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Summary

Fetal medicine is a super speciality enterprise and a technology-driven field. The growth and interest in fetal surgery can be largely attributed to advances in fetal imaging and bespoke instruments for in utero intervention. Previously fatal fetal conditions are now being treated through open, minimally invasive procedures and percutaneous fetal technologies. Several fetal conditions, including myelomeningocele and twin to twin transfusion syndrome, have been rigorously tested in randomised controlled trials. However as the speciality of fetal surgery grows, a robust evidence base with long term follow-up is obligatory for every procedure. This article offers an overview of fetal surgery and antenatal intervention. As more cutting edge therapies come into clinical practice, growing public opinion and medical ethics will play a significant role in the future of this multidisciplinary speciality.







Introduction

Our fascination with the unborn is not a new phenomenon. Since the earliest record of a successful caesarean section, in the 16th century, fetal intervention has evolved into a medical field of its own. (1)  Fetal surgery now operates at the frontier of medical innovation with cutting edge technology, genetic and stem cell research. 
Our understanding of fetal development and disease was significantly advanced with animal models alongside progress made with in utero imaging. In the 1960s, a congenital diaphragmatic hernia (CDH) lamb model was established at the University of California San Francisco (UCSF). The model provided vital comparative data on the pathophysiology and lethality of the human condition. (2)  This enterprise greatly influenced many aspects of current  management of CDH including in utero diagnosis, perinatal care plans and timing of surgery in the newborn. Prenatal ultrasonography has dramatically changed the face of fetal therapy. As a result of more accurate imaging, there is now a better understanding of fetal pathology with earlier diagnosis of progressive, debilitating conditions. Ultrasonography has thus enabled ’access into the womb' for diagnosis and therapy. As outlined in establishing the criteria for fetal intervention by Harrison et al., successful fetal therapy should include accurate diagnosis and staging of the condition, a well documented natural history of the disease, an absence of effective postnatal treatments and supporting evidence from animal studies. Careful consideration of risks and benefits is necessary as intervention poses a significant impact not only the fetus but also the health of the mother. (3)
Currently, there are several medical and surgical conditions which can be treated by  intrauterine intervention. Centres performing fetal intervention need to be prepared for emergency preterm delivery, fetal and maternal morbidity. Specialist multidisciplinary teams are essential, not only for the skilled delivery of fetal therapy but also to share expert 'non-directive' antenatal counselling with expectant parent(s). Not all fetal treatments have been placed under the scrutiny of randomised controlled trials, perhaps understandably given the hurdles to overcome, but this is changing. This article makes effort to provide an overview of fetal intervention procedures.
The Unborn Patient

Fetal therapy includes :
1. Open surgery  – performed via a hysterotomy while maintaining the placental circulation. In the vast majority of cases, the fetus is returned to the uterus and pregnancy continues until near to term. Open surgery provides excellent surgical exposure to the fetus, but there is a significant risk of maternal morbidity and premature labour. 
2. Minimally invasive surgery -  Encompassing ultrasound-guided percutaneous intervention and fetoscopic surgery. With the latter, case selection is critical as although there is a reduced risk of maternal haemorrhage and early labour, the working field for the operator is far more limited. (4)  EUROFETUS  funded by the European Commission has been working closely with leading world manufacturers in improving and adapting instruments for fetoscopic surgery. (5) 
3. Medical intervention	- Medicines administered to the mother can have therapeutic effect on the fetus, e.g. antenatal corticosteroids to promote fetal lung development and, perhaps more experimentally, stem cell and gene therapy delivery. 

Ex Utero Intrapartum Therapy (EXIT)
Congenital compressive lesions of the fetal airway can be catastrophic. Ex utero intrapartum therapy (EXIT) was developed as a controlled way to provide access to the fetus with a critical airway. 
During the EXIT procedure, the head and neck of the fetus are delivered through a hysterotomy whilst retaining the materno-fetal circulation. An airway is secured either through intubation, resection of a compressive lesion or the placement of ECMO catheters for life support. Once the procedure is safely completed, the umbilical cord is divided, the baby delivered and stabilised. Unlike a caesarean section, where uterine contraction and haemostasis is desired, uterus hypotonia is fundamental in maintaining the uteroplacental circulation. Therefore a rapid reversal of uterine relaxation is vital to prevent maternal haemorrhage after delivery. (6) A full antenatal workup incorporating parental counselling, fetal ultrasound, fetal MRI, echocardiography and karyotype analysis is performed before EXIT. (7)  A highly skilled multidisciplinary team including radiology, obstetrics, neonatology, anaesthetists, ENT and paediatric surgeons is crucial to its success. (8) 
In a retrospective study of 31 EXIT procedures performed at the world-renowned Children's Hospital Philadelphia, USA,  there was only a single fatality recorded in a fetus due to inability to secure the airway with two maternal complications from bleeding and wound dehiscence. (6) 
Intrauterine transfusion

Fetal anaemia can be a cause of significant perinatal morbidity and mortality. Despite the introduction of RhD immunoglobulin prophylaxis, alloimmunisation remains a leading cause of fetal anaemia. (9) While the majority of pregnancies with mild fetal anaemia are managed with careful monitoring, severe anaemia can be treated with intrauterine transfusion (IUT) of red cells. Transfusions are administered between 18-35 weeks via the umbilical vein. (10,11) Complications include infection, premature rupture of membranes, preterm labour and umbilical cord haematoma. Fetal transfusions here highlight the benefit of exposure to high case numbers in improving outcomes: Zweirs et al. examined outcomes from over 1600 cases of IUT in a single centre; where fetal loss declined from 4.7% to 1.8% over 15 years of experience. (12)  An overall survival rate of 90% is reported in moderate to severe fetal anaemia(s), with low numbers experiencing any long term morbidity. (13) (14)

Twin to Twin Transfusion Syndrome

Twin to twin transfusion syndrome (TTTS) is a fascinating condition. Occurring in 1:40 monozygotic monochorionic twin pregnancies, it is a progressive disorder caused by abnormal perfusion across an unbalanced placental anastomosis. (15,16) If left untreated, severe TTTS carries a mortality rate of 60%-100%. In 2004 the EUROFETUS group published results from a randomised controlled trial comparing conventional serial amnioreduction therapy with endoscopic laser ablation of the aberrant vessels in the placenta. It demonstrated higher rates of perinatal survival in the laser group (57% vs 41%), higher rates of survival at six months, later date of delivery with higher birth weights and reduced neurological morbidity at aftercare follow up. (17) Selective fetal laser ablation (S-FLA) has now become primary therapy for TTTS. The importance of exploring long term outcomes was presented in a 2014 Cochrane review; This showed although there were no differences in overall death rates comparing amnioreduction and laser coagulation, more babies were alive and well at six years follow up without neurological abnormality in the laser-treated group. (18) 
Fetal Shunts

Dilatation of the fetal urinary tract is seen in 1% of all routine antenatal scans. In the majority of mild cases, this has resolved by birth. Severe lower urinary tract obstruction (LUTO) can lead to renal dysplasia, oligohydramnios and pulmonary hypoplasia in the fetus. (19)(20) The most common underlying causes of LUTO are posterior urethral valves (PUV) in the male fetus and urethral atresia in both sexes. (21) Although often occurring in isolation, 10% of cases of urinary tract obstruction are associated with syndromes such as VACTERL sequence (vertebral, anorectal, cardiac, tracheoesophageal fistulae, renal and limb abnormalities). Investigation for associated anomalies is essential as this may preclude any fetal intervention. 
Intrauterine shunting for LUTO is aimed at decompressing the dilated urinary tract to protect renal function. Restoring renal function should improve reduced amniotic fluid production and in turn promote lung development. Michael Harrison described the first intrauterine shunting operation at UCSF in 1981. (3) The procedure involves inserting an ultrasound-guided percutaneous pigtail catheter into the fetal bladder, which then communicates with the maternal amniotic cavity. (21) Case numbers have grown steadily over recent decade(s).  However, postnatal clinical outcomes in shunted cases remained similar to untreated 'control' cohorts. (22) 
The PLUTO (Percutaneous vesico-amniotic shunting for fetal Lower Urinary Tract Obstruction) study was a UK led randomised, multicentre trial comparing 'watchful waiting' conservative management and percutaneous vesico-amniotic shunt placement. (23) Due to many challenges in recruitment (31 maternal-fetal cases recruited out of a required 150) the trial was not completed, although anecdotally there may have been improved survival at one year with vesico-amniotic shunting. (23) Fetal intervention for obstructive uropathy, therefore, currently lacks robust level 1 evidence. 
Figure 1
Fetal pleural effusions can occur in isolation or secondary to pathological lung malformations, associated congenital heart defects and acquired infection. (24) Placement of a pigtail chest drain catheter - a 'thoracoamniotic shunt' under ultrasound guidance as a potential therapy option was explored. Although there is currently no level 1 evidence comparing serial thoracocentesis and pleural shunting, several large case studies have shown markedly improved outcomes when pleural shunting is deployed in the hydropic fetus. (25) (26,27)
Myelomeningocele

Myelomeningocele (MMC) or open spina bifida is the most common severe neural tube defect compatible with life, affecting 1 in 2000 live births. MMC can be detected with >90% sensitivity at the 20-week fetal anomaly scan. Raised levels of acetylcholine and alpha-fetoprotein in amniotic fluid are further diagnostic tools at our disposal. (28)  The condition is characterised by incomplete closure of the caudal spinal canal. The exact cause of MMC is still not fully understood; however, a 'two-hit hypothesis' likely explains the human phenotype. Firstly the extrusion of the meninges through the structural defect, which is then compounded by contact of the exposed spinal cord to the chemical effects of amniotic fluid in utero. (29) . Those infants born with MMC suffer hydrocephalus, debilitating urinary and faecal incontinence, varying degrees of lower-limb paralysis and cerebral cognitive impairment. Treatment strategies previously available were termination of pregnancy or postnatal repair of the defect.  Meuli and colleagues (1995) showed in an MMC lamb model that prenatal closure of the neural tube defect could reduce the exposure of the spinal cord to amniotic fluid while dramatically improving neurological outcome postnatally. (30) Open, fetoscopic and hybrid techniques for in utero repair have consequently developed. Human prenatal repair involved maternal hysterotomy with primary or patch dura repair fetal wound skin closure.
The Management of Myelomeningocele Study (MOMS trial) published in 2011 was the first prospective randomised controlled trial comparing prenatal MMC repair with a conventional postnatal repair. The trial, which ran over some seven years and included 183 women,  showed a significant reduction in ventriculoperitoneal shunting in babies who underwent prenatal repair. Long-term effects on mental development and motor function were also notably more favourable in the prenatal surgery group (p=0.007). Prenatal intervention was, however, associated with a higher incidence of premature delivery and maternal morbidity. (31) (32)
Next exciting steps in evolution of MMC management are focused at developing alternatives to open repair to reduce fetal-maternal morbidity.  The Chirurgia Endoscópica para Correção Antenatal da Meningomielocele (CECAM) trial is in a phase 2 stage utilising a biocellulose patch in place of  'open surgery' closure. (33) The utility of stem cell therapy in MMC is also being investigated by groups in California and Boston, USA, with promising results emerging in animal models. (34)(35)  Progress and outcomes of these ongoing studies are awaited with keen interest. 
Congenital Diaphragmatic Hernia
Congenital diaphragmatic hernia (CDH) is characterised by herniation of abdominal organs through a diaphragmatic defect into the thoracic cavity. In most cases, this is associated with severe lung hypoplasia and pulmonary hypertension. Surgery with viscera reduction and repair of the diaphragmatic defect in newborns has an overall survival rate of 70%. (36)  It was thought for some years that in utero repair of CDH may rescue abnormal lung growth and hence achieve better survival. Although prenatal CDH repair had some early success, in high-risk fetuses there remained however a dismal prognosis. (37) (36)
Fetal tracheal occlusion, initially with tracheal clipping and then with internal balloon occlusion, was pioneered as a new way to rescue abnormal lung development in CDH in the 1990s. Harrison et al. published the first randomised controlled trial of fetal tracheal occlusion vs elective delivery of CDH newborns with standard postnatal care therapy(s). Case enrolment was terminated early by the steering trial committee for failure to show significant improvement(s) in mortality or morbidity among the two experimental group cohorts. Subsequent work with minimally invasive fetoscopy guided technology (FETO) claims improving outcome(s) now with fetal tracheal occlusion. (38) 
Figure 2
The EUROFETUS group led by Jan Deprest at the University of Leuven, Belgium is currently undertaking the RCT TOTAL trial (Tracheal Occlusion to Accelerate Lung Growth) to evaluate outcomes more conclusively. (39) At the time of writing this BJS article results are awaited with much interest in the next year or so (Jan Deprest Personal communication, 2020).
Fetal Medical Therapy

Alongside current developments in fetal surgery, medical interventions show benefit for many fetal diseases. 
Corticosteroids administered to women in preterm labour to accelerate lung maturation and improve survival in premature newborns is a notable landmark success in Obstetrics and Neonatology. A Cochrane review of almost 30 trials convincingly showed that a single corticosteroid course given during preterm labour significantly reduced the overall health burden of neonatal pulmonary disease. (40) A possible antenatal medical therapy for the pulmonary hypertension in congenital diaphragmatic hernia is phosophodiesterase inhibitor sildenafil. Early animal studies have shown improved lung parenchymal development. (41)  
Stem cell and gene therapy(s) offer hope for a wide range of human pathology, from haemoglobinopathies and osteogenesis imperfecta to regenerative fetal medicine technologies with tissue engineering. (42) The majority of these therapies are at an early experimental phase; however, they are undoubtedly a new frontier in fetal medicine.  
Future Directions 

With the ongoing development and innovation of new technologies, fetal surgery will no doubt continue to grow. (43,44) As the available techniques and interventions improve, the need for well designed randomised controlled trials are essential. Establishing and running robust clinical trials will present further challenges to researchers including recruitment, ethical approval and large scale funding. Alongside RCT validation, long term followup is crucial to establish a true evidence-based evaluation of the fetal therapy. Centralisation of fetal services will permit a higher caseload volume with better specialisation and experience for medical professionals, which in turn will improve the care provided. (45) 
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