifying the severe cases, as well as, optimal application of this therapeutic technique requires early and accurate diagnosis.

MRI based serial total lung volume (TLV) assessments in fetuses with CDH may be useful to evaluate the individual lung development, and to ascertain the optimal gestational age for fetal lung evaluation to predict the clinical outcome. 

[bookmark: _Toc319528995]Hypothesis 
MRI assessment of fetal lungs at 20-24 weeks gestation provides a more accurate measurement of pulmonary hypoplasia than third trimester MRI when used to predict fetal survival.  

[bookmark: _Toc319528996]Aims 
 To assess the value of serial fetal lung measurements based on MRI scans as a prognostic factor for prenatal outcome.  


[bookmark: _Toc319528997]Material and Methods 
[bookmark: _Toc319528998]Study design and population
This was a retrospective study. Only fetuses with the following inclusion criteria were studied and included in the analysis.
1. Had 2 MRI examinations (initial MRI 18-25 completed weeks’ gestation and subsequent MRI 29-38 completed weeks gestation)
2. Complete information regarding pregnancy outcome
3. Singleton pregnancy
4. Pregnancy not complicated with chromosomal anomalies 
A total of 11 fetuses, who were referred for MRI in the period between 2000-2014 were included. The final outcome was determined as survival to discharge after surgery.

[bookmark: _Toc319528999]Data collection
Information regarding the following variables was collected for data analysis: maternal age; gestational age at the two MRI examinations; gestational age and weight at birth; survival rate up to the date of discharge after surgery; birth weight; gender; side of hernia and position of liver. 

[bookmark: _Toc319529000]MRI imaging protocol 
The same protocol presented in chapter 4 was used for this study. 

[bookmark: _Toc319529001]MRI fetal lung volume measurements 
The MRI images were viewed on a PACS. In the initial and subsequent examinations the following parameters were used to assess the degree of fetal lung hypoplasia: total lung volume (TLV), observed to expected total lung volume (O/E TLV) and weekly lung growth rate. 

[bookmark: _Toc319529002]Total lung volume calculation 
Coronal or axial views were used to measure the TLV based on which one gave the best views of both lungs. The proprietary software hand-tracing tool was used to determine the region of interest in the consecutive slices however might cover the total lung parenchyma. The region of interest followed the lung boundaries and excluded the pulmonary vessels at the pulmonary hila (Figure 5.1). The volume of each lung was calculated by adding the subsequent slices and multiplied by the slice thickness. No intersection gaps were used in the protocol.  TLV was calculated by adding the right and left lung volume in milliliters. 
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[bookmark: _Toc319511370]Figure 5.1 MRI image of the left sided CDH at 39 weeks gestation fetus
A & B axial and C & D sagittal view of fetal lung at T2 W image. In image A bowel in the chest (double head arrow), fetal heart (star) centrally located in the chest pushed by the fetal left lobe of liver (diamond shap) at the same level of fetal heart. In image C the compressed right lung (long arrow) with low signal intensity. Region of interest in B & D followed the lung boundaries and excluded the pulmonary vessels. 






[bookmark: _Toc319529003]Observed to expected total lung volume ratio calculation (O/E TLV) 
The O/E TLV was the percentage of the observed lung volume compared to the expected value of the normal fetal lung matched for gestational age using the formula (0.0033×(gestational age in weeks)2.86) reported by Rypens et al (180).  

[bookmark: _Toc319529004]Estimation of the weekly growth rate of the individual fetal lung
An estimate of weekly growth rate of the fetal lung was calculated for the individual fetus by subtracting the initial measured TLV from the subsequent TLV and then the result was divided by the number of weeks between the two MRI scans. These were compared with those of healthy fetuses at the same gestational age (Figure 5. 3). The equations used for the calculation are shown below.
Weekly growth rate= (subsequent TLV-initial TLV)/ (number of week between the 2 MR examinations). 
Relative weekly growth rate = mean weekly growth rate of each CDH fetus/weekly growth rate of normal fetuses for the matched gestation)×100

[bookmark: _Toc319529005]Statistical analysis 
The statistical analysis was performed using SPSS for Windows (21) and Excel. The results were expressed as mean ± standard error of the mean (SEM). The student unpaired T test was used to compare the means of the CDH fetuses measured values with that of the expected values as well as between the survival and non-survival fetuses in the CDH patients. For skewed data non-parametric Mann-Whitney U test used and the results expressed as median 25th and 75th percentile. For categorical data Chi-square test was used, and the results expressed in percentages. At a probability level P<0.05 the null hypothesis was rejected.  Logistic regression and receiver-operating characteristics (ROC) curves were used to measure area under the curve (AUC) and the cut-off value that indicate the maximum sensitivity and specificity of each variable under investigation. 


[bookmark: _Toc319529006]Results 
[bookmark: _Toc319529007]Demographics of study population
A total of 11 fetuses with CDH were included in this analysis (4 male, 7 female), 7 survived and 4 died (2 intrauterine fetal deaths at 32 weeks gestation; 1 died 12 hours post delivery; and 1 died 24 hours after surgery).  
Table 5.1 summarizes the following demographic variables: maternal age; gestational age at the first MRI [GA at 1st MRI] (weeks); gestational age at the second MRI [GA at 2nd MRI] (weeks); gestational age at birth (weeks); weight at birth (grams); and percentage of fetuses with right side and left side hernia in both survival and non-survival groups; as well as the percentage of fetuses with liver located in chest in both groups. The average time period between the two MRI scans was 10.36 ±1.75 weeks (range between 8-13 weeks).  There was no significant difference in all the above-mentioned parameters, between the survival and non-survival groups (p>0.05). Probably because of the small sample size included.

[bookmark: _Toc319515698][bookmark: _Toc319516450]Table 5.1 Demographic variables in survived and non-survived groups
	Variable 
	Survival  (7)
	Non-survival (4)
	Difference 
	P value 

	Maternal age (years) *
	30 ± 2.73
	24.5 ± 2.73
	6±4.1
	=0.2

	Gestational age at the first MRI (weeks)*
	22.6±0.19
	22.3 ± 0.65
	0.3±0.53
	=0.6

	Gestational age at the second MRI (weeks)*
	33± 0.79
	32±0.5
	0.5±1.1
	=0.7

	Gestational age at birth (weeks)**
	38 (38-40)
	34.5 (32-37)
	3 (6-3)
	=0.16

	Weight at birth (grams)**
	3270(2740-3400)
	2210(1025-2860)
	1060(1715-0.540
	=0.23

	Right side hernia (%)***
	14
	25
	11
	=1

	Liver up in chest (%)***
	10.6
	50
	39.4
	=0.5


*Non-parametric student’s T test, the results are expressed as Mean ±SEM  
**Non-parametric Mann-Whitney U test, the results are expressed as Median (25-75 percentile) 
*** Chi-square test, the results expressed in percentages

[bookmark: _Toc319529008]Prognostic value of repeated MRI measurements 
Total lung volume 
TLV at the early and late MRI assessments were significantly lower (P<0.001) than that of the expected value of healthy fetuses calculated by the equation presented by Rypens et al (180).  Although TLV in all CDH cases but one increased with gestation by an average of 10.34ml (range 4.17-16.51 ml), this increase was less than that for healthy fetuses at matched gestation (P<0.001) (Table 5.2, Figure 5.2).  Fetus 11 showed almost no difference in TLV between the early and late examination and died 12 hours after birth.

[bookmark: _Toc319515699][bookmark: _Toc319516451]Table 5.2 MRI tested parameters values in the CDH fetuses and the expected of healthy fetuses at matched gestations  
	Variable 
	CDH
	Expected  
	P value*
	

	Weekly lung growth rate 
	0.99±0.49
	2,65±0.31
	<0.001
	S

	TLV 1st MRI
		7.68±2.31 

	



		17.00±1.67

	



	<0.001
	S

	TLV 2nd MRI 
		18.0 2±7.87 



		44.73±7.67

	



	<0.001
	S

	TLV difference between 1st &2nd MRI
		10.34±6.17

	


In all increase 
		27.73±7.44

	



	<0.001
	S

	Average of time period between the 2 MRI 
	10.36 ±1.75 weeks (range between 8-13 weeks.  




*Non-parametric student’s T test, the results are expressed as Mean ±SEM  
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[bookmark: _Toc319511371]Figure 5.2 The individual TLV increased with gestation in all except one (fetus 11) cases of CDH during pregnancy
However, in the results there is significant difference between this increase and the expected increase of healthy fetuses at the matched gestation (P<0.05).   

Observed to expected total lung volume (O/E TLV) 
Unlike TLV, the individual O/E TLV varied during pregnancy. It increased in 3 of 11 fetuses with a mean increase of 5%, and decreased in 8 of 11 fetuses with a mean decrease of 10%. One of the three with increased O/E TLV and six out of the eight with decreased O/E TLV survived (Figure 5.3 and Table 5.3, and Table 5.4). Fetus number 11 had showed almost no change in TLV between the two MRI scans, and had the lowest O/E TLV on both scans and died 12 hours after birth. 



[bookmark: _Toc319515700][bookmark: _Toc319516452]Table 5.3 MRI tested variables in survivors and non-survivors of CDH
	Characteristics 
	Survivors 
	Non-survivors
	P value*
	AUC

	First TLV
	8.96±1.76
	5.45±1.05
	0.003
	1.00

	Last TLV
	21.5±6.92
	11.94±5.73
	0.02
	0.82

	First O/E TLV%
	53±10
	32±9
	0.003
	0.96

	Last O/E TLV
	46±9
	29±15
	0.021
	0.82

	Difference in TLV in the interval between 2 MRI
	12.54 ±6.06
	6.49±4.72
	0.06
	N/A

	Growth rate (ml/week)
	1.18±0.44
	0.66±0.45
	0.046
	0.82


*Non-parametric student’s T test, the results are expressed as Mean ±SEM  
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[bookmark: _Toc319511372]Figure 5.3 O/E TLV of the individual fetus with CDH. The individual O/E TLV in CDH is variable
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[bookmark: _Toc319511373]Figure 5.4 The weekly growth rate in CDH increased with gestation
However in the results it was significantly less that that of the expected weekly growth rate in the healthy fetuses at matched gestation.

Weekly growth rate 
All CDH fetuses showed significantly less weekly growth rate than that of healthy fetuses (P<0.001).  The deceased fetuses had a significantly lower weekly growth rate than those who survived (P<0.05) (Figure 5.4 and Table 5.3). On average, the weekly growth rate of CDH fetuses was 37% of that of the normal fetuses at the matched gestation (Figure 5.5).  

[bookmark: _Toc319529009]Predictive ability of fetal survival by the MRI tested parameters
Table 5.4 summarizes the diagnostic accuracy of all MRI based parameters. The univariate analysis showed that early and late TLV, and the early O/E TLV had the best capacity to predict survival. The highest significance was to the early TLV with area under the curve (AUC) equal to 1 and 100% sensitivity, specificity and accuracy (P<0.001), indicating that early MRI does not need further MRI investigations to improve prediction of survival. Although there was a significant difference between survival and non-survival CDH fetuses in the late O/E TLV and the weekly growth rate, these variables did not predict fetal survival in this cohort (P>0.05) (Figure 5.6).  
[bookmark: _Toc319515701][bookmark: _Toc319516453]Table 5.4 ROC curve analysis of MRI tested variables in CDH
	Parameter 
	Cut-off value
	Area under curve
(95% CI)
	P-value*
	Sensitivity 
	Specificity 
	Accuracy 

	1st TLV
	6.75
	1.00(1-1)
	0.008
	100
	100
	100

	2nd TLV
	15.4
	0.89(0.8-1)
	0.038
	100
	75
	90.9

	1st O/E TLV
	0.397
	.93(0.5-1)
	0.02
	85.7
	75
	81.8

	2nd O/E TLV
	0.364
	0.82(0.5-1)
	0.09
	100
	75
	90.9

	Average in weekly GR
	0.755
	0.82(0.5-1)
	0.09
	85.7
	50
	72.7


*Chi-square test
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[bookmark: _Toc319511374]Figure 5.5 The average weekly growth rate in CDH
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[bookmark: _Toc319511375]Figure 5.6 Receiver-operating characteristics curves for prediction of fetal survival in CDH fetuses
Results from univariate analysis the following variable corelate significantly with fetal survival: early and late total lung volume (TLV 1 & TLV 2), and the early O/E TLV (O/E TLV 1).  Whereas by using the multivariate analysis only the early TLV was statistically associated with fetal survival P<0.001.


[bookmark: _Toc319529010]Discussion 
MRI assessment of fetal lungs at early gestation provides a more accurate measurement of pulmonary hypoplasia than third trimester MRI when used to predict fetal survival.  Identifying the optimal gestational age for MRI examination to predict fetal outcome and whether another MRI examination of fetuses with CDH is essential to improve prediction of fetal survival and to reduce un necessary health related costs. This study provided some indications and highlighted the importance of the early fetal MRI examination of CDH cases that help counselling and management. 

In agreement with published evidence (199, 200) and data in chapter 6 MRI based TLV increased with gestation in all cases but one, however, it was significantly less than that expected. The fetus that had smallest TLV at the early MRI examination had no change in lung volume in the second MRI examination probably because of the early insult by herniated abdominal content to the lung, hence arresting development. The difference in volume between the early and late measurements was not significant between survivors and non-survivors (P=0.06). However, there was significant difference in calculated means in early and late TLV and in the O/E TLV between the group that survived and the group that died in this cohort.  

Early TLV has AUC equal to 1 with 100% accuracy, so one could argue that fetal survival correlates to the initial lung development stage just at which the negative impact by the herniated organs starts. In this study all early MRI scans were conducted before 24 weeks gestation, where fetal lung is at the canalicular stage of development. This is a critical stage in the development of fetal lung. At the canalicular stage the terminal and respiratory bronchioles develop with rich vascular supplies and ended by thin walled primitive alveoli prepared for the type  and type  pnumocytes and alveoli development in the subsequent stage (Figure 1.15).  At this stage fetal lung tissue is growing more than functioning. The early second trimester is an important critical period of fetal lung development. Wigglesworth and Desai (201) found that at the gestational age period of 17-20 weeks the cell numbers in the fetal lung are doubling and proliferating in a more rapid rate than at any subsequent stage. Therefore any effect, even temporary, that would impair the lung development at this period would lead to disproportionate effect on fetal lung size (201).  The development process is a non-restorative process if it is hindered at early gestation, the fetal survival will be impaired (202). 

These results are in agreement with the observations of Cannie et al (198) and others. They found that foetuses that received fetal endoluminal tracheal occlusion (FETO) in the period of 25-29 weeks gestation had obtained better lung growth ((198, 203, 204), better lung morphology, (204) and consequently improved survival rate. Whereas no changes in the relative lung volume were observed in foetuses that received balloon insertion after 29 weeks gestation. Further investigation compared three groups of severe left sided CDH the first group acted as a control with no intervention, the second group had FETO at gestational age 22-24 weeks and the third group had FETO at 26-31weeks. The survival rate was 0 for the control group, 62.5% for the second group and 11.1% for the third group. Early FETO improves survival by supporting a significantly more evident and sustained increase in lung size and pulmonary vascularity (202).  

These results may reflect the physiology of lung development. The trapped fluid building up due to FETO, relieved the pressure applied by the herniated organs on the highly potential developing pulmonary tissue. This allows continuation of the development process of lung tissue. Intrapulmonary fluid is also essential for proper lung development. The early MRI scan given an indication of how much of the lungs have already developed and consequently how much chance that fetus has to survive. 

The conclusion of this study disagrees with previously reported results, which concluded that the late gestation MRI examination of the fetal lung has more significant predictive capacity of fetal survival than the early in gestation MRI examination (199, 200). The reported means of GA at when the early and late MRI examination have been conducted were 26 weeks (range 18.1-32.9 weeks) and 33.9 weeks (range 29.1-38.1 weeks) by Hagelstein et al (200) and 24.14 weeks (range 22.29-30.29 weeks and 34 weeks (range 31.71-35.71 weeks) by Coleman et al (199). consecutively.  Foetuses in the current study received early MRI examination at an average age of 22.45 weeks (range 21-24 weeks) and late MRI at an average age of 32.82 weeks (range 30-36 weeks). Despite the fact that these studies included larger sample size, they have wide range and clear heterogeneity in the period of gestational age at which MRI examinations were conducted. This might be the reason for conflict in the conclusions between the current study and the previously reported results.  

The wide range and overlap in the gestational age at which MRI examinations were conducted in the previous research might also be the cause of the smaller AUC reported by Coleman et al (199) of the following variables: late TLV 0.82 (95%CI [0.696-0.937]); late O/E TLV 0.81 (95%CI [0.69-0.93]); and growth rate per week, 0.75(95%CI [0.61-0.89]),  and by Hagelstein et al. (200) late O/E TLV 0.84 and growth rate 0.72, in which almost all were less than the values reported in this study Table 5. 4.  The early optimal gestation 21-24 weeks TLV and O/E TLV correlate well with fetal survival in this study and at the right time for parents considering termination of pregnancy or to direct the management of the pregnancy. 

Despite the small sample size used in this observation, it suggests significant clinical implications. This study not only assessed the value of repeated scans to predict survival, it also standardized the timing of MRI examination and emphasized the predictive capacity of early MRI scans in CDH for fetal survival. Whilst, the second MRI scans was less predictive to fetal survival but it might be useful for postnatal surgical preparation and to predict the long-term complications as well as agreeing delivery time and place, but this needs to be investigated to avoid un-necessary cost as rescanning does not always provide new information (10). 


[bookmark: _Toc319529011]Conclusion  
Results in the current observations confirm the suggestion that in fetuses with CDH the individual lung development is variable. The first MRI at the early gestational age (<26 weeks) seems to be more reliable to predict fetal survival than that conducted later in gestation (>30 weeks). Although there was significant difference in weekly growth rate between survival and non-survival Fetuses with CDH, its ability to predict fetal outcome was not significant. The results of this study strengthen the utility of early MRI scans of CDH fetuses in the decision-making process for parents and physicians involved the treatment plan.  All the previous evidence might indicate that the fetal respiratory outcome is more directly related to the initial lung development than the change in lung development later in gestation. However these findings require a larger sample size for confirmation.  









[bookmark: _Toc319529012]Chapter 6. The value of using multiple MRI variables in prediction of fetal survival in isolated congenital diaphragmatic hernia (CDH)


[bookmark: _Toc319529013]Introduction 
CDH is a complicated congenital anomaly that requires care from a multidisciplinary team with a high degree of expertise in the antenatal, intrapartum, and postnatal management. This team should include an obstetric radiologist, an obstetrician, a geneticist, a neonatologist and a pediatric surgeon.  An important part of antenatal management of CDH fetuses is non-directive counseling, which relies on accurate prenatal diagnosis and prediction of prognosis. The parents should have a clear understanding of the degree of severity of the condition and the potential outcome, including the impact on the quality of life in survivors. 

Biometric measurements and morphology analysis are fundamental for the accurate evaluation of fetal lung development. Herniation of abdominal structures into the fetal thorax causes lung compression and hypoplasia. Pulmonary hypoplasia is the most important prognostic factor for survival in isolated CDH. Insufficient growth of the airways, alveoli, and vessels are characteristics of pulmonary hypoplasia, consequently it is associated with smaller lung volume and poor fetal respiratory function (205). Identifying antenatal predictors of fetal survival is essential, to help inform choices including TOP, FETO or standard postnatal care (206). Advances in antenatal imaging and early fetal diagnosis lead to better selection of cases that would benefit from FETO and early ECMO treatment (203).

US has been used to predict fetal survival based on liver position (162).  However US examination of liver herniation into fetal thorax is challenging.  On MRI fetal liver has hypointense signal intensity on T2 W images and hyperintense signal intensity on T1 W images making detection of liver herniation easier. Furthermore, MRI measurements have been shown to correlate well with pathological assessment of liver and lung in animal studies (207). The volume and contents of the herniated mass and the time at which the abdominal organs herniated up into the fetal thorax seem to be the main determinants of the severity of the pulmonary hypoplasia and the consequent pulmonary hypertension (Chapter 5) (206).  Therefore using combination of MRI parameters may provide more accurate prediction of fetal survival. 

Numerous studies have investigated the value of several antenatal predictors of fetal survival in isolated CDH using MRI in their practice (167, 208-211). However, few studies compared the continuous and the dichotomous value of liver herniation in isolated CDH. This was the first analysis of the value of using a multiple model in predicting fetal survival in CDH based on MRI measurements in our practice.

[bookmark: _Toc319529014]Hypothesis
1. MRI based lung volume has high reliability in prediction of fetal survival
2. Using multiple models increases the accuracy of predicting fetal survival 
3. The degree of liver herniation is better than using the dichotomous value in prediction of pulmonary hypoplasia

[bookmark: _Toc319529015]Aims
1. To test the reliability of TLV in prediction of fetal survival
2. To investigate the accuracy in predicting fetal survival using multiple radiological parameters

[bookmark: _Toc319529016]Methodology 
[bookmark: _Toc319529017]Study design and Population 
This was a retrospective analysis followed by prospective observational study of fetuses diagnosed with a chest space occupying lesions or CDH in US who were referred to MRI, where CDH confirmed. A total of 48 cases were included, from which 37 fetuses received one MRI examination and 11 had 2 MRI examinations. Five cases were excluded because of elective TOP leaving 43 cases for final analysis. Cases were included in the analysis from 2000 to 2012 by retrospectively reviewing the data system of MRI and from 2013-2014 prospectively and data analysis was conducted in March 2015. Inclusion criteria were isolated CDH, singleton pregnancy, and viable fetuses until 32 weeks gestation, accessible MRI images and pregnancy outcome data. In all cases postnatal imaging and surgery confirmed the suspected fetal condition.

[bookmark: _Toc319529018]MRI based measurements 
Total lung volume 
The same protocol detailed in chapter 5 was used in this study; however, here two observers measured the TLV of fetuses in the CDH group. The first observer is a radiologist who has more than 15 years experience and the second observer is a postgraduate researcher who has only 3 years experience in the fetal MRI. The mean of the two observer’s measurements was used in the analysis. 

O/E TLV calculation 
The same protocol detailed in the chapter 5 was used in this study. 

MRI based measurements of liver in chest
Using the images that allowed thorough imaging of the liver, liver herniation was defined in both the coronal plane where the liver was seen above the contralateral diaphragm and the axial and sagittal plane where the liver is seen in all the consecutive sections. Measurements were obtained using the T2 sequences and confirmed by repeating it on T1 sequences, as the liver is of high signal on T1 and easily differentiated from the lung tissue. The slice thickness used in the MRI protocol was 5mm the volume was obtained by manual tracing of the region of interest to obtain the area, which then multiplied by the slice thickness. The percentage of the liver in the chest was measured by dividing the size of liver present in chest by the whole liver size and then multiplied by 100 (Figure 6.1). 

[bookmark: _Toc319529019]Statistical analysis 
The primary outcome of the study was survival at 32 weeks gestation or post delivery or surgery post delivery. To compare the means of the 2 observers a paired t-test was used, and to demonstrate the inter-observer reliability a Bland and Altman graph was used and the Interclass correlation was calculated. The following tests were used in the univariate analysis; student t-test for the normally distributed data, Mann-Whitney U test for skewed data and the Chi square test for categorical data.  Logistic regression was used for the multivariate analysis. The box and whisker plots were used to show distribution of the median and the 25 and 75 percentile in surviving and non-surviving fetuses.   The stacked bar chart was used to show the percentage of categorical data. The histogram was used to demonstrate the difference in the means of normally distributed data. A P value of <0.05 was considered to be significant. 
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[bookmark: _Toc319511376]Figure 6.1 The manual tracing and measurement of the liver volume
Illustration showing the manual tracing and measurement of the liver volume in left sided CDH in a 32 weeks gestation fetus (first row of images) and in the same fetus at 21 weeks gestation (second row of images using T1 sequence (image A, B, C, F, G, H) and T2 sequence  (image D, E, I, J). Image J shows the Liver lobe between the stomach (S) and heart (H) in the fetal thorax in an axial section



[bookmark: _Toc319529020]Results
[bookmark: _Toc319529021]Demographic characteristics of the study population 
Table 6.1 shows that the maternal age and gestational age at birth were higher in the survivor group than those in the non-survivor fetuses. Whereas there was no significant difference in the means between the survivor and non-survivor fetuses in gestational age at MRI. The survivor fetuses had significantly larger weight at birth than non-survivor fetuses. Male sex (64%) associated with more survival than female sex (35.9) (P=0.012)  (Figure 6.6). 

[bookmark: _Toc319515702][bookmark: _Toc319516454]Table 6.1 The demographic characteristics of the study population
	Variable
	Survivors  n=29
	Non-survivors n=14
	Difference in means [95% CI
	P value

	Maternal age 
	29.66±6.69
	25.43±4.54
	4.23[0.22-8.23]
	0.02***

	Gestational age at MRI
	26.62±5.61
	25.50±5.33
	1.12[-2.51-4.75]
	0.5***

	Gestational age at birth
	37.81±2.62
	34.43±4.69
	3.38[1.05-5.71]
	0.006***

	Weight at birth*
	3101(2740-3300)
	2251.5(2049-2884)
	NA
	0.017

	Fetal sex
	Female 
	35.91%
	77.74%
	NA
	0.012**

	
	Male 
	64.09%
	22.26%
	
	


Results presented in Mean ±SD unless otherwise indicated
*Results presented in median (25-75IQR), Mann-Whitney U Test
**Chi-square test
*** Student T-Test

[bookmark: _Toc319529022]Interobserver reliability of MRI based TLV in fetus with CDH   
The paired t test in Table 6.2 shows that there is insignificant difference in means between the two observers (p=0.5). The Bland and Altman graph (Figure 6.2) indicates that there is strong agreement between the two observers, which was also confirmed by calculating the interclass correlation coefficient (ICC) 0.981[95% CI (0.97-0.99)] P<0.001 (Table 6.2). 

[bookmark: _Toc319515703][bookmark: _Toc319516455]Table 6.2 The inter-observers agreement in MRI measurement of fetal total lung volume
	
	Observer 1
	Observer 2
	P value

	Paired sample t Test
	Mean± SD 
	12.60±9.18
	12.44±8.85
	
0.5

	
	Difference in mean 
	0.16±1.75
	

	
	95% CI
	-0.37-0.69
	

	Paired samples correlation
	0.982
	<0.0001

	Interclass correlation coefficient [95% CI]
	Single measures
	0.981[0.966-0.990]
	<0.0001

	
	Average measures 
	0.991[0.983-0.995]
	<0.0001
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[bookmark: _Toc319511377]Figure 6.2 The Bland and Altman graph demonstrating the inter-observer reliability for TLV

[bookmark: _Toc319529023]The differences in the tested variables between the survivor and non-survivor fetuses
Although TLV increased with gestational age in the CDH group, this increase was still less than that expected for matched gestation fetuses. The regression model was significant [F(2,40)=47.731, P<0.001, r2=0.705] (Figure 6.3). Table 6.3 shows the univariate analysis and the multivariate analysis of all the tested parameters.  From the univariate analysis, all the tested parameters have a significant difference between the survivor and non-survivor groups except two. Having the stomach up in the fetal thorax or not, as well as the side of hernia did not make any difference in fetal survival. TLV, O/E TLV and the percentage of liver in the fetal thorax highly correlated with fetal survival at the univariate analysis. The regression model for the TLV was significant for the surviving fetuses [F(2,26) =84.044, P<0.05, r2=0.866] and the non-surviving fetuses [F(2,11)=4.710, P=0.03, r2=0.461]. The logistic regression for the O/E TLV was significant (OR=0.00, P=0.003, 95%CI: (0.00, 0.003)). However, The regression model for the O/E TLV was not significant for the surviving fetuses [F(1,12) =1.831, P>0.05, r2=0.132] and for the non-surviving fetuses [F(1,27)=0.275, P>0.05, r2=0.010] (Figures 6.4 & 6.5 & 6.6). 

In the multivariate analysis, logistic regression was used to investigate the possible multivariate combination to predict fetal survival. The process of model selection used a combination of clinical and statistical information gained from the univariate analysis. That is, only variables that were significant in the univariate analysis were used. Terms when variables were clinically highly related for example, liver present in fetal thorax (yes or no) and percentage of liver present in chest, then only the one with the higher significance was used. The multivariate analysis shows that only the O/E TLV has a significant difference between the survival and non-survival groups (Table 6.3).
[image: ]
[bookmark: _Toc319511378]Figure 6.3 A comparison between the observed TLV in CDH with the expected TLV of fetuses at matched gestation
The expected TLV of fetuses at matched gestation calculated by using the equation presented by Rypens 2001 (0.0033×(gestational age in weeks)2.86)












[bookmark: _Toc319515704][bookmark: _Toc319516456]Table 6.3 The significance in the differences between survivors and non-survivors in the tested parameters
	Parameters 
	Survivors 
	Non-survivors 
	Difference in means [95% CI] 
	Univariate analysis P value
	Multivariate analysis P value

	TLV
	Median(25-75) percentile
	10.8(8-19)
	6.18(4-10.7)
	NA
	0.006***
	NA

	
	Mean±SD 
	15.04±9.79
	8.02±4.97
	7.02[1.39-12.65]
	0.003****
	

	O/E TLV [mean±SD]
	0.347±0.086
	0.227±0.094
	0.119[0.061-0.178]
	0.0001****
	0.008

	Percentage of liver in fetal thorax [median (25-75) percentile]
	0.000(0.00-0.11)
	0.182(0.081-0.277)
	NA
	0.005***
	0.075

	Liver up
	Yes 
	37.4%
	76.92%
	NA
	0.02*
	NA

	
	 No 
	62.96%
	23.08%
	
	
	

	Side of hernia
	Right 
	31.36%
	71.15%
	NA
	0.08**
	NA

	
	Left 
	68.64%
	28.85%
	
	
	

	Stomach up
	Yes 
	50.4%
	49.18%
	NA
	0.95*
	NA

	
	 No
	49.6%
	50.82%
	
	
	


*Chi-square test
**Fisher’s Exact Test
***Mann-Whitney U Test
**** Student T-Test

[bookmark: _Toc319529024]The predictability of fetal survival by the tested parameters 
From table 6.4, it is evident that the TLV, O/ETLV and the percentage of liver in the fetal thorax have high capability to predict fetal survival AUC 0.76, 0.85 and 0.75 respectively (P<0.001). Interestingly the power of predictability of fetal survival in CDH was increased when a combination of the tested parameters was used AUC 0.87 (P<0.001). However the O/E TLV still has the highest sensitivity (93.1%), specificity (71.4%) and diagnostic accuracy (86%) among all the tested variables. As illustrated by Figure 6.7, CDH fetuses at the cut off value of 8.5 ml in TLV, 27% in the O/E TLV and 10% in the percentage of liver up in the fetal chest, tend to die.

[bookmark: _Toc319515705][bookmark: _Toc319516457]Table 6.4 The AUC and diagnostic validity of test variables to predict fetal survival
	Parameters 
	Cut off value
	AUC [95%CI]
	P value
	Sensitivity %
	Specificity %
	Accuracy %

	TLV
	8.50
	0.760[0.602-0.917]
	<0.001
	93.1
	50.0
	79.1

	O/E TLV
	0.27
	0.845[0.709-0.981]
	<0.001
	93.1
	71.4
	86.0

	% of liver in thorax
	0.10
	0.754[0.592-0.916]
	<0.001
	89.7
	42.9
	74.4

	O/E TLV+ % of liver up
	NA
	0.874[0.602-0.917]
	<0.001
	93.1
	64.3
	83.7
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[bookmark: _Toc319511379]Figure 6.4 Comparison the fit line between survival and non-survival fetuses in TLV (A) and O/ETLV (B)

[image: ]
[bookmark: _Toc319511380]Figure 6.5 The difference in median between survival and non-survival fetuses in TLV, O/E TLV and % of liver herniation
The median(25-75percentile) in  survival and non-survival fetuses in TLV (A) 10.8(8-19) vs 6.18(4-10.7), O/E TLV (B) 0.54(0.43-0.60) vs 0.33(0.25-0.47), and in the percentage of liver present in the fetal thorax (C) 0.00(0.00-0.11 vs 0.182(0.081-0.277).


[image: ]
[bookmark: _Toc319511381]Figure 6.6 the survival rate according to the side of hernia, fetal sex, stomach herniation and liver herniation
The survival rate according to the side of hernia (A), the survival rate according to the fetal sex (B), the survival rate according to the presence of the stomach in the fetal thorax (C) and the survival rate according to the presence of liver in the fetal thorax (D).
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[bookmark: _Toc319511382]Figure 6.7 The cut off value of the TLV, O/E TLV and the percent of liver herniation in fetal thorax to predict fetal survival
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[bookmark: _Toc319511383]Figure 6.8 The plot of the TLV against the percentage of liver up in the chest from the whole liver volume
The plot of the TLV against the percentage of liver up in the chest from the whole liver volume in 43 cases of isolated CDH (A). There is significant inverse correlation between the TLV and the percentage of liver up in the fetal thorax (Spearman’s correlation R= -0.409) (P=0.006). The plot of the O/E TLV against the percentage of liver up in the chest from the whole liver volume in 43 cases of isolated CDH (B). There is an insignificant inverse correlation between the O/E TLV and the percentage of liver up in the fetal thorax (Spearman’s correlation R= -0.25) (P=0.09).



[bookmark: _Toc319529025]Discussion
The current study evaluated the association of multiple factors including continuous (TLV, O/E TLV and the percentages of fetal liver herniation), and dichotomous variables (liver and stomach herniation (yes or no), side of hernia (left or right) and fetal sex (male or female) with fetal survival. We also tested the predictability of fetal outcome in the highly correlated factors. The O/E TLV was the only independent variable to predict fetal survival. Using multiple variables including the O/E TLV and the percentages of fetal liver herniation increased the ability of MRI in prediction of fetal survival. Fetuses with a TLV ≤ 8.5, an O/E TLV ≤ 27% and the percentage of liver herniated into chest from the whole liver ≥ 10% had the worst prognosis with the standard postnatal care. It is practical to be able to select the cases that would benefit from other available treatment option, hence they are going to die any way with standard management or be able to offer to them early TOP. 

Reliability is the consistency in obtaining the equivalent measurements under matching situations. Interobserver reliability implies that under comparable situations different observers can obtain the similar measurements. Few studies evaluated the reliability of MRI based fetal TLV calculation using the hand tracing method.  The interclass correlation coefficient (98%) in our observation revealed that MRI based lung volumetric measurements has an excellent reliability in CDH cases (Table 6.2). Interestingly, this finding is higher than that reported by Hidaka et al. in CDH cases from the Japanese population where the interclass correlation coefficient was 0.896[95%CI; 0.756-0.957] (212) and by Ward et al. where the interobserver correlation coefficient was 0.76 (213); whereas it matches that reported by Busing et al. in CDH group (ICC =0.93) and in normal cases from Western subjects R2 0.96 by Rypens et al. (180, 214). 

The value of TLV measurements, based on MRI in our study, in prediction of fetal survival is significant and agrees with findings of numerous previous published studies in this field (209, 215).  In agreement with our observations, Busing et al. found that increased TLV associated with better survival (215). They stated that TLV of 25 ml is associated with 99.7% survival at discharge. Neff et al. similarly supports these finding and declared that a TLV of 30 ml is associated with 0.4% mortality (209). MRI based TLV measurement is a reliable technique (ICC 0.928 P<0.001) and valid way of assessing lung volume and it is independent of the sequence (ICC 0.878 P=0.015) and the imaging plane (ICC 0.897 P<0.001), even with small volumes the interobserver agreement is very good (214). Ward et al. confirmed the reliability of gestational age based TLV measurements and agreed its independence on imaging plane and section thickness (213).  

An important finding that emerges from our observations is that the O/E TLV at the cut off value of 27% had excellent sensitivity (94%), and accuracy (84%) with an AUC of approximately 0.85 (Table 6.4).  Previous research also reported that the observed to expected TLV ratio below 25% is associated with a worse prognosis (216).  Recent evidence from large cohort likewise supports our finding by reporting an AUC of the O/E TLV ≥ 0.82 for neonatal survival (217).  Busing et al. and Jani et al. reported smaller but acceptable AUC (0.653-0.850) and 0.786 (208, 218) respectively for the relative TLV. A recent study investigated the ability of the O/E TLV to predict the requirement of postnatal prosthetic patch repair of the diaphragmatic defect in CDH (219). They found that patients needed patch repair had lower O/E TLV (<27.7±10.2%) than those who needed only a primary closure of the diaphragmatic defect (40.8±13.8%) (P<0.001). 92% of the cases that required a patch repair had O/E TLV of 20%.  

Interestingly, the sensitivity to predict fetal survival is increased when multivariate model including O/E TLV and the percentages of fetal liver in the chest reached approximately 87% (Table 6.4).  This was in agreement with Ruano et al. who found that the best-combined parameters to predict fetal survival were the O/E TLV and the % LH with 81% accuracy (167). Another recent study used 85 fetuses to investigate the predictability of survival using multiple variables based on US and MRI (220). In agreement with our findings they found that MRI based measurements including the O/E TLV and the percent of liver herniation offered a better predictive value of fetal survival with AUC 0.82 and 0.84 respectively. 

A systematic review and meta-analysis evaluated the significance of finding the fetal liver up in the chest and concluded that it was a poor prognostic parameter for fetal survival (OR: 0.32) (221). Whereas other systematic reviews and meta-analysis stated that using the liver as categorical variable has prognostic value in prediction of fetal mortality (87, 222).  This conclusion is in agreement with our observation that using dichotomous variable of fetal liver presentation (yes or no) in the fetal thorax adds significance to the prediction of fetal survival. This debate is probably because it is not clear how much of the liver present above the level of diaphragm is considered as liver herniation in each study.   

Liver herniation (a dichotomous variable) as prognostic marker of fetal survival in CDH cases has moderate sensitivity (73%), specificity (54%), PPV (54%) and NPV (73%) (87). This shows its limitations; therefore, we have also investigated the value of fetal liver percentages above the diaphragm and its association with fetal mortality. Univariate analysis showed that the percentage of liver up in the fetal thorax can predict fetal survival, but it is not an independent factor as it has revealed in the multivariate analysis (Figure 6.6 D) (Table 6.3). Cannie et al. found that the O/E TLV and the liver to thoracic ratio work as an excellent independent predictor of fetal survival (210).  The liver is a solid organ unlike the other abdominal organs as stomach and bowel; if it is moved to the fetal thorax particularly early in pregnancy, it would inhibit lung development and the maturation process. 

Another piece of evidence reported that if the liver occupied >14% and ≥20% of the fetal thorax volume, fetuses are more likely to die (223, 224). Lazar et al. also assessed the value of the percentage of liver herniation and reported that the cutoff value of 21% associated with 73% and 91% sensitivity and specificity of predicting fetal mortality with AUC 0.74 (224).  In our study we found that the percentages of fetal liver herniated at the cut off value of >10% is associated with low survival rate (AUC 0.75) (P =0.001) (Table 6.4) and (Figure 6.7).  This combination of findings provides support for the conceptual principle that using a parameter that correlates the degree of liver herniation to fetal survival may improve the prognostic significance of liver herniation. 

We have observed that there is significant inverse correlation between the percentage of liver present up in the fetal thorax and the TLV (Spearman’s correlation R= -0.409; P=0.006) (Figure 6.8).  This is valuable observation because in simple the percentage of liver up in chest provides indirect parameter of lung volume measurement in CDH with liver herniated cases.  In contrast to earlier finding the inverse correlation seen between the percentages of liver up in the fetal thorax and O/E TLV was insignificant in this study (210).

In CDH the side of the diaphragmatic defect has effect on fetal survival. Although this effect was not significant approximately 73% of the cases with left side CDH survived in our cohort, in comparison to 33% only survived in the cases with the right side defect (P=0.08) (Table 6.3 and Figure 6.6 A).  It seems that left side CDH is associated more with survival than the right side hernia in agreement with Busing et al. (215). Schaible et al. found a higher survival rate in the right-sided CDH than on the left sided CDH (225). We have used smaller cohort in comparison to that used in Schaible et al ‘s research (225) that might explain the different conclusion. However our findings are also in agreement with an earlier multicenter prospective study’s conclusion of worse prognosis being associated with right side CDH (216). The side of defect in Ruano et al. has no correlation with fetal survival (P=0.99) (167). However, two meta-analyses concluded that irrespective of the side of the diaphragmatic defect, TLV is the main determinant of fetal survival in CDH (221, 222). 

Fetal stomach position as a categorical variable has no value on fetal survival in our cohort.  The survival and non-survival groups have approximately the same percentages of cases with stomach up in fetal thorax (P<0.95) (Table 6.3) (Figure 6.6 C). This disagrees with previous research that agreed the value of stomach position in prediction of fetal outcome (226-228).  In a recent MRI based intrathoracic organ herniation assessment, the degree of stomach herniation and stomach as a categorical variable in CDH correlated with the degree of fetal lung hypoplasia and fetal outcome (229).    

There was no significant difference between survivors and the non-survivors in gestational age at MRI indicating consistency in the screening program and referral system followed in our center. Previous evidence has indicated that early US diagnosis is associated with reduction in the survival rate. This is though to be due to the more severe cases being detected earlier in gestation (163, 230-232). Mayer et al suggested that recently MRI diagnosis did not associated with fetal survival and this was referred to the inherent limitations of the screening program that led to delay in MRI examination, and missing the severe cases that might be terminated (222). This is indicates that only the less severe cases and those patients who wish to continue the pregnancy are referred for MRI such that the US and MRI groups are different cohort. In our study, the mean of GA at MRI was approximately 25-26±5 weeks in both groups, therefore we avoided the first limitation by the early-established referral and screening program in our center, but we did exclude the TOP cases. However, when we plotted them on the scatterplot graph against the TLV with the other cases they did not show that they were the most severe cases, so their exclusion most probably did not bias our results (Figure 6.9).  Interestingly, from Figure 6.9 we can observe that IUFD cases and almost all the cases that died after birth and after surgery had the lowest TLV at all gestational ages indicating its prognostic potential for prediction of fetal survival. Early prediction of IUFD as a final outcome in CDH would guide the fetal intervention and shows the cases that would benefit from early intervention at fetal life. 
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[bookmark: _Toc319511384]Figure 6.9 The fetal survival according to the TLV in CDH
DAB died after birth, DAS died after surgery, TOP termination of pregnancy, IUFD intra-uterine fetal death





[bookmark: _Toc319529026]Conclusion 
This study confirms that survival failure in fetus with CDH can be more accurately predicted using more than one variable that are based on MRI including the observed TLV, O/E TLV, and the percentage of fetal liver herniated into the fetal thorax.  We demonstrated that MRI based fetal lung volumetric measurement is a reliable predictor of fetal survival with an excellent interobserver reliability. These are important clinical findings that have prognostic and therapeutic implications, which confirm that fetal MRI has a high significant value in supporting US in clinical practice. For a comprehensive family counseling the tested variables in our study need to be correlated to the postnatal short and long term pulmonary outcome in the survival group in future research.  





























[bookmark: _Toc319529027]Chapter 7. Evaluation of lung signal intensity in normal and CDH















[bookmark: _Toc319529028]Introduction
Despite the great advances in antenatal diagnosis and neonatal managements of CDH, the fetal mortality still disappointingly high (20-60%) (85, 233, 234). The mortality rate correlates to the associated anomalies, degree of pulmonary hypoplasia and development of pulmonary hypertension. In isolated lesions pulmonary hypoplasia is the main determinant of fetal survival (83). The Fetus with pulmonary hypoplasia requires immediate intensive care and monitoring after birth. Hence accurate antenatal diagnosis and assessment of severity of the pulmonary hypoplasia are extremely important. 

From our observations in chapter 4, the lack of sufficient information regarding fetal respiratory outcome in CDH for patient counseling may lead more parents to opt to termination of pregnancy (TOP). Establishing a means of accurate prognosis at an appropriate time may facilitate the decision making process and reduce the cost of care delivered to pregnant women with CDH fetuses (chapter 5).

MRI allows thorough examination of the fetal chest by providing detailed anatomical evaluation and a means of quantifying lung volume (Chapter 5, 6). The feasibility to do so has been evaluated in previous reports in normal and in CDH cases (77, 173, 175, 180, 235). Evidence shows that it is a reliable predictor of fetal survival and reproducible with low inter-observer variability [chapter 6 (236)]. Whilst, some authors have argued that MRI based lung volumetry is not a useful tool to predict fetal survival in CDH (237). In one report although 2 fetuses have the same lung volume, the researchers observed that the fetus that survived had a higher lung-to-liver signal intensity (SI) ratio than that of the fetus who did not survived (180). The difference in outcome may reflect the variance in the maturation process and the intrapulmonary fluid content. Therefore, quantitative and qualitative evaluations of fetal lung may be of equal importance. 

Because of the high variance of the absolute brightness value in lungs, other organs are suggested as a reference for SI measurements include fetal liver amniotic fluid and spinal fluid. The SI of the reference organs would not change considerably with gestation (77, 238, 239). These organs are close to the fetal lung and at a comparable depth as fetal lungs, therefore it is considered as a good internal reference and of statistical and clinical significance (238-240).  

Qualitative analysis of the fetal lung by assessing the functional ability using the relative signal intensity of fetal lung to other fetal or maternal tissue has been proposed as a promising method to examine pulmonary hypoplasia, though the evidence is contradictory (77, 181, 241-243). This discrepancy may be related to the differences in the methodology used to obtain the SI of the fetal lung as well as to the fetal gestational age at assessment. There are various factors that would affect the SI of a tissue, including the sequence used to attain the SI, repetition time (TR) and echo time (TE) used in the protocol, and the distance between the examined tissue and the receiver coil. MRI based lung SI variability during fetal life and its diagnostic ability to predict fetal viability in CDH have not yet been fully evaluated. 

[bookmark: _Toc319529029]Hypothesis 
· MRI signal intensity of the fetal lung changes with gestation. 
· MRI signal of fetal lung correlates to the degree fetal pulmonary hypoplasia and mortality.

[bookmark: _Toc319529030]Aims 
· To evaluate whether the ratio of signal intensity of fetal lung-to-liver, lung-to-spinal fluid and lung-to-amniotic fluid correlates with the fetal gestational age. 
· To compare the difference in means of these values between the control and the CDH group to evaluate their ability to predict pulmonary hypoplasia.  
· To compare the difference in means of these values between the survived and the non survived fetuses in the CDH group to assess their capability to predict survival.  







[bookmark: _Toc319529031]Methodology
[bookmark: _Toc319529032]Study and Population 
The initial cohort (retrospective data) was part of a research study with full ethical approval and with informed consent. The second data set was obtained from clinical cases as part of a service evaluation.  We included 2 groups (control group 72 cases, in whom the risk of pulmonary hypoplasia is very low and the CDH group 43 cases) to study the MRI SI variability during fetal life and its potential role to predict pulmonary hypoplasia and fetal survival. The gestational age at MRI examination was based on US dating scan.

[bookmark: _Toc319529033]Control group 
150 pregnant women were referred for MRI because of suspected fetal or uterine anomalies (lesion not directly affecting the fetal lung). This was in the period between 1/1/2014-30/1/2015. 78 cases were excluded because the pathology suspected may have an impact on lung including, fetuses with a bony lesion that affects the shape of fetal thoracic cage or have renal abnormalities, or a neck lesion where tracheal obstruction was likely. Table 7.1 summarizes the reasons for referral to MRI in the control group. Women were included if they were 18 years or older, the pregnancy was 18 weeks or more and carrying a single fetus. As a result the control group comprised 72 cases.

For detailed analysis of the variability in L/Li SI over gestation the control group was divided into 3 groups according to gestational age: group A (18-25 weeks), group B (26-29 weeks) and group C (30-39 weeks). To obtain more homogenous groups the control group was divided into two groups; the first group included cases (18-26 weeks) and the second group included cases (27-39).  This division of groups was based on the developmental stages of fetal lung that would reflect the variability in SI and consequently the functional ability of fetal lung at different stages in the developmental process.  

[bookmark: _Toc319529034]CDH group 
This group was composed of 43 fetuses diagnosed with chest space occupying lesion or CDH in US and referred to MRI, where CDH was confirmed. Detailed characteristics of the CDH group are presented in chapter 6.   

[bookmark: _Toc319529035]MRI protocol 
The same protocol described in chapter 4 (page 128) was used in this study. 
[bookmark: _Toc319529036]Signal intensity 
Analysis of the images was achieved using the clinical picture archiving and communication system (PACS) and MRI workstation. We used the T2 weighted sequence to obtain the SI. The T2 sequence was chosen because it is the most frequently used to examine the fetal chest. Based on the fact that the fetal lung contains fluid it displays high signal intensity on the T2 sequence. The absolute value of fetal lung signal intensity (SI) showed high variability (Figure 7.1), therefore the ratio of both lungs SI to that of the three reference values including fetal liver, amniotic fluid (AF), and spinal fluid (SF) have been used to attain more steady values that would reflect the correlation of fetal lung SI with gestational age. The reference organs were used because of the homogeneity of the structure and their proximity to the lung.  

[image: ]
[bookmark: _Toc319511385]Figure 7.1 The absolute SI value of the fetal lung. Right lung (image A) and left lung (image B) show high variability in the absolute SI of fetal lung

The region of interest (ROI) used to obtain the SI (pixel brightness) ranged from 0.2-1.5 mm2 (Figure 7.2). We used the slice at which both the lung and one or two of the reference organs were included. The ROI device was placed within the largest homogenous portion of the lung (away from the pulmonary hilum and fetal heart to minimize movement artifact), the AF (free of adjacent structure), the SF and the liver (away from the intra-parenchymal vessels and the liver border zones). Three readings of SI for each organ were collected and the average was used to calculate the final ratio to reduce risk of field inhomogeneity. In the control group both lungs were used to calculate the ratio and we then compared the difference in means (Figure 7.3). In the CDH group the SI of the contralateral lung to the diaphragmatic hernia defect was used. 
[image: ]
[bookmark: _Toc319511386]Figure 7.2 The process used to measure the SI of fetal lung, liver and AF and SF in sagittal and axial sections

[bookmark: _Toc319529037]Statistical analysis 
The statistical analysis was conducted using the SPSS 21 Software. To evaluate the correlation between the gestational age and all the tested parameters the Pearson correlation was used. Then the three subgroups in the control group; group A, group B and group C were compared to assess the inter-group variability of the SI ratio of the right and left lungs to the reference organ SI. The One-way ANOVA was used to compare the means in the 3 groups. The independent student T test was used to compare the means of L/Li SI between group that before and after 26 week gestation. The independent student T test was used also to compare the means of L/Li SI between the control and the contralateral L/Li SI in CDH groups and between the survival and non-survival groups in CDH. A bar chart with 95% CI was used to display the results. P-values of less than 0.05 were considered significant. ROC curve was used to assess the area under curve (AUC), and logistic regression was used to calculate the sensitivity, specificity and accuracy of L/Li SI to detect pulmonary hypoplasia. 

[bookmark: _Toc319529038]Results
[bookmark: _Toc319529039]Demographics of study population
A total of 72 singleton pregnancies were included in the control group. The range of maternal age was 18-43 years and the mean was 30.41 years. The gestational age at MRI examination ranged from 18-39 weeks and the mean was 26.77 weeks. Suspected central nervous system (CNS) lesions accounted for 61% and placenta adhesion disorders (PAD) for 21%.  These were the most common reasons for referral for MRI examination in the control group (Table 7.1). Demographic details of the CDH group were presented in chapter 6 (Table 6.1). There were no significant differences in means (P>0.05) between the control and CDH groups in maternal age and gestational age at MRI examination (Table 7.2).

[bookmark: _Toc319514943][bookmark: _Toc319515706][bookmark: _Toc319516458]Table 7.1 Reasons for MRI examination in the cohort from which the control group was selected
	
	Reason for referral for MRI  
	Number of cases

	Fetal abnormalities
	CNS and spinal anomalies 
	44

	
	Abdominal cyst
	5

	
	Polyhydramnious 
	1

	
	Abdominal wall defect
	2

	Maternal abnormalities 
	Placental abnormalities
	16

	
	Uterine myoma and bands 
	4




[bookmark: _Toc319514944][bookmark: _Toc319515707][bookmark: _Toc319516459]Table 7.2 Demographic variables in the control and CDH groups
	
	Control (72) 
	CDH (48)
	P value* 

	Maternal age 
	30.41(18-43)
	28.22(18-42)
	=0.36

	Gestational age at MRI 
	26.77(18-39)
	25.82(18-39)
	=0.36


The results expressed as Mean(range)

  



[bookmark: _Toc319529040]The correlation of the ratio of fetal lung-to-liver, lung-to-SF and lung-to-AF SI with the fetal gestational age
Lung-to-liver signal intensity ratios (L/Li SI) for both right (Rt) and left (Lt) lungs were the only variables that demonstrated significant correlation with gestational age (P<0.05) (Table 7.3). There was a significant positive correlation between the RtL/Li SI 0.55 and LtL/Li SI 0.726 (P<0.001) but no significant difference in the means (-0.043 95%CI -0.42-0.26) between the RtL/Li SI (mean 2.25) and LtL/Li SI (mean 2.29) (P=0.6). The best fit for LtL/Li SI of normal lungs was represented by the regression line Y=0.83+0.05*X (r=0.158; p<0.001) and the best fit for RtL/Li SI was represented by the regression line Y=0.41+0.07*X (r=0.3; p<0.001) in which Y is the L/Li SI and X is the gestational age in weeks (Figure 7.3).

[bookmark: _Toc319514945][bookmark: _Toc319515708][bookmark: _Toc319516460]Table 7.3 Correlation of the tested variables with gestational age
	
	Pearson correlation
	P value
	Mean
	Standard Deviation
	Median
	Minimum
	Maximum
	Range

	Right lung/liver SI
	0.547
	0.000
	2.250
	.682
	2.077
	1.218
	4.718
	3.500

	Left lung/liver SI 
	0.397
	0.001
	2.293
	.747
	2.091
	1.220
	4.444
	3.224

	Right lung/SF SI
	0.012
	0.900
	.466
	.124
	.450
	.224
	.756
	.532

	Left lung/SF SI
	-0.13
	0.300
	.468
	.111
	.467
	.231
	.822
	.591

	Right lung/AF SI
	0.04
	0.700
	.491
	.120
	.480
	.204
	.939
	.735

	Left lung/AF SI
	-0.13
	0.300
	.494
	.111
	.477
	.266
	.870
	.604



*Pearson correlation 
[image: ]
[bookmark: _Toc319511387]Figure 7.3 The plot of association of Rt L/AF SI (A) and Lt L/AF SI (B), Rt L/Li SI (C) and Lt L/Li SI (D) and Rt L/SF SI (E) and Lt L/SF SI (F) to gestational age
Results show that only Rt L/Li SI and Lt L/Li SI correlated significantly with the gestational age





To further assess the correlation of the lung-to-liver signal intensity ratio with gestational age, the control group was divided according to gestational age into 3 groups and the means were calculated. There was a significant difference in the means between group A (mean 2.07) and group C (mean 2.659) (P<0.05) when the Rt L/Li SI ratio was used.  There was difference in the means of L/Li SI between group B (mean 1.949) and C, but did not achieve the significance level (P>0.05).  However, when the Lt L/Li SI ratio was used, a significant difference in the means was revealed between group A (mean 1.93) and C (mean 2.68) (P<0.05) and between group B (mean 2.13) and C (P=0.045) (Table 7.4) (Figure 7.4). The actual trend of change in lung to liver signal intensity ratio in both sides over gestation is presented by measuring the mean of L/Li SI per week (Figure 7.5).


[bookmark: _Toc319514947][bookmark: _Toc319515710][bookmark: _Toc319516462]Table 7.4 Inter-group variability of the difference in the means of both lungs-to-liver SI ratios
	Tested variables
	Gestational age group n
(Mean)
	Gestational age group
(Mean)
	
	Mean difference
	P value*
	95% CI

	Rt L/Li SI 
	18-25 n=36
(1.929)
	26-29
	
	-0.203
	0.6
	-0.786-0.379

	
	
	30-39 n=29
(2.677)
	
	-0.748
	0.000
	-1.099- -0.396

	
	26-29 n=7
2.132
	18-25
	
	-0.203
	0.600
	-0.379- 0.786

	
	
	30-39
	
	-0.545
	0.070
	-1.138- 0.0492

	Lt L/Li SI
	18-25 n=36
(2.065)
	26-29
	
	0.116
	0.900
	-0.568- 0.8

	
	
	30-39 n=29
(2.659)
	
	-.594
	0.003
	-1.01- -0.181

	
	26-29 n=7
(1.949)
	18-25
	
	-.116
	0.900
	-0.801-0.568

	
	
	30-39
	
	-.710
	0.045
	-1.41- -0.0126


*One-way ANOVA test 


[image: ]
[bookmark: _Toc319511388]Figure 7.4 The means plot of right and left fetal lung to liver SI ratio in the three groups
The lung to liver SI ratio shows a steady increase with gestation the difference in means with the 95%  showing significant difference between group A and C on the right lungs but on the left lung the significant difference is seen between group A and B and between B and C (image A and B). 

 
[image: ]
[bookmark: _Toc319511389]Figure 7.5 The actual trend of change in right and left lung to liver SI ratio over gestational age
The actual trend of change in right and left lung to liver SI ratio over gestational age in the period between 18-40 weeks (graph A and B), which is reflecting the SI variability during the lung developmental stages (graph C) 

High significant difference in the means was found in the right (0.63) and left (0.47) lungs to liver SI ratio between the gestational age groups that’s before and after 26 weeks (P<0.001) (Table 7.5) and (Figure 7.6).    


[image: ]
[bookmark: _Toc319511390]Figure 7.6 Lung to liver SI ratio difference between the two studied groups (18-26) and (27-39)


[bookmark: _Toc319514948][bookmark: _Toc319515711][bookmark: _Toc319516463]Table 7.5 The difference in Lung/liver SI ration in the two studied groups
	
	GA at MRI groups (wks)
	Number
	Mean[SEM]
	Difference in Means
	P*
value

	Rtl/Li SI 
	18-26
	38
	1.95[0.07]
	-0.63
	<0.001

	
	27-39
	34
	2.58[0.13]
	
	

	LtL/Li SI
	18-26
	38
	2.09[0.11]
	-0.47
	<0.001

	
	27-39
	34
	2.54[0.13]
	
	


*Student T-Test

[bookmark: _Toc319529041]The difference in the means of L/Li SI between the control and the CDH group  
Only the L/Li SI ratio had showed significant difference in the means (P<0.05) between the CDH and the control group in the right and left lungs (Table 7.6). ROC curve was used to assess its predictability to identify the hypo plastic lung In the CDH. Lung-to-liver SI ratio has the area under the ROC curve of 0.6 [95% CI 0.5-0.7] (P=0.06), sensitivity 20.8%, specificity 87.5% and accuracy 60.8% (Figure 7.7 graph A). It indicates that L/Li SI has a week ability to predict fetal pulmonary hypoplasia.  At the cut-off value of SI ratio less than 2, fetuses with CDH are more likely to be negatively affected and their lungs to be severely compressed by the herniated abdominal organs resulting in hypo plastic lung. Whereas, with the SI ratio more than 2, the fetuses with CDH are more likely to have the same fetal lung quality as the control.


[bookmark: _Toc319514949][bookmark: _Toc319515712][bookmark: _Toc319516464]Table 7.6 The difference in the means between the CDH group and the control group
	
	CDH 

	Control
	Difference in mean
	95% CI
	P value*

	RtL/Li SI
	2.01±0.074
	2.249±0.08
	0.240
	[0.009-0.47]
	0.04

	LtL/Li SI
	2.01±0.083
	2.29±0.08
	0.280
	[0.036- 0.529]
	0.03

	RtL/SF SI
	0.48±0.018
	0.466±0.015
	-0.016
	[-0.062-0.03]
	0.5

	LtL/SF SI
	0.48±0.018
	0.47±0.013
	0.0170
	[-0.029- 0.064] 
	0.5

	RtL/AF SI
	0.498±0.016
	0.491±0.014
	-0.007
	[-0.51-0.358]
	0.7

	LtL/AF SI
	0.493±0.016
	0.49±0.014
	0.0095
	[-0.034- 0.053]
	0.7


 The results expressed as Mean ±SEM
*Non-parametric student’s t test 


[bookmark: _Toc319529042]The difference in means of the contralateral L/Li SI ratio between the survival and the non-survival fetuses in the CDH group 
None of the ratios used showed any significant difference between survival and the non-survival groups (P>0.05) (Table 7.7). The L/SF SI showed borderline difference in the means between the survival and the non-survival group (P=0.07). 

[bookmark: _Toc319514950][bookmark: _Toc319515713][bookmark: _Toc319516465]Table 7.7 The difference in the means between the survivors and non-survivors fetuses in the CDH group
	
	Alive  
	Died 
	Difference in mean
	95% CI
	P value*

	L/Li SI
	1.94±0.11
	2.02±0.13
	-0.078
	[0.422- 0.267]
	0.7

	L/SF SI
	0.51±0.026
	0.44±0.025
	0.069
	[-0.007-0.143]
	0.07

	L/AF SI
	0.51±0.024
	0.49±0.019
	0.018
	[-0.049-0.084]
	0.6


The results expressed as Mean ±SEM
*Non-parametric student’s t test 
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[bookmark: _Toc319511391]Figure 7.7 The ROC curve and the cut-off value of L/Li SI
ROC curve for prediction of pulmonary hypoplasia in the CDH group (graph A). Results from logistic regression analysis L/Li SI have borderline significance in prediction of pulmonary hypoplasia. The cut-off value of L/Li SI ration is 2, and under this level a fetus with CDH the lung might be hypo-plastic (B)
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[bookmark: _Toc319511392]Figure 7.8 The change of fetal lung over gestation  
Figure 7.8 Sagittal T2 weighted images of fetuses’ aged 20, 26, 32 weeks show the difference and change in fetal lung (blue arrows) SI from hypointense to isointense to amniotic fluid (black star) over 6 weeks time.  



















[bookmark: _Toc319529043]Discussion
Fetal lung SI on MRI is variable and among the entire examined variables only lung to liver SI ratio was found to correlate significantly with gestation. Lung to liver SI ratio has the potential to detect pulmonary hypoplasia, whereas its ability to evaluate the fetal survival is limited. 

Pulmonary hypoplasia is a condition indicating that fetal lungs have not achieved their optimum development. It is one of the most frequently encountered perinatal pathologies. Pulmonary hypoplasia is predominantly subsequent to pathology external to the respiratory system. The most common causes of this pathology are skeletal dysplasia or CDH, anencephaly, congenital muscular dystrophy, oligohydramnios or genetic factors (244).  

Pulmonary hypoplasia associated with CDH has multiple underlying molecular mechanisms involving inadequate thoracic volume and impaired fetal breathing movements, which are primarily diaphragmatic in origin.  Normally developing lungs require sufficient space and breathing movements that create an important pressure gradient inside the fetal chest (245, 246).    Studying the value of MRI SI of fetal pulmonary tissue as an additional parameter to lung volumetry in assessment of pulmonary hypoplasia and fetal outcome in CDH is a frequently studied research topic with conflicting assumptions (74, 75, 77, 238, 239, 241, 247-251). 

We observed that in the control group the SI ratio of right lung to all the reference organs showed significant correlation with that of the left lung (P<0.05). However, in all the examined parameters the ratio of left lung was slightly higher at early gestation then it declined gradually until it become a lower ratio later in gestation than that of the right side (P>0.05). It is not clear why, but since it is a fixed observation in all the tested parameters, this may result from mild compression by the developing fetal heart and the difference in the ratio of fetal heart to lung development on the left side at different gestational ages. 

Previous evidence suggests that it is feasible to use the liver as a reference structure to assess the fetal lung SI variations (239, 248). In agreement with others we found that the lung-to-liver SI correlates significantly with gestation as the pregnancy progresses in normal fetuses (75, 243). This finding is also consistent with that of Brewerton et al (74) and others (76, 239, 248, 251, 252), who found that the SI of the fetal lung in the T2 sequence increases through gestation. During fetal lung development, the lung lining epithelium produces liquid by active process. The liquid amount increases gradually through out gestation as the pulmonary interstitium thins and the alveolar volume increases (253). Surfactant production in the third trimester may be also responsible for the increase in fetal lung SI (254, 255) (Figure 7.8). Other factors may affect the SI of fetal lung parenchyma are accumulation of free protons and the reduction in the fraction of the hyaluronic acid that attaches to water (77, 256). Alteration in the SI of the fetal lung in the different MR sequences might be a reflection of all this pulmonary developmental process (Figure 7.5 C).

Another important finding in this study was that significant difference in the means of L/Li SI were only observed between that of the gestational age of group A (18-25 weeks) and of group C (29-39 weeks) when the three groups comparison used. This was further supported and the significant difference in means become very high when the gestational age group before and after 26 weeks compared.  This also in agreement with the observation of Brewerton et al (74) who suggested that at a gestational age of more than 25 weeks clear distinction between normal and hypoplastic lungs can be obtained by using the L/Li SI. These findings are also in consensus with the inherent structural maturation of fetal lung (Figure 7.5 C). The gestational age 18-26 weeks represents the canalicular stage. This stage structurally characterized by doubling of the cell number and proliferation of fetal lung in a more rapid rate than at any subsequent stage. It also characterized by extension of the airway lumina and flattening of the future alveolar sacs with rapid development of the distal pulmonary vasculature. The permanently secreted lung fluid by the pulmonary epithelium and the fetal breathing movement, and the high laryngeal pressure, which regulate the clearance of this fluid from lungs, control these developmental changes.  

The gestational age period 27-39 weeks represents the saccular stage, when the biochemical lung maturation starts by advanced differentiation of type II pneumonocytes and surfactant production which peaks at 36 weeks (alveolar phase) (257). It is unknown if this peak is related to the sharp increase and peak we have observed in our study at 32-34 weeks gestation in the L/Li SI. In Figure 7.5 A after the L/Li SI has reached a peak at 34 weeks, it fluctuates for a week to slightly level off at 35 weeks gestation until term. This observation supports previous research into FETO. They observed stabilization in pulmonary response to FETO after 30 weeks gestation even if the procedure continued (202). The gestational period from 30 weeks until term represents the second half of the saccular stage overlapped by the alveolar stage. At the commencement of this period, the first alveolar structure appears and is present uniformly in the lung at the gestational age of 36 weeks and continues to increase in number until the age of two years (78, 258). 

In our study by using the L/Li SI ratio, we were able to detect significant difference between the SI ratio of normal lungs and that of the hypoplastic lungs in the CDH group and this was in corroboration with earlier observations (77, 241). Whereas, no significant difference in the means was found between the L/Li SI of fetuses that survived and those did not survive. This suggests that the L/Li SI study may reflect developmental process, however, it has no additional value in predicting fetal survival.  Although these results differ from those of some published studies (181, 238, 250, 252, 259), they are consistent with others (75, 247). The explanation of these differences is uncertain. However, we have observed that studies that found significant difference in L/Li SI between fetuses died and survived used cohorts scanned after 25 weeks gestation whereas our cohort included cases scanned early in gestation, which might reduced our ability to predict fetal survival using L/Li SI ratio. We also know that the pattern of pulmonary hypoplasia associated with CDH is variable (260).

In contrast to earlier findings (AUC 0.90) (251), this study was unable to demonstrate that L/Li SI is a good predictor of fetal pulmonary hypoplasia with AUC 0.6. ).   Oka et al. stated that L/LiSI ≤2 is optimal cutoff value, offering 100 % sensitivity (8/8 of cases developed severe respiratory distress after birth and 73% specificity (251). At the cut-off value of ≤2, fetuses may develop pulmonary hypoplasia and their lungs become significantly compressed by the herniated abdominal structures that hinder the lung ability to release fluid. We have observed that up to approximately 27 weeks gestation, fetuses with CDH have a constant increase in the mean of L/Li SI. Then the mean of the SI ratio starts to decline (Figure 7.8B and Figure 7.9 Based on these findings we agree with Brewerton et al that before 30 weeks gestation the L/Li SI has no significant diagnostic value in the differentiation between the normal and the hypoplastic lungs (74).

Oka et al (2014) found that the lung to liver SI ratio (LLSIR) correlates with fetal survival with very high diagnostic validity (251). This may be related to the fact that they included heterogenous population with different underlying causes of severe respiratory distress. Only 22/110 of their cases were CDH, and 2 cases were extremely premature. They were more concerned with the fetal lung maturation than lung growth development. Although the pathogenesis of lung hypoplasia is poorly understood, existing evidence agrees that the histology in pulmonary hypoplasia falls into two broad categories (261). In the first category, poor maturation and poor growth development occur, in particular, in the pulmonary hypoplasia that is associated with oligohydramnios. In the second category only poor growth development exists, whereas the maturation is appropriate for the gestational age (260).

Pulmonary hypoplasia associated with CDH may vary according to the gestational age at which the abdominal contents herniated into the hemi thorax, the side of hernia and the composition of the herniated mass. The ipsi-lateral lung in CDH may have impaired function of the type II pneumocytes and surfactant deficiency (262).  In our cohort, 71.15% of the non-survival cases had a right side CDH, in comparison to only 31.36% in the survival group. Further more the non-survival cases have (median (25-75) percentile 0.182(0.081-0.277)) significantly higher percentage of the liver in the chest than that of survival group (0.000(0.00-0.11)) (P=0.005) (Table 6.3).

This study was also unable to demonstrate that L/SF correlate with gestation or add any diagnostic value of pulmonary hypoplasia as seen in earlier studies (77, 263). However, interestingly a borderline difference in the means has been observed in the L/SF SI between the fetuses who survived and not survived.  We are not sure if larger sample size would be able to add any significance. However inherent limitations exist and difficult to avoid these include; the ROI in spinal fluid is really small therefore it is difficult to measure the SI and to exclude overlap with spinal cord. Lung to amniotic fluid ratio also did not show any significant correlation with gestational age possibly because of the signal alteration by the fetal motion and fluid motion.  

There are number of limitations of the current study. First, in the majority of cases it was a retrospective observation, therefore it was difficult to test the utility of different sequences in the examination of the fetal lung. Further more we used heterogeneous image parameters because they were obtained in different machines, which may hinder our ability to detect significant difference in the tested variable.  The numbers of fetuses were not identical in each sub group, which may also reduce the value of the significance in the differences between means of the tested parameters. However, this was a large study with unique population comparing normal lungs to that of the CDH. We were able to confirm previously published findings and add to the available evidence more detailed information on the variability of lung SI in the fetal life and its correlation with fetal lung development. Our findings also indicate that development of normogram of SI ratio of the fetal lung is feasible. 
[bookmark: _Toc319529044]Conclusion 
Fetal lung-liver signal intensity ratio correlates with gestational age. Lung SI showed a permanent gradual increase before 30 weeks gestation and a sharp increase in the period between 32-34 weeks followed by a slight reduction and constant ratio until birth. These findings reflect the normal fetal lung development.  Although we found that L/Li SI has no value in prediction of fetal survival, it might play a role in differentiating the hypoplastic lung from the normal after 27 weeks gestation. Further prospective observation of more homogenous MR sequence and protocol is required to establish the finding and normogram of fetal lung SI ratio using different sequences.       






















[bookmark: _Toc319529045]Chapter 8. General discussion

















[bookmark: _Toc319529046]Summarizing discussion
Despite the fact that ample of research exists appraising the value of MRI in different aspects of obstetric practice, the role of MRI in diagnosis of PAD and CDH are far from being fully characterized. This might be attributed to the fact that obstetric MRI is a new technique that evolves quickly. Although MRI has been used for diagnosis of PAD in more than 20 years, there remains minimal knowledge and agreement regarding the standard features that should be used for diagnosis and the impact of these variables on clinical practice. In CDH the true incidence is considerably high with a wide range of morbidity and mortality rate (264). The value of early MRI examination to detect the lesion and predict survival in CDH is great, but remains inadequately assessed. This dissertation focused on identification of the MRI criteria used in the diagnosis of PAD by systematically reviewing the literature and evaluated the impact of these criteria on management when used for diagnosis.  Furthermore it investigated in depth the significance of MRI in the examination of CDH. This final chapter is meant to deliver an integrated summary of the principal findings, potential clinical implications as well as the direction for future studies to this dissertation.

[bookmark: _Toc319529047]Dissertation finding 
The first part of this thesis (chapters two and three) was dedicated to the characterization of the value of fetal MRI in the diagnosis of placenta adhesion disorders. This included a systematic review of the main evidence of the MRI criteria used for diagnosis of PAD, and assessing the diagnostic accuracy of these criteria to inform the practice and establishing guidelines on how to use MRI to diagnose PAD. In chapter 3 we used the criteria identified in chapter 2 to diagnose PAD and evaluated their diagnostic accuracy and the impact of diagnosis on pregnancy management and outcome.  

The value of MRI in diagnosis of PAD was very high in comparison to US. The MRI features that are significantly associated with PAD are as follows: multiple thick T2 dark bands; marked heterogeneity of the placenta; loss of retroplacental dark zone and focal disruption of myometrium; uterine bulging and adjacent organ invasion.   Marked heterogeneity of the placenta was the best variable to discriminate between the normal placenta and PAD being a sensitive and specific variable. Loss of the thin T2 uteroplacental zone presented the highest risk of invasion among the remainder of tested parameters. Uterine bulging and adjacent organ invasion are less sensitive, but more specific as they correlate with the depth of invasion. Using more than one criterion increased the diagnostic accuracy of MRI in the detection of PAD. MRI provided valuable information regarding the depth of invasion. Patients with atypical features of invasion need to be treated cautiously to reduce the risk of complications. Multiple thick T2 dark bands associated with increased risk of PPH in a PAD group. 

The second part of the thesis was dedicated to the characterization of the value of MRI in assessment of CDH fetuses and its ability to predict survival. We have observed that MRI has very high diagnostic validity of all CCM and with a very high capability to differentiate between the different types of CCM. This is of high clinical importance because of the high variability in fetal outcome and different management plan of these congenital lesions. 

The value of repeated MRI examinations for prediction of fetal survival has been investigated in chapter 5. It is interesting to notice that in the majority of research that studied the prenatal predictors of fetal outcome they did not consider the impact of diagnosis in different gestational age on the predictive power of the diagnostic variable. In the minority of research (199, 200) that does take into consideration gestational age values, they have used wide range and heterogeneous intervals that do not correlate with the developmental process of the fetal lungs.  Our findings suggest that early diagnosis is associated with bad prognosis because they highlight the early insult of the herniated abdominal viscera on the developing fetal lung and heart.  

Using multiple variables to identify the fetuses with the worst prognosis is more logical as the mechanism of pulmonary hypoplasia associated with CDH is variable. It also enables MRI to be more informative and precise in describing the fetal prognosis. TLV ≤ 8.5 ml, the O/ETLV ≤ 27% and the percentage of herniated liver ≥ 10% is associated with fetal mortality. Using the MRI based multiple model increased the predictability of fetal survival in CDH. 

 An interesting observation that emerged from chapter 7 was the new perspective in our understanding of the variability of fetal lung SI throughout gestation. Although the positive correlation of lung-to-liver SI to gestational age is well established (74, 75, 239, 243, 248, 251, 252), our novel finding is presenting the actual pattern of fetal lung SI variation, which represent the hereditary lung developmental stages.  At L/Li SI equal to 2, pulmonary hypoplasia in fetuses with CDH might be recognized. 
[bookmark: _Toc319529048]The main dissertation finding’s value in clinical practice
Accurate antenatal diagnosis of PAD allows multidisciplinary team management, which reduces delivery complications (68, 150, 265-267). Prediction of complications of PAD requires accurate antenatal diagnosis, which interconnects with important technical details that include: study preparation, continues development of expertise in placental MRI and continuous feedback.  Our systematic review was able to demonstrate that there was no consensus regarding the criteria for diagnosis of PAD in MRI and their interpretation that would allow reproducibility of image reading. It highlighted the requirement for further assessment and reporting of the value of each individual criterion. As guided by the systematic review, chapter 3 presented detailed diagnostic ability information for each MRI criterion used in our practice for diagnosis of PAD and their correlation with complications of PAD. This is certainly important to allow establishment of guidelines to inform the clinical practice. In agreement with previous evidence (110, 147, 268), placental MRI provided accurate assessment of the level of placenta invasion. This is of high clinical importance hence it helps to direct the management plan by early patient transfer to a tertiary referral maternal center or recruitment of the experienced surgeon.  Non-enhanced placental MRI provided comparable diagnostic ability for discrimination between normal and PAD, as well as accurate demarcation and evaluation of the degree of placental invasion and adjacent organ invasion to that of contrasted placental MRI (110, 117, 147, 268). Therefore, from the wise point of view using gadolinium contrast in pregnancy should be avoided until its safety is confirmed. 

Due to the increased risk of postpartum hemorrhage (PPH) and blood transfusion, pre-delivery diagnosis of PAD is paramount to allow the best plan for the delivery. We have observed that the number of T2 dark intraplacental bands is directly correlated with amount of blood loss in PAD cases. This is the first report of this important clinical observation. This has clinical significance as it can be used as a useful predictor of blood loss in PAD. Therefore it may direct the transfer protocol of patients to a well-prepared center and allow only the severe cases that need it most and reduce the risk of unnecessary referral to these centers. Further important observation that also has value in clinical practice is the atypical group identified on MRI images. This atypical group is of high clinical importance as they may represent a hidden accreta group that may be difficult to diagnose either pathologically or surgically but can be managed if suspected antenataly. 

MRI is an important diagnostic complementary technique to US in fetal medicine; however, there is a limited expertise in fetal MRI. Patients are often traveling more than 100 miles for additional medical examinations. MRI proves to be a useful problem solving tool in the diagnosis and management in the feto-maternal unit. It aids to avoid uncertain diagnosis so that would relive the associated psychological stress of the parents. As well it would improve proper distribution and use of health resources. However to ensure that the technique provides the maximum benefit to patients an organized and regular training program to the radiologists is important (Chapter 4). 
  
In clinical practice the care of pregnant women whose fetuses are diagnosed with CDH, early accurate information would lead to an early-informed decision to be taken by parents especially if TOP is being considered (Chapter 4). The conclusion from chapter 5 stressed that early MRI based lung volume calculations can help predict fetal survival. Although this study included a small sample size and requires caution to infer any significant findings, the conclusion is in agreement with experimental data, case controls and a randomized control trial in FETO studies. This finding, if confirmed, would lead to a reduction in the potential cost for care of pregnant women with CDH fetuses by avoiding the second MRI assessment for prediction of fetal survival. Furthermore early diagnosis and assessment of severity of the CDH would lead to accurate selection and early referral of fetuses that would benefit from fetal therapy (196, 198, 202).  The prognosis of severe CDH seems to improve by FETO, however its effect is dependent on pre-existing lung volume as well as the gestational age at application (202, 249). 

Chapter six provided unique insights into fetal survival in CDH using multiple parameter evaluation.  Interestingly the outcome in isolated CDH is correlated with multiple variables. These include lung volume, size of diaphragmatic defect, size of herniated mass and its content and the gestational age at which the insult to the developing lung started as well as the compression effect on the developing heart (269). All the previous factors are substitutes of pulmonary hypoplasia and pulmonary hypertension, which are the main determinants of fetal survival. Our finding is in accordance with previous observations in regards to using liver herniation, as a continuous variable it is superior to its use as a dichotomous variable in prediction of fetal survival in isolated CDH (211, 224). This is really important because studying liver up as a continuous variable is simply another way of looking at how small the fetal lung is and this is supported by the negative correlation we have observed between TLV and the percentages of the liver present in chest.  In fetuses with a diaphragmatic hernia the TLV and the O/E TLV continue to be the main recognized predictors of fetal survival.  All of these findings will help to identify the severe cases and consequently would improve parents counseling and direct the management of pregnancy as well as the resuscitation plan at delivery. Based on our results, for counseling families who have a pregnancy with isolated CDH we recommend the following algorithm Figure 8.1. 

Chapter 7 is dedicated to addressing the variations in normal fetal lung SI over gestation and assessing its ability to detect pulmonary hypoplasia and its correlation with survival in the CDH group. L/Li SI increased significantly with gestational age up to a gestational age of 34-35 weeks when it slightly levels off and stabilizes in normal fetusus. From our observations it seems that L/Li SI reflects impairment in the development of fetal lungs whereas it has no value in prediction of fetal survival in CDH. The detailed presentation of the variation in SI in this study is an important observation, which was in agreement with previous evidence (247). These findings have important clinical implications in clinics considering FETO in their management plan by guiding the plugging and unplugging procedure.  

[image: ]
[bookmark: _Toc319511393]Figure 8.1 Diagnostic and management algorithm for fetus with isolated CDH
TLV <8.5 ml and O/ETLV <27% and %of liver herniation >10% associated with bad prognosis. Early prognostic evaluation before 25 weeks gestation facilitates family counseling and appropriate management plan. Family with poor prognosis fetus has 4 options for management 2 before 25 weeks gestation includes TOP or referral to center that offers FETO and 2 after that encompass intrauterine referral of fetus to be delivered in center that offer ECMO therapy or the standard postnatal care with well known outcome. 


[bookmark: _Toc319529049]Course of future work
[bookmark: _Toc319529050]Placenta related future research 
1. We aim to image some patients at risk for PAD at 3T and compare the images to those obtained at 1.5T. 3T MRI has better tissue characterization and we believe that it might provide better visualization of the uteroplacental interface so improve MRI ability to detect the superficial type of PAD (placenta accreta). It would not be possible to ask a patient to undergo two MRI scans for this, and currently we do not know if the image quality will be better or worse than at 1.5T. What we would like to do is ask women who have elected for a TOP and may or may not have already had a clinical MRI at 1.5T if they would have an MRI scan at 3T prior to the TOP. If they have a clinical MRI at 1.5T we will ask them if we can use those images for comparison, if not we will use historical images of a similar gestational age and pathology. When fetal MRI started in 1998 they began with women who had agreed a TOP and recruitment was good. 3T is used in Europe to image the fetus, but has been previously restricted in the UK. This is no longer a problem and 3T may provide additional details, however we need to fully evaluate this prior to using it or not using it in clinical practice. There are technical challenges to abdominal imaging at 3T, so it cannot be assumed that the images will be of better quality for clinical diagnosis without formal evaluation. 
2. Our finding needs to be followed by multi center study to examine the criteria described in chapter three. This to standardize the MRI descriptors of PAD and establish guidelines for clinical use of MRI in diagnosis of PAD.   

[bookmark: _Toc319529051]CDH related future research
1. More cases are required to support the finding in chapter 5. It might be also more informative if we compare the value of MRI based lung measurements in three intervals of gestational age (20-25), (26-29) and (30-38). This would precisely determine the appropriate gestational age for instructive MRI examination. 
2.  Compare findings in chapter 6 of TLV measurements with the 3-D US value. Appropriately designed research to assess the prenatal prediction of morbidity in the survivors with CDH would be helpful for the long-term management plan. In addition, this would yield information essential for parents counseling of the long-standing complications to be well prepared physically and psychologically.
3. Investigate the correlation of the same variables used in chapter six to detect pulmonary hypoplasia with the potential to develop postnatal pulmonary hypertension and chronic lung diseases. Available evidence investigated the predictability of combined MRI and US based variable to develop chronic lung diseases in CDH case (270). They claimed that the additional value of MRI in this regard may be debated. 
4. It is important from the surgical perspectives in our center if we could identify radiological predictors of the size of the diaphragmatic defect and the amount of diaphragmatic muscle present in fetuses with CDH. This is thought to be helpful in planning the surgical approach, either open or laproscopic. The congenital diaphragmatic hernia group suggested that the size of defect in fetal diaphragm seems to be the major influencing variable on fetal outcome (271). They also stated that the size of defect correlates with the prevalence of other fetal anomalies and the number of the associated abnormal systems (272). Preliminary recent evidence from MRI suggested that the O/E TLV is a useful predictor for the requirement of prosthetic patch repair and that the position of liver improved its prognostic accuracy (219).    

[bookmark: _Toc319529052]Limitation of findings
There are some limitations in our observations. First, because of the short period of the course and the rarity of the studied diseases some of the data was collected and evaluated retrospectively, which would have limited our ability to stratify many factors.  Second, because these studies were conducted in a tertiary center, which receives referrals from a variety of geographically remote institutions, unavoidable referral bias is one of the potential drawbacks. Because our center did not offer ECMO therapy for fetuses with CDH another kind of referral bias may exist, as the most severe cases may not be delivered in our center. 






[bookmark: _Toc319529053]Conclusion 
The current thesis evaluated the role of fetal MRI in obstetric practice. Our results indicate some novel features of the value of fetal MRI in the care of pregnant women and her fetus. Findings of this thesis will have direct impact on clinical practice and increase to the available body of knowledge regarding the role of MRI in diagnosis of PAD and CDH. US will remain the main imaging modality used in diagnosis of pregnancy related complications. However its value is limited in the era of increased BMI and by reduced amount of liquor.  In these types of cases the risk of associated anomalies is increased and safe alternative diagnostic imaging modality is required to support this category of patients. Team management is recommended for appropriate interpretation of fetal MR findings (10). MRI is proving to be a valuable tool and crucial for appropriate performance in fetal medicine practice. Future research needs to be conducted either to establish some of the current findings or to continue work initiated in this thesis.  
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