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Abstract

Spina bifida is a congenital neurological condition with lifelong physical and
mental effects. Open fetal repair of the spinal lesion has been shown to improve
hindbrain herniation, ventriculoperitoneal shunting rates, independent mobility
and bladder outcomes for the child and, despite an increased risk of prematurity,

does not seem to increase the risk of neurodevelopmental impairment.

We proposed to set up a fetal surgery centre in London, as a joint venture
between UCLH and GOSH in collaboration with UZ Leuven, Belgium.
Implementation of this treatment option for patients from the UK and Republic of

Ireland has been the subject of my two year project.

| performed an initial review of existing global centres to establish what was
already available, which techniques were being used and to confirm that a centre
was required in the UK. | also conducted a systematic review into maternal
outcomes of this and other fetal surgery, as this appeared to be a neglected area.
This demonstrated the maternal morbidity associated with fetal surgery; the risk
of severe complications was found to be approximately 4.5% for open fetal and

1.7% for fetoscopic surgery.

| have, with the help of many other people, set up this new clinical service and
have developed local pathways and protocols to facilitate this. | have performed

a cost-analysis study to evaluate the cost implications of this surgery; this showed



Introduction

that surgery itself is roughly equal to, if not slightly cheaper than, than the
standard postnatal surgery at the point of operation. Prematurity (if it occurs) will
bring the cost up, but the expected reduced healthcare utilisation of these

children over their lifetime should bring the cost down.

Acceptability is an important consideration when introducing a new and
potentially controversial technique. | surveyed healthcare workers throughout the
UK and found there was general support for the concept of fetal surgery, but
concern about long-term outcomes, which we have been mindful of in our

planning.

We began seeing patients in January 2018 and to date we have evaluated 27
patients at UCLH and operated on 13 of them, either in London or Leuven. Eight
of these patients have delivered and initial outcomes have been good, with no
major maternal or fetal/neonatal morbidity. We will be following outcomes very
closely to monitor for long-term data and complications. | have assessed patient
experience and acceptability with all women we have seen, and this has been

extremely positive.

Now this service is established, future work should include monitoring long-term
patient outcomes, developing techniques for earlier detection of spina bifida
(which we have attempted to do in our department, and is described in chapter

5.1) and evaluating emerging evidence regarding less-invasive methods of

surgery.
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established and would increase the chances of detecting rare complications.
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Introduction

Chapter 1Introduction

1.1 The History of Fetal Surgery

1.1.1 General

Fetal surgery, meaning to operate on the fetus, cord, placenta or membranes, is
not a new concept. Observations of the fetus have been noted from the sixteenth
century; the development of anaesthesia in the 19" century allowed the fetus to
be manipulated for the first time, and in the early 20" century the first operations
on animal fetuses were described. In 1920 a limb amputation of a fetal guinea pig
was reported’ and in the 1930s and 1940s surgery on lamb fetuses through a
small uterine incision under spinal anaesthesia was developed?. In 1946, the
removal of fetal rabbit testes was shown to have a profound effect on sexual
development® and in the 1950s the first animal fetal model of human disease was
made in fetal puppies by interruption of the mesenteric blood supply to produce

intestinal atresia®.

The first documented fetal intervention in humans was in 1961, when an in-utero
blood transfusion was given to a human fetus suffering from severe hydrops
fetalis secondary to maternal rhesus isoimmunisation®. The blood was injected
blindly into the fetal abdomen and this resulted in an improvement in the hydrops.
This case led to the consideration of whether a full exchange transfusion would

be possible, and cases of exchange transfusion by uterine incision and

14
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cannulation of jugular and femoral vessels were described®. However, the
outcomes from these procedures were considered disappointing and were not

revisited until many years later.

Throughout the 1960s and 1970s, further work to expand fetal therapies
continued both in animals and humans. However, it was the advances in imaging
technology that also occurred during this period which allowed the progression of
fetal surgery and the development of fetal medicine as a new specialty. From the
discovery of the piezo-electric effect by Pierre and Jacques Curie in 1880,
ultrasound was developed rapidly and was first used medically in 19207
Ultrasound was initially used therapeutically due to the heat intensity generated,
but in the 1940s it's use as a diagnostic tool was developed. In 1950 the first
commercially available “Ultrasonic Locator” was marketed and throughout the
1950s the work of Professor lan Donald, Regius Chair of Midwifery at the
University of Glasgow, established the use of ultrasound in obstetrics and
gynaecology®. From the 1960s to the current day, improvements in technology
and image quality have continued apace, often fuelled by developments in

telecommunications, radar and consumer electronics.

By 1982, the diagnostic and therapeutic possibilities in fetal medicine had
progressed extensively®, and an international symposium of experts was held in
California. This group would later become the International Fetal Medicine and
Surgery Society (IFMSS) and the meeting became an annual event. Following

this symposium a consensus framework for fetal interventions was published®

15
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and a registry for fetal interventions was established''. The framework consisted

of five criteria for fetal surgery, which remain applicable today:

1. Accurate diagnosis and staging is possible, with exclusion of

associated anomalies.

2. The natural history of the disease is documented, and

prognosis is established.

3. There is currently no effective postnatal therapy.

4. In utero surgery has proven feasible in animal models,

reversing deleterious effects of the condition.

5. Interventions are performed in specialised multidisciplinary
fetal treatment centres within strict protocols and approval of the
local Ethics Committee with informed consent of the mother or

parents.

The final major advancement in the 20" century accelerating the progression of
fetal surgery is that of minimal access surgical equipment. Although fetoscopy
had been developed in the 1970s for diagnostic purposes, the improvement in
ultrasound technology rendered this unnecessary. In the 1990s the development
of small fibre-optic endoscopes along with miniature instruments and cameras
allowed a resurgence in fetoscopy for therapeutic indications'?. The Eurofoetus
project’3, funded by the European Commission, was established in 1998. This
propelled the development of purpose-designed fetoscopic instruments and

established a fetoscopy registry and clinical studies. The main theoretical

16
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advantages of fetoscopic surgery compared to open fetal surgery are that of
reduced invasiveness and the potential for vaginal delivery, and therefore interest

in fetoscopy remains high for many conditions.

There are many conditions which may potentially benefit from fetal intervention,
in order to either save the life of the fetus or reduce long-term morbidity, and for

several conditions fetal surgery is feasible. Some examples are discussed below.

1.1.2 Lower Urinary Tract Obstruction

Lower urinary tract obstruction (LUTO) in the fetus can be caused by posterior
urethral valves, stenosis of the urethral meatus, urethral atresia, ectopic insertion
of a ureter and vesical tumours. In severe cases, obstruction leads to
oligohydramnios, pulmonary hypoplasia and renal failure. The first case of open
fetal surgery' was performed in such a case at the University of California, San
Francisco in 1981 at 18 weeks’ gestation by performing a hysterotomy and
vesicostomy. The fetus never produced urine, but the procedure demonstrated
feasibility and safety for the mother. Following this, vesicoamniotic shunting and,
more recently, cystoscopic treatment were developed. In utero therapy (mainly
vesicoamniotic shunting), has been shown to improve perinatal outcomes
compared with no treatment in a systematic review'® of cohort studies, although
the Percutaneous Vesicoamniotic Shunting Versus Conservative Management
for Lower Urinary Tract Obstruction (PLUTO) randomised trial'® was stopped
early due to poor recruitment, leading to uncertainty regarding the beneficial

effect of treatment. The trial reported 15 cases of intervention amongst 31

17
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participants and analysis based upon treatment received (rather than intention-
to-treat) demonstrated increased perinatal survival with vesicoamniotic shunting.
A systematic review of fetal cystoscopy'” demonstrated that fetal cystoscopy
altered the prenatal diagnosis in 25-36% of cases, which is important as the
underlying cause of LUTO affects the prognosis. It showed improved perinatal
survival compared with no intervention but no significant improvement when

compared with vesicoamniotic shunting.

1.1.3 Congenital Diaphragmatic Hernia

Congenital diaphragmatic hernia (CDH) is a defect of the muscular diaphragm
which allows abdominal contents to enter the chest cavity, impeding pulmonary
development. Open fetal repair of the defect was first attempted in the 1980s'®;
however, trial results were mixed and concern about the risks of neurological
morbidity and mortality meant that the surgery was not widely accepted. In the
1990s, there was renewed interested in treating this condition prenatally, this time
via an endoscopic route. Based on the concept of tracheal occlusion preventing
drainage of pulmonary fluid and encouraging lung growth'®, a variety of methods
of occlusion were developed. The Fetoscopic Endoluminal Tracheal Occlusion
(FETO) Task Force developed a technique of percutaneous access and balloon
inflation?°. A randomised trial of fetal tracheal occlusion in 2003?" did not show
any benefit over standard postnatal care, but a cohort study of 210 cases from
the FETO Task Force in 200822 showed a survival benefit in severe cases. A
randomised trial?®> comparing FETO to expectant management in moderate and

severe cases is currently underway.

18
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1.1.4 Sacrococcygeal Teratoma

Sacrococcygeal teratomas (SCT) are germ cell tumours arising at the base of the
spine. Predominantly benign, they can grow exceptionally large and in severe
cases lead to fetal anaemia and high-output cardiac failure. Prenatal open
surgical resection has been described in a small number of severe cases?* and

seems to improve survival, although complication rates are high.

1.1.5 Congenital Cystic Adenomatoid Malformation of the Lung

Congenital cystic adenomatoid malformations (CCAM) are cystic lesions
affecting the lung; severe cases can compress the fetal heart or airway and lead
to hydrops fetalis. Open fetal resection or cyst puncturing has been reported to
increase survival in cohort studies of both microcystic’?® and macrocystic?®

disease.

1.1.6 Hypoplastic Left Heart Syndrome

Fetal surgery for cardiac indications has been limited by a lack of good animal
models of the human fetal circulation, and improvements in postnatal cardiac
surgery have made these conditions less appealing for fetal correction. However,

despite advances in cardiac care, hypoplastic left heart syndrome (HLHS) still
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has a mortality rate of 25-35%32’ and there is morbidity and long-term effects
associated with a Fontan circulation. Balloon valvuloplasty in fetuses with aortic
stenosis was first described in 198928 and by 2010 it was estimated that just under
200 cases had been performed globally, leading to the International Society for
Prenatal Diagnosis (ISPD) Special Interest Group Report on Fetal Cardiac
Interventions?®. In 2014, a scientific statement from the American Heart
Association®® suggested that fetal cardiac intervention can be considered in the

following cases:

e Aortic stenosis with evolving HLHS

e HLHS with restrictive or intact atrial septum

e Dilated left ventricle with severe mitral regurgitation, aortic stenosis,

restrictive or intact atrial septum

e Pulmonary atresia with an intact ventricular septum.

A recent report of 123 cases of fetal aortic valvuloplasty from Boston Children’s

Hospital®' showed an improvement in outcomes over time.

1.1.7 Twin to Twin Transfusion Syndrome

Twin to twin transfusion syndrome (TTTS) is a complication of monochorionic
twins involving an unequal blood supply through a shared placenta. Severe forms

can lead to fetal hydrops and death. Laser coagulation of placental anastomoses

20



Introduction

was suggested in 198332 and first performed via a hysterotomy in 19903%3. A
percutaneous method under local anaesthetic was developed in 1995 and in
2004 a randomised trial®® of fetoscopic laser coagulation of the placenta versus
amniodrainage, funded by the Eurofoetus project, showed increased survival and
decreased prematurity. Since then, fetoscopic laser coagulation has become a
relatively common invasive prenatal treatment and is widely performed around

the world.

As well as the above-mentioned conditions, fetal surgery has been attempted in
a number of other situations such as bronchopulmonary sequestration of the
lung, congenital high airway obstruction syndrome, cervical and mediastinal
teratomas and complete heart block; however, case numbers are small. The
condition with the largest case numbers and strongest evidence of benefit in all
fetal surgery is spina bifida, which is now the most commonly performed surgery

on the fetus (as opposed to the placenta, as in TTTS) worldwide.
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1.2 The Background of Open Fetal Surgery for Spina Bifida

1.2.1 Spina Bifida

Spina bifida - clinical

Spina bifida is a congenital neurological condition caused by incomplete closure
of the neural tube by 28 days gestation, leading to a defect in the bony spine. The
worldwide incidence of spina bifida is approximately 4.63 per 10 000 births3¢ and

in the UK it is estimated that 700 to 900 pregnancies a year are affected®’.

Spina bifida occulta (closed spina bifida) involves an intact layer of skin covering
the spinal cord; this is generally a milder form of the disease and will not be
considered further in this chapter. Spina bifida aperta (open spina bifida, Figure
1.1) involves either a bulging of the meninges through the skin (meningocele), or
a bulge of the meninges with the spinal cord and nerve tissue included
(myelomeningocele, MMC) or a direct opening of the skin exposing the
underlying neural tissue (myeloschisis); these will be collectively referred to as

“spina bifida” throughout.
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/
| © UZ Leuven

Figure 1.1: Types of spina bifida: (A) normal situation, (B) spina bifida occulta,

(C) spina bifida aperta (myelomeningocele)

Reproduced with permission of UZ Leuven, Belgium

Clinically, spina bifida leads to difficulties with mobility and ambulation which is
largely dependent on lesion level; wheelchair use has been reported as 90%,
45% and 17% for patients with a thoracic level, lumbar and sacral level lesion
respectively®®. Sensory deficits and orthopaedic abnormalities such as talipes
(clubfoot), kyphosis and scoliosis can also occur. Most patients with spina bifida
experience difficulties with bladder and bowel emptying and control, which are
commonly managed with a combination of toileting regimens, clean intermittent
self-catheterisation and medication such as laxatives, enemas and

anticholinergics®® 40.

Sexual dysfunction may occur for a variety of reasons, including erectile

dysfunction for men, reduced genital sensation and psychological issues?*',
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although parenthood is possible. Brain changes usually develop in spina bifida
as a result of leakage of cerebrospinal fluid through the spinal lesion, causing
hindbrain herniation (the Arnold-Chiari or Chiari Il malformation) to develop.
Enlargement of the cerebral ventricles often occurs and, if severe, hydrocephalus
can be managed with a ventriculoperitoneal shunt or, in selected older children,
endoscopic third ventriculostomy*2. Shunt complications, including failure and
infection, may occur®3. Intelligence quotient (IQ) falls into the normal range for
many adults with MMC, although the need for shunts and shunt complications is
associated with a reduced 1Q**. Although not technically a lethal condition, spina
bifida is associated with a reduced life expectancy and early mortality can occur,
particularly in those with higher lesions*. Having a child with spina bifida is
associated with higher levels of parental*® and sibling*’ stress. When questioned,
children and adolescents with spina bifida have lower self-worth scores than their
peers*® but express positivity towards their condition and hopefulness regarding

their future?.

Spina bifida - prevention

Spina bifida is a multi-factorial disease for which multiple underlying
environmental®®, metabolic®' and genetic®? aetiologies have been proposed. An
increased rate of spina bifida has been observed in women taking
anticonvulsants® and women who have diabetes® and/or are obese®®. The role
of folic acid has been the most widely investigated, and in 1991 the Medical
Research Council Vitamin Study®® demonstrated that pre- and post-conception
folic acid reduced the rate of spina bifida by approximately 70% in high-risk
women. The World Health Organisation recommends supplementation with

400ug of folic acid daily from two months prior to conception®”. However, it has

24



Introduction

been shown in the UK that only 31% of women take pre-conceptual folic acid,
and this figure is lower amongst younger and non-Caucasian women®8. A study
in 2017%° reported that 59 countries had implemented mandatory folic acid
fortification of wheat and/or maize flour, which had prevented approximately
50,270 cases of spina bifida and anencephaly. The UK currently does not have
mandatory folic acid fortification of any food sources; it has been suggested that
doing so in the ten years following publication of the MRC evidence would have
prevented over 2000 cases of neural tube defects®®. The UK Department of
Health and Social Care launched a public consultation to consider the evidence,

practicality and safety of mandatory folic acid food supplementation in 2019%.

Spina bifida - diagnosis

Antenatal diagnosis of spina bifida initially developed in the 1970s due to the
finding of raised alpha-fetoprotein (AFP) levels in the amniotic fluid of affected
pregnancies®’ 2. Shortly after, these levels were found to also be raised in the
maternal serum of affected pregnancies, although the overlap with non-affected
pregnancies was higher® ¢, Screening by maternal serum AFP then required an
amniocentesis to confirm raised levels. A collaborative study of 301 pregnancies
with neural tube defects in 1977 showed that maternal AFP screening detected

79% of spina bifida cases®®.

Over a similar time period, ultrasound technology and knowledge was improving.
In 1973 the first ultrasound detection of spina bifida was published, with a
description of the spinal lesion as a double-ring structure®. Ultrasound findings
of an open neural arch®” and small biparietal diameter® were also described. A
review of over 2500 pregnancies scanned from 1977-1982%° reported an

ultrasound detection rate for open spina bifida of 33% in a general population and

25



Introduction

80% in a high-risk population. In 1986 a landmark paper was published’®
describing the “lemon sign” of frontal bone scalloping and “banana sign” of
anterior cerebellar curvature with obliterated cisterna magna (Figure 1.2), along
with other common findings of absent cerebellum and ventriculomegaly. These
signs were shown prospectively to detect over 95% of open spina bifida cases’"
and these findings were replicated in subsequent publications. In 1990 it was
suggested that ultrasound screening was more sensitive than screening by AFP,
and did not infer any risks to the pregnancy’. In the UK and many countries,
screening for spina bifida is now entirely performed by ultrasound with no

programme of AFP screening.

The detection rate for spina bifida in populations routinely offering second
trimester ultrasound has been estimated at 68-100%"2 7* 72, In the UK, the Fetal
Anomaly Screening Programme advises a minimum standard of 90% for

detection of spina bifida’®.
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Figure 1.2: Antenatal diagnosis of spina bifida: spinal lesion seen in (A) sagittal
plane, (B) transverse plane and (C) 3D reconstruction; (D) transverse section of
fetal brain demonstrating “lemon” shaped skull, “banana” shaped cerebellum and

hindbrain herniation

Reproduced with permission of UCLH, London
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Spina bifida - treatment

Termination of pregnancy following an antenatal diagnosis of spina bifida is legal
in many countries including England, Wales and Scotland without gestational age
limit. A study in Belgium and Holland showed that 76% of patients chose this

option’®; from 1991 to 2012 in the UK this figure was 81%?5°.

For ongoing pregnancies, the standard treatment option is postnatal surgery to
close the defect, protect the spinal cord and prevent ascending infection, and is
typically performed in the first 48 hours of life’”. The standard multi-layer repair
comprises a circumferential skin incision and dissection of the residual zona
epithelioserosa in order to untether the neural placode, followed by multi-layer
closure of the dural sac, lumbodorsal fascial flaps and skin. This is shown in
Figure 1.3. Delivery of women planning postnatal spina bifida repair is usually by
caesarean section, although it is unclear whether this confers a benefit over

vaginal delivery’®.

%,
J

Figure 1.3: Technique of multi-layer repair of spina bifida

Reproduced with permission of UZ Leuven, Belgium
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1.2.2 Rationale for Fetal Repair

The vast majority of open spina bifida are diagnosed using antenatal
ultrasonography; repeating ultrasound scans during pregnancy often suggests a
deterioration of neurological function. Hindbrain herniation and ventriculomegaly
are often seen to progress throughout gestation. Lower extremity movement can
be seen early in gestation and then reduce or stop”®. Talipes also appears to
develop and worsen throughout pregnancy. Early animal models of spina bifida
also showed worsening of the condition throughout gestation in sheep® and
rats®’ and experimental work in other areas of nervous system development
suggest that plasticity is greatest in the young brain and nervous system?2.

These observations led to the development of a “two-hit” hypothesis, in which the
final neurological deficit results from a combination of the primary failure of neural
tube formation and further injury from trauma and amniotic fluid toxicity
throughout pregnancy. The corollary of this theory is therefore that earlier repair,

whilst still in-utero, should result in an improved outcome for the patient.

1.2.3 Animal Experiments

Models of open spina bifida have been created by mechanical disruption in a
number of animal groups. Some of the earliest of these were primates; in 1985 a
study® performed fetal laminectomy from L3 to L5 in monkeys; this was then
either repaired immediately or left unrepaired. At birth, the unrepaired group had
MMC-type lesions whereas the repaired group were neurologically intact. In
1993, similar findings were reported in rat and pig models® and in 1995 a fetal

lamb model was created that was suggested® to be the most similar to human
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disease. In this study®, lambs undergoing fetal repair using a latissimus dorsi
flap had near-normal neurological function whereas control animals had MMC-
like lesions and deficits. This lamb model was later shown to lead to hindbrain
herniation when unrepaired and that hindbrain herniation was reversible with mid-

gestation repair of the defect®788,

1.2.4 Early Clinical Experience

The first attempt at fetal repair of MMC in humans was in 1994 using a fetoscopic
approach®; the first four cases had a fetal mortality rate of 50% and the
procedure was temporarily abandoned. The first open repair of MMC repair was
in 1998%. At 23 weeks’ gestation, a fetus with a thoracic MMC, hindbrain
herniation and normal lower extremity movements underwent in-utero repair.
Delivery occurred at 30 weeks’ gestation by caesarean section due to preterm
labour. The infant was assessed to have a functional level of L4-5, which is much
lower than would be expected by the level of the spinal defect, and did not have
hindbrain herniation or hydrocephalus. These results were extremely
encouraging, and in 1999 a series of ten patients undergoing fetal surgery at the
Children’s Hospital of Philadelphia (CHOP) was published®'. This showed
improvement in hindbrain herniation and it was estimated that fetal surgery
reduced the need for a ventriculoperitoneal shunt by over 30% compared with
historical controls. Also in 1999, a series of 26 patients undergoing fetal surgery
at Vanderbilt University Medical Centre (VUMC) was published®2. This reported
a reduction in the incidence of moderate to severe hindbrain herniation from 50%

in historical controls to 4% in those undergoing fetal repair, and a reduction in
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shunt-dependent hydrocephalus from 92% in controls to 58% in the fetal surgery
group. In 2003, as series of 11 patients undergoing fetal surgery at University of
California, San Francisco was also published with similar results®3. By this time,
over 200 fetuses had undergone in-utero repair of open spina bifida with
generally encouraging results; however, all reports were observational studies
with comparison to non-randomised controls, leading to significant concern

regarding selection, treatment and reporting bias.

Operating on the fetus whilst still in-utero is, understandably, not without risks.
For the mother there are the risks of a laparotomy (bleeding, wound infection or
breakdown, uterine infection, damage to adjacent organs such as the bowel or
bladder, damage to the uterus requiring hysterectomy, pulmonary oedema,
allergic reactions to medications and death) without any direct benefit to her own
health. In the observational studies until 2003 there were no reported maternal
deaths or serious maternal morbidity. As fetal repair of MMC requires a
hysterotomy prior to development of the lower uterine segment, a caesarean
delivery is required in the index and subsequent pregnancies to avoid uterine
scar dehiscence or rupture which, in turn, may affect the health of the mother at

a later stage.

For the fetus the most serious risk is that of death. In the reported cases until
2003, at CHOP one neonatal death occurred and at University of California, San
Francisco (UCSF) there were two fetal deaths and one death from complications

of prematurity.
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Other fetal risks include asphyxia from cord compression during surgery, damage
to the fetal spinal cord or adjacent structures and infection. Intrauterine infection
requiring preterm delivery was reported twice in the Vanderbilt series®.
Oligohydramnios occurred at least transiently in about one third of the patients in
the Vanderbilt series, although only one significant neonatal problem occurred as
a result. Prematurity, and its subsequent health risks (intraventricular
haemorrhage, respiratory distress syndrome, necrotising enterocolitis and death)
are increased by fetal surgery. In August 2001, the average gestational age at

delivery was 33.2 weeks at CHOP, 33.2 at Vanderbilt and 31 at UCSF.

1.2.5 The Management of Myelomeningocele (MOMs) Trial

Following the clinical experience of MMC repair as described above, the US
National Institutes of Health (NIH) sponsored a multi-centre, prospective,
randomised clinical trial comparing outcomes after in-utero and postnatal surgery

in 2003°%.

Three US centres already performing fetal MMC repair - the Children’s Hospital
of Philadelphia (CHOP), Vanderbilt University Medical Centre (VUMC), and the
University of California, San Francisco (UCSF) - participated in the trial.
Importantly, all other fetal medicine centres in the US agreed not to perform the
surgery whilst the trial was ongoing. A standardised method of repair was agreed
across the three centres; this included a maternal laparotomy, a stapled
hysterotomy, dissection of the neural placode from surrounding tissues, primary

closure of the dura and primary closure of the fetal skin (see Figure 1.3).
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Inclusion criteria were a singleton pregnancy, myelomeningocele (including
myeloschisis) between T1 and S1, evidence of hindbrain herniation, a gestational
age of 19 weeks 0 days to 25 weeks 6 days gestation, a normal karyotype, US
residency, and maternal age of at least 18 years. Major exclusion criteria were a
fetal anomaly unrelated to spina bifida, severe kyphosis, increased risk of preterm
birth (including short cervix and previous preterm birth), a body mass index (the
weight in kilograms divided by the square of the height in meters) of 35 or more,
and increased risk of uterine rupture (including previous hysterotomy in the active
uterine segment). Children were reviewed at 12 and 30 months of age. A sample
size of 100 women in each arm (control and fetal surgery) was planned; however,
the trial was terminated prematurely following an interim analysis on the basis of

efficacy of prenatal surgery, and initially reported the first 158 women only.

The main outcomes are shown in Table 1.1, alongside previous case series.. The
primary outcome, a composite measure of fetal or neonatal death or the need for
a cerebrospinal fluid shunt by the age of 12 months, occurred in 68% of infants
in the prenatal surgery group and in 98% in the postnatal surgery group. Rates
of actual shunt placement were 40% in the prenatal surgery group and 82% in
the postnatal surgery group. Hindbrain herniation at 12 months of age was 25%
in the prenatal group and 67% in the postnatal group. The ability to walk
independently was 42% in the prenatal group and 21% in the postnatal group.
On average, infants in the prenatal surgery group were more likely to have a level
of function that was two or more levels better than expected according to the
anatomical level (32% vs. 12%) and less likely to have a level of function that was

two or more levels worse than the expected level (13% vs. 28%).
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Table 1.1: Summary of main risks and benefits of prenatal surgery from the MOMS

trial and prior cohort studies.

Centre CHOP | Vanderbilt UCSF MOMS trial 2011
1999 1999 2003
Patients Prenatal Prenatal Prenatal | Prenatal | Postnatal | P value
surgery surgery surgery | surgery surgery
10 26 11 80 78
n (%) n (%) n (%) n (%) n (%)

Fetal benefits

Shunt criteria met | 1 (10) | 15 (58) 3(27) | 51(65) |74 (92) <0.001

Hindbrain herniation | NS NS NS 45 (64) 66 (96) <0.001
at 12 months

Independent NS NS NS 26 (42) 14 (21) 0.01
walking at 30

months

Maternal risks

Pulmonary oedema | 0 (0) NS 0(0) 5(6) 0(0) 0.03
Placental abruption | 0 (0) NS 0(0) 5(6) 0(0) 0.03
Blood transfusion at | NS NS NS 7(9) 1(1) 0.03
delivery
Status of NS
hysterotomy at
delivery:
- Intact, well NS NS 49 (64)
healed
- Very thin NS NS 19 (25)
- Areaof NS 1(3.8) 7(9)
dehiscence
- Complete 0(0) NS 1(1)
dehiscence
Spontaneous NS NS 8 (73) 36 (46) 6 (8) <0.001
membrane rupture
Chorionic NS NS NS 20 (26) 0(0) <0.001
membrane
separation
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Fetal/neonatal risks

Bradycardia during | NS NS NS 8 (10) 0 0.003
repair
Perinatal death 1(10) 0(0) 3(27) 2(3) 2(2) 1.00
Average gestational | 33.2 33.2 31 34.14/- 37.3+/-1.1 | <0.001
age at birth 3.1
Gestational age at
birth:
- <30 weeks |4 (40) 4 (15) 7 (64) 10 (13) 0(0)
- 30-34 0(0) 4 (36) 26 (33) 4 (5)
weeks
- 35-36 5 (50) 0(0) 26 (33) 8 (10)
weeks
- 237weeks | 1(10) 0(0) 16 (21) 68 (85)
Average birth weight | 2138 NS NS 2383+/- 3039+/- <0.001
() 688 469
Respiratory distress | NS NS NS 16 (21) 5(6) 0.008
syndrome

CHOP: Children’s Hospital of Philadelphia; UCSF: University of California, San Francisco; NS:

not stated

There were no maternal deaths in the study. Maternal complications included

pulmonary oedema (6% prenatal surgery vs 0% postnatal surgery) and the need

for blood transfusion at delivery (9% vs 1%). The hysterotomy scar was examined

at delivery and found to be well-healed in 64% of women, very thin in 25%,

partially dehisced in 9% and completely dehisced in 1%.

Pregnancy complications included chorioamniotic membrane separation (26%

prenatal surgery vs 0% postnatal surgery), spontaneous rupture of membranes

35



Introduction

(46% prenatal surgery vs 8% postnatal surgery) and placental abruption (6%

prenatal surgery vs 0% postnatal surgery).

In the prenatal surgery group, two patients died - one stillbirth at 26 weeks’
gestation, and one neonatal death due to prematurity at 23 weeks’ gestation. In
the postnatal surgery group, there were also two deaths; both babies had severe

symptoms of hindbrain herniation and had both had received shunts.

Prematurity was confirmed as a complication of fetal surgery; the average
gestational age at birth was 34.1 weeks’ gestation in the prenatal surgery group
and 37.3 weeks’ gestation in the postnatal surgery group, and 13% of the prenatal
surgery group delivered at less than 30 weeks’ gestation. Correspondingly, the
mean birthweight was lower in the prenatal group (2383g vs 3039g in the
postnatal group) and the incidence of respiratory distress syndrome was higher

in the prenatal group compared to the postnatal group (21% vs 6%).

The authors concluded: “In our study, prenatal surgery for myelomeningocele
reduced the need for shunting and improved motor outcomes at 30 months, but

the early intervention was associated with both maternal and fetal morbidity.”

Reports of the MOMS full patient cohort (183 women)® % confirmed the findings
of the initial study and showed that ventriculoperitoneal shunt placement was
associated with pre-surgery ventricular size. In patients with a ventricle size
<10mm at assessment, 20% required shunting after prenatal surgery (vs 79%

undergoing postnatal surgery) whereas when the ventricle size was >15mm at
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assessment, 79% of patients required shunting after prenatal surgery (vs 87%
after postnatal surgery). The benefit of fetal surgery regarding
ventriculoperitoneal shunt rate is therefore best seen in patients who do not

already have severe ventriculomegaly at assessment.

1.2.6 Clinical Experience Following the MOMs Trial

Following publication of the MOMSs trial in 2011, further non-randomised studies
of open fetal closure of spina bifida have been published, generally showing

similar short-term outcomes. These are discussed further below.

A non-randomised study in Poland published in 2014% reported on 46 cases of
spina bifida operated prenatally and 47 cases operated postnatally. As in the
MOMS trial, they reported a decrease in ventriculoperitoneal shunt placement in
prenatally operated infants (27.8% vs. 80%) and a higher incidence of preterm

prelabour rupture of membranes (52.2% vs 20%) in this group.

The CHOP team reported on 100 cases of open prenatal closure of spina bifida
that were performed after the MOMS study®®, following the same inclusion and
exclusion criteria as the trial. In these 100 cases, no evidence of hindbrain
herniation was seen in 71.1% of infants and two infants required
ventriculoperitoneal shunts. The functional spinal level was improved compared
to prenatal sonographic lesion level in 55% of neonates. The average gestational

age at delivery of 34.3 weeks, with 54.2% of infants delivering at or after 35
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weeks’ gestation. Other complications included membrane separation (22.9%),
preterm premature rupture of membranes (32.3%) and preterm labour (37.5%).
These results were comparable to the MOMs trial and showed the same

outcomes and risks could be expected in a non-trial setting.

A conference abstract from Professor Meuli’s group in Switzerland in 2016%°
described neurological outcomes in their first 29 patients. They showed a 93%
rate of hindbrain reversal, a shunt placement of 38% and at 24 months the

average cognitive developmental age was 21 months.

The largest case series of fetal MMC repair was published by the team in Sao
Paolo, Brazil in 20180, It presented the immediate outcomes for 237 women
undergoing surgery (until delivery only) and found an average gestational age at
delivery of 33.6 weeks’ gestation and a preterm prelabour rupture of membranes
(PPROM) rate of 26%. For the mother, the risk of pulmonary oedema was 2.5%

and the risk of placental abruption was 0.8%.

With particular regard to the risks of chorioamniotic membrane separation,
preterm premature rupture of membranes and preterm birth, a review of cases
from the CHOP group in 2016'" showed that all of these risks were increased
with earlier gestational age at the time of fetal surgery. Therefore, although the
MOMs trial allowed entry from 19 weeks’ gestation, they recommended that fetal
surgery should not be performed at less than 23 weeks’ gestation. This
recommendation has been widely accepted into clinical practice, with the original

MOMSs upper limit of 26 weeks’ gestation remaining.
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A study published in 2016'°? looking at the impact of prenatal closure of spina
bifida on family and parental stress was favourable for prenatal closure. In this
study, 171 families completed the Impact on Family scale and Parent’s Stress
Index at 12 and 30 months. They found that the overall negative family impact of
caring for a child with spina bifida up to 30 months of age was lower in the prenatal
surgery group compared to the prenatal surgery group. Factors independently
associated with both scores were family resources at 12 months and the ability

of the child to walk independently at 30 months.

1.2.7 Longer Follow Up of Fetal Surgery Cases

The MOMs trial®* followed up infants until 30 months of age, but clearly longer-
term data is needed to ensure the benefit of surgery is maintained in later

childhood and adulthood, and to monitor for late complications.

Five-year follow up studies of 30 fetal surgery cases performed prior to the MOMS
trial have reported a shunt rate of 47-55%. Average or high-average 1Q scores
were found in 90% of patients; this was significantly lower in those who had
required a ventriculoperitoneal shunt compared to those who hadn't',
Functional and self-care scores were lower than for age-matched population
norms'% but behavioural problems were no higher in fetal surgery patients

compared to healthy controls'%.
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A ten-year follow up of 42 fetal surgery cases'®® performed prior to the MOMs
trial reported that 79% of patients were “community ambulators”, 9% were
“household ambulators” and 14% were wheelchair dependent, with preschool
ambulation being predictive of long-term ambulation. “Normal bladder function”
(continence at all times) was reported in 26% of patients and normal bowel
function in 31%; 74% of patients performed clean intermittent catheterisation. The
overall rate of ventriculoperitoneal shunt placement was 43%, of which 61% had
required at least one revision. No shunts had been inserted after 12 months of
age. The majority of children scored within the average range for executive
functioning, but when scoring below average fetal surgery patients were more
likely than population norms to be impaired rather than borderline. Symptomatic
spinal cord tethering with or without intradural inclusion cyst was associated with

functional loss.

The complication of inclusion cysts has previously been described in a study from
2008'%7_ In this review of 54 fetal surgery cases operated before the MOMs trial,
30% of patients presented with symptomatic tethered cord syndrome at a median
age of 27 months (range 4-93 months). Sixty-three percent of these (10 patients)
developed tethered cord syndrome in association with an intradural inclusion
cyst. After cyst removal, 6 children were asymptomatic at a median follow-up of
36 months (range 12-63 months); however, 4 children lost normal bladder
function, and one lost normal leg function. The potential complication of intradural
inclusion cysts is an important one as it can lead to the later loss of previously

established function.
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For obvious developmental and social reasons, urological outcomes take longer
to assess than motor ones. In a five-year follow up of 58 fetal surgery cases

performed prior to the MOMs study'°8, 18.5% successfully toilet trained.

For the mother, follow up at 3-14 years'% after open fetal surgery for spina bifida
and other conditions showed that 57% of women had experienced a further
pregnancy, with a uterine dehiscence rate of 14% and a uterine rupture rate of

14% in future pregnancies.

The MOMS 2 long-term follow up study of the original MOMS cohort is expected

to report shortly.
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1.4 Work Planned and Work Contributions

| joined UCLH as a clinical research fellow in April 2017 in order to implement
open fetal surgery for spina bifida at our institution. From my reading in order to
gain an overview of the topic as described in chapters 1.1 and 1.2, | was struck
that fetal outcomes appeared much more widely reported in the literature than
maternal ones. | therefore planned a systematic review to evaluate this further.
In planning development of this service | became aware that a small number of
women from the UK had already had this surgery performed by travelling to
European centres. | therefore also planned to evaluate the availability of fetal
surgery for spina bifida internationally before proceeding. The aims of my thesis

were therefore:

e To evaluate the global availability of fetal surgery

e To perform a systematic review of maternal complications of fetal surgery

e To setup fetal surgery as a clinical service in a logical and evidence-based
manner, in line with best principles of service implementation

e To assess the cost of this surgery and compare this to the current standard

e To assess healthcare worker and patient acceptability

e To follow the patient cohort, once the service was established, and monitor

for outcomes and complications

Throughout this thesis | use the term “we” to describe work done as the clinical
set up of this service has resulted from the work of a large team. However, this
thesis was composed by myself, and the work contained herein is my own except
where explicitly stated otherwise in the text. This work has not been submitted for

any other degree or professional qualification.
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Chapter 2Reviews

2.1 Global Availability of Fetal Surgery

2.1.1 Introduction

Following the publication of the Management of Myelomeningocele (MOMs) trial
in 2011%, there was an increase in the number of centres offering fetal surgery
for open spina bifida (myelomeningocele, MMC). In the United States, a survey
of fetal care centres conducted in 2014'"° showed that approximately 9 centres
were offering this service. However, the response rate was under 50% and it
seems likely that this was an underestimation. The North American Fetal Therapy
Network (NAFTNet) was founded in 2010""" and currently lists 29 fetal therapy
centres in the US and Canada, although it does not specify which of these centres

are offering fetal surgery for MMC.

The availability of fetal surgery for MMC was more slowly established in western
Europe than in the United States. It has been suggested that physician’s attitudes
to open fetal surgery is a limiting factor in Europe?®; it is also clear that the
availability of termination of pregnancy is likely to play a role in patient request for
fetal surgery. A study in Belgium and Holland in 20147® showed that in these
countries over three quarters of patients diagnosed with fetal MMC opted to end
the pregnancy. This may partly explain why, in eastern Europe and South

America, fetal surgery for MMC was more rapidly established. Prior to the MOMs
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trial, the fetal therapy centre in Bytom, Poland had already performed 46 cases

of open fetal surgery for MMC?’.

An American College of Obstetricians and Gynecologists (ACOG) Committee
Opinion''? observed that the MOMs trial was undertaken in a rigorous fashion
with strict patient selection and surgery limited to only three centres which already
had extensive experience; therefore, the outcomes were likely to be the “best-
case scenario”. They recommended that fetal surgery for MMC “should only be
offered at facilities with the expertise, multidisciplinary teams, services, and

facilities to provide the intensive care required for these patients”.

It has also been recommended that all centres performing invasive fetal
procedures should report their maternal, fetal, and newborn outcomes and that

more formalised fetal intervention training should be developed''3.

It is apparent from conference abstracts and discussions that many other centres
both in Europe and worldwide are now offering fetal surgery for spina bifida. It is
also clear that there is a variety of inclusion criteria and surgical techniques in
use. This is particularly the case in fetoscopic surgery, for which multiple surgical
techniques exist''4'1%. We therefore performed a study to assess the availability

and types of fetal surgery for MMC worldwide.
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2.1.2 Methods

Through the ISPD"'® and NAFTNet, fetal therapy centres believed to be offering
fetal MMC repair and other centres where the availability of this surgery was
unknown were identified. A questionnaire survey was then distributed to all

centres and specialists identified.

Participants were asked to provide the following information:

e s fetal surgery for MMC available in your centre/ country?
e Who are the lead clinicians for this service?

e What sort of repair is offered (open or fetoscopic)?

o \What repair techniques are used?

¢ What is the estimated number of cases performed to date?
e What criteria do you use when offering surgery?

e Has your outcome data been published or presented?

e Where do your patients come from?

e Other comments.

The responses were collated and analysed by the team in London and published

in an interactive map on the ISPD website'"”.
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2.1.3 Results

Units Offering Fetal Surgery

Fifty-nine fetal therapy centres were identified as potentially offering fetal MMC
surgery (Figure 2.1), of which contact details were available for 56 centres.
Responses were received from 44 of the 56 centres (74.6%). Three centres did
not have a fetal surgery service and were excluded from further analysis. Thirty-
four centres were performing fetal surgery for MMC and seven centres had set
up a fetal surgery service but were still awaiting a first case. Most centres
providing or setting up a fetal surgery service were in North America (19/41,
46.3%) and Europe (9/41, 30.0%). Details of fetal therapy centres performing

fetal surgery for MMC are listed in Table 2.1.
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Fetal therapy centres identified

(n =59)

Unable to contact
(n=23)

v

Brazil (Campinas), Germany
(Heidelberg), Romania

[
{

Fetal therapy centres contacted

(n=56)

( No response \

(n=12)

France (Nancy), ltaly (Milan),

Spain (BCNatal), Hong Kong,
Singapore
USA: California, Chicago,
Cincinnati, Kansas, Wisconsin,

St Louis (Barnes-Jewish),

Vanderbilt

J

Fetal therapy centres responding

(n =44)

-

Performing fetal
surgery for MMC

(n=34)

Table 2.1

\_

~

J

-

\_

~

Fetal surgery set

up and awaiting
first case

(n=7)

Table 2.1

J

~

Not offering fetal
surgery

(n=3)

China, Malaysia, The
Netherlands

-

- J

Figure 2.1: Questionnaire responses and availability of fetal surgery
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Table 2.1: Fetal therapy centres offering fetal surgery for MMC

North America
California

UCSF Fetal Treatment Center,
San Francisco

California*

Lucile Packard Children’s
Hospital, Stanford

Canada

Mount Sinai Hospital and
Hospital for Sick Children,
Toronto

Colorado

Colorado Fetal Care Center,
Aurora

Connecticut*

Yale Fetal Care Center, New
Haven, Connecticut

Florida

Arnold Palmer Hospital for
Children, Orlando, Florida

Maryland

John Hopkins Center for Fetal
Therapy, Baltimore

Michigan

Fetal Diagnostic and Treatment
Center, University of Michigan,
Ann Arbor

Minnesota

Mayo Clinic, Rochester

Europe
Belgium

Universitaire Ziekenhuizen
(UZ) Leuven

France

Armand Trousseau Hospital,
Paris

France

Necker-Enfants-Malades
Hospital, Paris

Germany

German Center for Fetal
Surgery and Minimally
Invasive Therapy, Mannheim

Poland

Fetal Surgery Center, Bytom

Spain

Vall d’Hebron Hospital,
Barcelona

Spain

Department of Maternofetal
Medicine, Genetics and
Reproduction, University
Hospital Virgen del Rocio,
Sevilla

Switzerland

Zurich Center for Fetal
Diagnosis and Therapy

United Kingdom

University College London
Hospital, London

South and Central America
Argentina

Hospital Universitario Austral,
Pilar, Buenos Aires

Brazil

Hospital Albert Einstein, Sao
Paulo

Brazil

Centro Paulista de Medicina
Fetal / Hospital e Maternidade
Santa Joana, Sao Paulo

Colombia

Clinica Universitaria,
Universidad Pontificia
Bolivariana, Medellin

Mexico

Department of Fetal Surgery,
Children’s and Women'’s
Specialty Hospital of
Queretaro

Mexico

Medicina Perinatal Alta
Especialidad, Unidad Cirugia
Fetal Hospital Christus
Muguerza Alta Especialidad,
Monterrey N.L. México

Peru

Fetal Medicine Unit, Instituto
Nacional Materno Perinatal,
Lima

Peru

Fetal Medicine Unit, Clinica
Angloamericana / Instituto
Peruano de Medicina y Cirugia
Fetal
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Minnesota

Midwest Fetal Care Center,
Minneapolis

Missouri

St Louis Fetal Care Institute, St
Louis

New York*

Columbia University Medical
Center, New York City

North Carolina

University of North Carolina
School of Medicine Fetal Care
Program, Chapel Hill

Ohio*

Cleveland Clinic Fetal Center,
Cleveland, Ohio

Pennsylvania

Center for Fetal Diagnosis and
Treatment, Children’s Hospital
of Philadelphia

Pennsylvania*

Magee-Womens Hospital of
University of Pittsburgh Medical
Center (UPMC)

Rhode Island

Fetal Treatment Program of
New England, Providence,
Rhode Island

Texas

Texas Children’s Fetal Center at
Texas Children’s Hospital,
Houston

Texas

University of Texas Health
Center at Houston

Reviews

Others

Australia

Mater Centre for Maternal
Fetal Medicine, Brisbane

India*

Amrita Institute of Medical
Science, Kochi

Iran

Mother and Child Hospital,
Shiraz

Taiwan*

Chang Gung Memorial
Hospital, Taipei, Taiwan

Turkey

Istanbul Bilim University,
Istanbul

*Centres starting programs who have not performed their first case as of June 2018
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Patient Criteria
All centres reported following the MOMs ftrial patient criteria®, modified more
recently to allow BMI up to 40. Modifications or alterations to these criteria were

reported by eight centres, as follows:

e An upper gestational age limit of 28 weeks’ gestation (26 weeks in MOMs)
was reported by four centres.

¢ A relaxation of the minimum age restriction (18 years in MOMs) and the
requirement for US citizenship or residency was reported by two US
centres.

¢ One centre reported offering fetal surgery up to a BMI of 45 if the placenta
was posterior.

e One centre reported that fetal kyphosis greater then 30° and a short cervix
were not used as exclusion criteria (this unit also reported an upper

gestational age limit of 28 weeks).

Type of Fetal Surgery Offered

Figure 2.2 summarises the types of fetal MMC surgery currently being offered.
The majority of centres performing fetal surgery for MMC were using an open
technique (23/34, 67.6%). Five centres (Vall d’Hebron Hospital, Spain; Necker-
Enfants-Malades, France; German Center for Fetal Surgery and Minimally
Invasive Therapy, Germany; Hospital Albert Einstein, Brazil and Medicina
Perinatal Alta Especialidad/Unidad de Cirugia Fetal, Monterrey City, Mexico)
were performing only fetoscopic surgery (5/34, 14.7%) and six centres (Texas
Children’s Hospital, Texas; Mayo Clinic, Minnesota; John Hopkins Center for

Fetal Therapy, Baltimore, Instituto Peruano de Medicina y Cirugia Fetal, Peru;
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Mother and Child Hospital, Iran and Istanbul Bilim University, Istanbul) were

performing both open and fetoscopic surgery (6/34, 17.6%).

Three centres offering fetoscopic surgery were doing so as an experimental
therapy under US Food and Drug Administration (FDA) Institutional Review
Board (IRB) oversight. Four centres currently providing only open surgery
commented that they would be interested in offering a fetoscopic service when

further evidence on efficacy and technique was available.

60 23
50
40
30

20

Percentage of Centres

Open Fetoscopic Both

m Performing fetal surgery Setting up fetal surgery

Figure 2.2: Type of fetal surgery for MMC offered by fetal therapy centres.
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Technique of Fetal Surgery - Open

Thirty-four centres offering or about to start open fetal MMC repair were identified;
of these 29 were already performing open fetal surgery (23 open only, six
alongside fetoscopic) and five centres were setting up open fetal surgery (three

open only, two alongside fetoscopic).

Of the 34 units offering open surgery, 28 were performing a multi-layer repair as
described in the MOMs trial®* (Figure 1.3); two centres reported using a collagen
patch routinely between the placode and skin and four units did not state their

repair technique.

Although entry techniques were not specifically enquired about, four centres
reported using alternative uterine entry techniques to the auto-stapling device

(US Surgical CS-57, Covidien, US) described in MOMS.

Technique of Fetal Surgery - Fetoscopic

Fifteen units performing or planning to perform fetoscopic MMC repair were
identified; of these 11 were already performing fetoscopic surgery (five fetoscopic
only, six alongside open surgery) and four units were setting up fetoscopic

surgery (two fetoscopic only, two alongside open surgery).

All centres reported using or planning to use partial amniotic carbon dioxide
insufflation. The main repair techniques described are shown in Table 2.2 and

Figure 2.3.
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Table 2.2: Techniques of Fetoscopic Surgery for MMC

Used by/ Texas''®, Brazil''?, Germany'% 121 Barcelona, @ Paris
planned to be Baltimore, Taiwan, New 22, Turkey Mexico
used by: Stanford, York
. Iran, Peru

Technique:
Access to the Exteriorised Percutaneous Percutaneous Exteriorised  Exteriorised
uterus
Ports 2-3 3 3 3 2
Patch Collagen Biocellulose Collagen None Biocellulose
Neurosurgical Dura and Skin if None or second | Skin (A) Skin (B)
technique (as  skin (B) possible; if patch (Teflon™).
shown in not 2nd patch s _
Figure 2.3) (Integra®) (B gme casgs.

or D) primary skin

closure, no

patch (C or D)

L<
/
)W

Figure 2.3: Techniques of fetoscopic repair of spina bifida

Reproduced with permission of UZ Leuven, Belgium
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Number of Cases

The estimated number of cases of fetal surgery for MMC performed in total (as
of June 2018) varied greatly between centres, with a range of 1 to 253. The
average number of cases per centre are shown in Table 2.3. Relatively few
centres were performing large numbers of cases, whereas many centres were
performing relatively few cases, resulting in a skewing of the data and a higher

mean than median.

Table 2.3: Numbers of Cases per Centre

Total number Range Median Mean
of cases

All centres 1654 1-253 215 51.7
Open 1281 1-253 215 47.4
Fetoscopic 372 1-200 8.0 21.5
North America 692 1-230 51.0 53.2
Europe 505 1-200 36.0 56.1
Centres outside 457 2-253 8.0 41.5

North America and

Europe
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Outcome data

All North American centres had submitted their outcome data to the NAFTNet
registry; three US centres had also published in peer-reviewed journals® 118 123,
as had three centres outside North America®” 1% 120_ Six centres had presented
their outcomes at conferences and a further six were planning to publish or
present once their case numbers were sufficiently high. Most centres were
therefore either contributing to a database of outcomes, publishing and
presenting outcomes or planning to do so. Most centres reported their outcomes
to be in line with those in MOMS. One centre which had performed 62 open cases
reported a “higher premature rupture of membranes rate but lower uterine
dehiscence rate” than expected and one centre which had performed 22 open

cases reported a fetal mortality rate of 10%.

2.1.4 Discussion

This study provides an update of the current global availability of fetal surgery for
MMC. It shows that since the publication of the MOMS trial and ACOG
recommendations fetal surgery for MMC has spread rapidly, with some centres

now adopting potentially less invasive surgical techniques.

There were a larger number of centres performing fetal surgery for MMC
worldwide than has previously been reported''?, with several new centres in the

process of setting up, highlighting a continued interest in fetal surgery for MMC.
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In some areas there is more than one fetal surgery centre within a narrow
geographical location. The concentration of MMC fetal surgery cases to a small
number of centres to allow for maintenance of surgical skills and development of
expertise has previously been suggested’?*. It has been shown that for fetoscopic
placental laser coagulation in twin-to-twin transfusion syndrome, centralisation
and concentration of cases is associated with better outcomes'?%, and this would
also seem logical for other types of fetal surgery. Therefore, it may be the case
that in the future collaboration between local centre is established to overcome

these issues.

Although most fetal therapy centres perform open fetal surgery, a number offer
fetoscopic surgery either alone or as an alternative to open repair; more still
expressed interest in moving to this technique in the future. As expected, repair
techniques for fetoscopic surgery vary more than for open surgery as the optimal
surgical technique remains to be defined'™ 5. Most fetoscopy centres use a
technique described by one of five centres (Table 2.2) which have performed the
largest numbers of fetoscopic repairs. Given that such heterogeneity makes it
difficult to compare “fetoscopic” outcomes to open, it would seem appropriate to
compare these four techniques to each other and individually to the standard

open technique in future work.

Patient inclusion criteria was very consistent between centres, with an increased
gestational age up to 28 weeks the most common cause for deviation from the
MOMs standard. This is very likely due to variations in antenatal care and

difficulties in establishing a diagnosis prior to 24 weeks’ gestation in some areas;
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three of the four countries offering surgery at a later gestational age were in
Central or South America. To our knowledge, there has been no publication of
outcome data specifically looking at “late” surgeries and it would be useful for
centres offering this to do so in order to establish whether results are still positive
or indeed equivocal to surgery before 26 weeks’ gestation and therefore should

be considered by others.

This study aimed to identify and question fetal therapy centres via their
involvement or registration with ISPD and NAFTNet; although an effort was made
to identify other groups, it is known that there are fetal therapy centres which were
not contacted. As both ISPD and NAFTNet have headquarters in the United
States, it seems likely that our knowledge is skewed towards western centres
with little known about centres in Russia, the Middle East and Africa. Another
limitation was the use of self-reporting which was unverified; reports from each
centre were published online'"”, which may have influenced responses. Finally,
whilst “outcome data” was enquired about, particular parameters were not, which

may have been useful.

2.1.5 Conclusion

We have produced the most comprehensive resource of global fetal surgery
centres to date; as well as being published in print, our findings have been
published as an interactive online map'"” (Figure 2.4) and will continue to update
this accordingly. In the future this could be used for improving patient information

and to facilitate closer collaboration between centres.
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Figure 2.4: Online map of fetal surgery centres

Map data ©2019 | Terms of Us:

https://isodhome.org/ISPD/SIGs/Fetal _Therapy Map.aspx?utm source=Informz&utm medium=

Email&utm campaign=eBlasts

2.1.6 Contributions

The work in Chapter 2.1 was produced in collaboration with: Professor Lynn

Simpson (Columbia University Medical Center, New York, USA), Professor Jan

Deprest (KU Leuven, Belgium) and Professor Anna David (University College

London).
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2.2 Maternal Complications following Open and Fetoscopic

Fetal Surgery: a Systematic Review and Meta-Analysis

2.2.1 Introduction

One of the important findings of the MOMS trial®* was the maternal morbidity
associated with open fetal surgery. The mother has been described as an
“innocent bystander” in fetal surgery'?®, which is almost exclusively offered to
women who are themselves in good health. It is naturally the case that fetal
surgery offers no medical benefit to the mother and usually poses only risk.
Throughout the evolution of fetal surgery it has been implied that maternal risks
should be minor and acceptable to the mother and family''®. For some fetal
surgery procedures there is an evidence base of animal work establishing
maternal safety prior to human implementation; for others this does not exist.
Fetal surgery poses risk to the mother not only during the procedure itself but
also throughout the remainder of the index pregnancy, during any future

pregnancies and potentially throughout the woman'’s reproductive life.

Information regarding safety and potential complications is important when
counselling for fetal surgery and for patients informed decision making; however,
robust data appears to be lacking. One study concentrating on maternal
outcomes following both open and fetoscopic fetal surgery from a single
institution’?” showed a number of short-term morbidities, whilst a systematic

review of maternal complications following fetoscopic laser coagulation for twin-
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to-twin transfusion syndrome'?® suggested an overall adverse event rate of

17.4% with a severe complication rate of 1.8%.

We therefore aimed to establish the immediate and long-term complication rate
for women undergoing either fetoscopic or open fetal surgery as reported across

the current literature.

2.2.2 Methods

Protocol and Registration

This systematic review was conducted in accordance with Preferred Reporting
Items for Systematic reviews and Meta-analyses (PRISMA) guidance'®®. The
protocol was registered with the International Prospective Register of Systematic

Reviews (PROSPERO-CRD42017082411).

Eligibility criteria

All randomised, cohort and case-controlled studies and case series (n=3)
reporting the results of open or fetoscopic fetal surgery in humans from January
1990 to June 2018 were considered eligible. Case reports, systematic reviews
and narrative review articles were excluded. No language restrictions were

applied.
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Search strategy

A systematic review was conducted in MEDLINE, EMBASE and Cochrane
databases using free text and Medical Subject Headings (MESH). The electronic
search strategy is shown below. Subsequently, a grey literature (first 100 results
in Pubmed and Google Scholar) search was performed, and reference lists of
relevant review articles were manually checked. Covidence (Veritas Health
Innovation Ltd, Melbourne, Australia) was used to eliminate duplicate articles and

manage study screening.

Search terms were: “F(o)etal surgery”, “Fetoscopy”; “Fetoscopic surgery”; “Endoscopic f(o)etal
surgery”; “Ex-utero intrapartum treatment”; “EXIT procedure”; “Operation on placental support”;
“O0PS”; “Airway management on placental support”; “Bipolar cord coagulation”; “Cord ablation”;
“Cord coagulation”; “Cord occlusion”; “Cord radiofrequency ablation”; “Selective f(o)etal
reduction”; “Selective termination”; “Microwave ablation”; “Multifetal pregnancy reduction”;
“F(o)etal endoluminal tracheal occlusion”; “FETO”; “Discordant anomaly”; “Selective fetal growth
restriction”; “sFGR”; “Selective intrauterine growth restriction”; “sIUGR”; “Twin anaemia
polycythaemia sequence”; “TAPS”; “Twin reversed arterial perfusion”; “TRAP sequence”; “Twin

to twin transfusion syndrome”; “TTTS".

“Maternal” AND [“F(o)etal surgery” OR “Fetoscopy” OR “Fetoscopic surgery” OR “Endoscopic

f(o)etal surgery”].

“F(o)etal” AND: [“Amniotic band syndrome” OR “BCC” OR “BPS” OR “Bronchopulmonary
sequestration” OR “CCAM” OR “CDH” OR “Cervical lymphangioma” OR “Cervical teratoma” OR
“CHAOS” OR “Chest mass” OR “Chorangioma” OR “Congenital cystic adenomatoid
malformation” OR “Congenital diaphragmatic hernia” OR “Congenital high airway obstruction
syndrome”; OR “Congenital pulmonary airways malformation”; OR “CPAM” OR “Cystoscopy” OR
“Endotracheal occlusion” OR “Hydrothorax” OR “Laser” OR “Lower urinary tract obstruction”; OR
“‘LUTO” OR “Mediastinal teratoma”; OR “Meningomyelocele” OR “Micrognathia” OR “MMC” OR
“Myelomeningocele” OR “Neck mass” OR “RFA” OR “Sacrococcygeal teratoma” OR “Spina
bifida” OR “Teratoma” OR “Uterocele”].

“Delivery” OR “C(a)esarean AND: [“BPS” OR “Bronchopulmonary sequestration” OR “Cervical
lymphangioma” OR “Cervical teratoma” OR “CHAOS” OR “Chest mass” OR “Congenital high

airway obstruction syndrome” OR “Mediastinal teratoma” OR “Micrognathia” OR “Neck mass”].
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Study selection

Two authors (A.S. and L.D.V.) reviewed titles and abstracts independently and
excluded irrelevant studies. The same two authors then independently performed
full-text screening; disagreements were resolved by discussion. Studies were
excluded if the full text was unavailable and the abstract contained insufficient
information, if duplication had occurred or if the study was a case report,
systematic review or narrative review. Studies with interventions which were not
fully described or were performed on the neonate instead of the fetus were
excluded. Interventions involving access to the uterus using a device with a total
outer diameter of less than 1.5mm were excluded; this cut-off was chosen to
avoid procedures performed with needles only (e.g. amniocentesis, in-utero
blood transfusion) whilst including the majority of fetoscopic procedures. Studies
which did not report maternal outcomes were excluded; for the purpose of this
study, preterm rupture of membranes (PROM), chorionic membrane separation
(CMS), preterm labour, preterm delivery and gestational age at delivery were not
considered to be maternal outcomes. The development of subsequent maternal
medical conditions, such as pre-eclampsia or mirror syndrome, were considered
to be a consequence of the pregnancy and/or underlying fetal condition and not
of fetal surgery and so were also not considered a maternal outcome. Studies
from which data could not be extracted (e.g. composite or combined outcomes
given) and studies containing patient cohorts which appeared to have been

published in another study were excluded.
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Data extraction

Two authors independently extracted data (A.S. and E.B. for open fetal surgery
studies, A.S. and C.F. for fetoscopic studies) and entered this into a standardised
Excel form. Disagreements were resolved by discussion. Study characteristics
noted included study design, underlying fetal condition, intervention, control (if
present), gestational age at surgery and number of patients. For open surgery,
the technique, size and closure of uterine incision was noted; for fetoscopic
surgery, the number of ports, size of instruments and/or ports and closure of port
sites was noted, along with type of anaesthesia and use of partial amniotic carbon
dioxide insufflation (PACI). Outcomes noted for the duration of the index
pregnancy included immediate complications during surgery (maternal death,
placental abruption, uterine bleeding/ haemorrhage, intra-operative blood
transfusion, organ damage or anaesthetic complications), post-operative
complications (ICU admission, sepsis, chorioamnionitis, wound, chest or urinary
tract infections, pulmonary oedema, amniotic fluid embolism and other
respiratory, Gl or wound problems), complications at delivery of the index
pregnancy (uterine dehiscence or rupture or blood transfusion at delivery) and
the need for additional treatment at any point during the pregnancy. Outcomes
noted following the index pregnancy included fertility (number of further
pregnancies, difficulty conceiving, mean time to conception), future pregnancy
complications (miscarriage or pre-term delivery), complications during future
deliveries (uterine dehiscence or rupture or haemorrhage at delivery) and

gynaecological symptoms outside of pregnancy.

All complications were independently graded according to the Clavien-Dindo

classification of surgical complications'° by two authors (A.S. and L.D.V) (Table
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2.4). Clavien-Dindo grade | or Il complications were defined as mild; grade Il to

V complications were defined as severe.

Table 2.4: Classification of surgical complications

Grade
[
Il
11l
- llla
- b
v
- |va
- IVb
\Y

Definition

Any deviation from the normal postoperative course without the need for
pharmacological treatment or surgical, endoscopic or radiological
interventions. Allowed treatments: antiemetics, antipyretics, analgesics,

diuretics, physiotherapy, wound infections opened at the bedside.

Requiring pharmacological treatment with drugs other than those

allowed for grade | complications, including blood transfusion
Requiring surgical, endoscopic or radiological intervention
Intervention not under general anaesthesia

Intervention under general anaesthesia

Life-threatening complications requiring Intensive Care Unit

management
Single organ dysfunction (including dialysis)
Multiorgan dysfunction

Death of a patient

Adapted from Dindo et al 2004'%. |ICU: Intensive Care Unit

Study design

Studies were reviewed to determine study design (cohort, case-control or

randomised) and whether data had been collected prospectively or

retrospectively. If this was ambiguous studies, were assumed to be retrospective

unless specifically stated.
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Quality assessment of studies

Two authors independently assessed study quality and risk of bias (A.S. and
L.VdV.) and entered this into a standardised Excel form. Disagreements were
resolved by discussion. Randomised trials were assessed using the Cochrane
Collaboration’s tool for assessing risk of bias'®!; case-control studies were
assessed using the Newcastle-Ottawa scale for assessing the quality of non-
randomised studies’? and case series were assessed using the National

Institutes of Health study quality assessment tool for case series'33.

Assessment of heterogeneity

Methodological and clinical heterogeneity of data per study were evaluated.
Variables were tested for statistical heterogeneity by applying the I? test to
determine whether data could be pooled. An I? value less than 40% was taken to
indicate minor heterogeneity; 40-75% moderate heterogeneity and >75%

substantial heterogeneity3".

Meta-analysis

Meta-analysis for all outcomes was carried out using MedCalc statistical software
version 15.4 (MedCalc Software, Ostend, Belgium). Results were expressed as
proportions with 95% confidence intervals (Cl) as all outcomes were categorical
variables. Pooled proportions were calculated using both the fixed and random

effects model in case of homogeneity or heterogeneity respectively.
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2.2.3 Results

Study selection

The electronic literature search identified 70,367 studies published between 1990
and 2018 (Figure 2.5); search of the grey literature and reference lists identified
a further 16 studies. Following this, 48,248 studies were immediately removed as
duplicates. The remaining studies (22,135) were screened by title and abstract,
and a further 21,384 were excluded as irrelevant. Full texts of the remaining 751
articles were reviewed, and 585 were excluded for the following reasons: no
reporting of maternal outcomes (175/585, 29.9% of studies excluded and 23.3%
[175/751] of all studies assessed), insufficient information available (conference
abstract/poster only or full text unavailable) (119/585, 20.3%), study design other
than randomised trial, case-control trial or case series (110/585, 18.8%) and
uterine access using a device <1.5mm (59/585, 10.1%). Thirty studies were
translated from French (10), Spanish (7), Polish (5), German (3), Dutch (2),
Portuguese (2) and Turkish (1), of which 16 were included following review. Two
Chinese-language papers were identified but the full text could not be accessed
online. Eventually 166 studies were included; 41 on open fetal surgery, 122 on

fetoscopic surgery and three studies including both surgery types.
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e Not RCT, cohort or case series (n
=110)
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e Duplicate study (n = 51)

e Same cohort as another study (n =
25)

 Intervention unclear or not
performed (n = 31)

o Not fetal study (n =12)

e Unable to extract data (n = 3)

Figure 2.5: Flow diagram of study selection adapted from PRISMA 2009'2°
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Study characteristics

Characteristics of included studies are shown below. Studies of open fetal (Table
2.5) and fetoscopic (Table 2.6) surgery are presented and analysed separately
as the difference in surgical technique was considered too great for combined
analysis. Seven studies specifically focused on late complications, i.e. after the

index pregnancy, and are presented separately (Table 2.7).

Study design

The majority of studies included were retrospective cohort studies. A total of 33
prospective studies were included, two of open fetal surgery (121 patients) and
31 of fetoscopic surgery (2662 patients). Eight included studies were randomised,

one of open surgery (91 patients) and eight of fetoscopic surgery (515 patients).
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Table 2.5: Included studies of open fetal surgery

Reviews

Category | First author and Condition Procedure Study Prospective No. of
year of design or patients
publication retrospective
EXIT Barthod 201334 Neck mass, EXIT Case series | Retrospective | 5
CHAOS
Cass 2013135 Lung mass, EXIT Case series | Retrospective | 9
mediastinal mass
Chen 2018136 Omphalocele EXIT Case control | Retrospective | 7
Dahlgren 2004'%" | Head or neck EXIT Case series | Retrospective | 4
tumour
Flake 2000138 CDH EXIT Case series | Retrospective | 15
George 200713° Skeletal dysplasia, | EXIT Case series | Retrospective | 3
micrognathia
Hedrick 200340 Multiple EXIT Case series | Retrospective | 43
Hedrick 2005 Lung lesions EXIT Case series | Retrospective | 9
Kern 200742 CCAM, hydrothorax | EXIT Case series | Retrospective | 5
Kornacki 2017'® | Neck mass, EXIT Case series | Retrospective | 4
CHAOS
Kunisaki 2007'% | CDH EXIT Case control | Retrospective | 14
Laje 20124 Cervical teratoma EXIT Case series | Retrospective | 17
Laje 201346 Neck mass EXIT Case series | Retrospective | 4
Laje 20157 Cervical lymphatic EXIT Case series | Retrospective | 13
mass
Lazar 201148 Neck mass EXIT Case series | Retrospective | 12
Noah 2002'4° Not stated EXIT Case control | Retrospective | 34
Pellicer 2007%° Neck mass EXIT Case series | Retrospective | 3
Stoffan 2012 CDH EXIT Case control | Retrospective | 7
Tuncay Ozgunen | Neck mass EXIT Case series | Retrospective | 3
2010152
Zamora 20131£'%® | MMC, lung mass, EXIT Case series | Retrospective
SCT 26
MMC Bennett 2014154 MMC Neurosurgical | Case control | Retrospective
repair 43
Botelho 2017%° MMC Neurosurgical Case series | Retrospective
repair 45
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Bruner 1999'%6 MMC Neurosurgical Case control | Retrospective
repair 29
Bruner 2000*'%7 MMC Neurosurgical | Case control | Retrospective
repair 4
Farmer 2003% MMC Neurosurgical Case series | Retrospective
repair 12
Friszer 201658 MMC Neurosurgical Case series | Retrospective
repair 3
Johnson 2016 MMC Neurosurgical Randomised | Prospective
repair 91
Marenco 2013'° | MMC Neurosurgical Case series | Retrospective
repair 4
Moldenhauer MMC Neurosurgical Case series | Retrospective
2015% repair 100
Moron 20180 MMC Neurosurgical Case series | Retrospective
repair 237
Ochsenbein- MMC Neurosurgical | Case control | Prospective
Kolble 2017160 repair 30
Sinskey 2017161 MMC Neurosurgical | Case series | Retrospective
repair 47
Soni 20167 MMC Neurosurgical | Case series | Retrospective
repair 88
Zamlynski 2014%7 | MMC Neurosurgical Case control | Retrospective | 46
repair
CDH Flake 2000138 CDH Tracheal Case series | Retrospective
occlusion 15
Harrison 1990162 CDH Diaphragm Case series | Retrospective
repair 6
Harrison 1993163 CDH Diaphragm Case series | Retrospective
repair 14
Harrison 1998*'%4 | CDH Tracheal Case control | Retrospective
occlusion 13
CCAM Adzick 2003'6% CCAM Lung resection | Case series | Retrospective | 22
SCT Hedrick 200466 SCT Debulking Case series | Retrospective | 4
Mixed Golombeck MMC, CCAM, SCT | Mixed Case control | Retrospective
20061*127 79
Longaker 1991'%” | LUTO, CDH, SCT, Mixed Case series | Retrospective
CCAM 17
Zamora 201311'%® | MMC, lung mass, Mixed Case series | Retrospective
SCT 7
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TOTAL

43 studies

1193
patients

1 Studies including patients undergoing a primary fetal and later an EXIT procedure.
* Studies including both open and fetoscopic procedures, also included in Table 2.6
T Studies including immediate and late complications, also included in Table 2.7

CCAM - congenital cystic adenomatoid malformation, CDH - congenital diaphragmatic hernia,
CHAOQOS - congenital high airway obstruction syndrome, EXIT - ex-utero intrapartum treatment,

LUTO - lower urinary tract obstruction, MMC - myelomeningocele, SCT - sacrococcygeal
teratoma
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Table 2.6: Included studies of fetoscopic surgery

Reviews

Category First author Condition Procedure Study Prosepective | No. of
and year of design or patients
publication retrospective

Multiple Aboudiab TTTS Laser Case series | Retrospective
pregnancy 2017168 photocoagulation 18
complications i
treated with Baschat TTTS Laser Case control | Retrospective
legar 2013"6° photocoagulation 147
Chalouhi TTTS (triplets) Laser Case series | Retrospective
2016'70 photocoagulation 22
Chang TTTS Laser Case series | Retrospective
2006 photocoagulation 27
Chang TTTS Laser Case control | Retrospective
2016'72 photocoagulation 100
Chmait TTTS Laser Case control | Prospective
2013'73 photocoagulation 318
Chmait TTTS Laser Case series | Retrospective
2017174 photocoagulation 19
Crombleholme | TTTS Laser Randomised | Prosepective
200775 photocoagulation 20
De Lia 1995"6 | TTTS Laser Case series | Retrospective
photocoagulation 26
De Lia 1999"7 | TTTS Laser Case series | Retrospective
photocoagulation 67
De Lia 2009'78 | TTTS (triplets) Laser Case series | Retrospective
photocoagulation 10
Deprest TTTS Laser Case series | Retrospective
19987 photocoagulation 6
Draga 2016'° | TTTS Laser Case series | Retrospective
photocoagulation 37
Duron 2014'8" | TTTS Laser Case control | Retrospective
photocoagulation 85
Ek 2012182 TTTS Laser Case series | Retrospective
photocoagulation 67
Habli 20098 | TTTS Laser Case series | Retrospective
photocoagulation 152
Has 2014184 TTTS Laser Case series | Retrospective
photocoagulation 85
Hecher TTTS Laser Case control | Prospective
2000188 photocoagulation 200
Hernandez- TTTS Laser Case series | Retrospective
Andrade photocoagulation
2011186 35
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Huber 2008'¢" | TTTS Laser Case control | Prospective
photocoagulation 176
Ishii 2014188 TTTS (triplets) Laser Case series | Retrospective
photocoagulation 16
Ishii 201518° sFGR Laser Case series | Prospective
photocoagulation 10
Lanna 2017'%° | TTTS Laser Case control | Retrospective
photocoagulation 373
Lecointre TTTS Laser Case control | Retrospective
20171 photocoagulation 200
Malshe TTTS Laser Case series | Prospective
2017192 photocoagulation 203
Martinez TTTS Laser Case series | Prospective
2012193 photocoagulation 500
Middeldorp TTTS Laser Case series | Retrospective
200794 photocoagulation 100
Miyadahira sFGR Laser Case control | Retrospective
201898 photocoagulation 67
Molina-Garcia | TTTS, sFGR Laser Case series | Retrospective | 22
2009196 photocoagulation
Morris 2010'% | TTTS Laser Case series | Prospective
photocoagulation 164
Mullers TTTS Laser Case series | Retrospective
201597 photocoagulation 105
Nakata TTTS Laser Case series | Prospective
201698 photocoagulation 6
Nguyen TTTS Laser Case series | Retrospective
201219 photocoagulation 98
Ozawa Amniotic fluid Laser Case series | Prospective 11
20172% discordance photocoagulation
Papanna TTTS Laser Case control | Retrospective
2010201 photocoagulation 48
Papanna TTTS Laser Case control | Retrospective
2012202 photocoagulation 163
Peeters TTTS Laser Case control | Retrospective
2014208 photocoagulation 338
Persico TTTS Laser Case series | Retrospective
2016204 photocoagulation 106
Quintero TTTS Laser Case control | Retrospective
20002% photocoagulation 92
Quintero sFGR Laser Case series | Retrospective
200120 photocoagulation 11
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Rossi 20082%7 | TTTS Laser Case control | Retrospective
photocoagulation 266
Ruano TTTS Laser Case series | Prospective
2009208 photocoagulation 19
Ruegg TTTS Laser Case control | Retrospective
20182% photocoagulation 37
Rustico TTTS Laser Case series | Retrospective
2012210 photocoagulation 150
Said 2008%" TTTS Laser Case series | Retrospective
photocoagulation 10
Senat 2004%'2 | TTTS Laser Randomised | Prospective
photocoagulation 72
Sepulveda TTTS Laser Case series | Retrospective
2007213 photocoagulation 33
Shamshirsaz | TTTS Laser Case control | Retrospective
201521 photocoagulation 55
Slaghekke TTTS Laser Randomised | Prospective
2014215 photocoagulation 274
Taniguchi TTTS Laser Case series | Retrospective
2015216 photocoagulation 3
Tchirikov TTTS Laser Case control | Retrospective
2011217 photocoagulation 80
Teoh 2013%'® | TTTS Laser Case series | Prospective
photocoagulation 49
Thia 20172'° TTTS Laser Case series | Retrospective
photocoagulation 5
Ville 1997220 TTTS Laser Case series | Retrospective
photocoagulation 132
Ville 1998221 TTTS Laser Case control | Prospective
photocoagulation 44
Weingertner TTTS Laser Case series | Retrospective
2011222 photocoagulation 100
Wilson TTTS Laser Case series | Retrospective
20162 photocoagulation 151
Yamamoto TTTS Laser Case series | Retrospective
2005224 photocoagulation 175
Yang 2010%%® | TTTS Laser Case series | Retrospective
photocoagulation 30
Zaretsky TTTS Laser Case series | Retrospective
201822 photocoagulation 749
Zhao 201622 | TTTS Laser Case control | Retrospective
photocoagulation 62
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Multiple
pregnancy
complications
treated with
selective
reduction

Bebbington TTTS, TRAP, RFA Case control | Retrospective | 146
2012228 sFGR, discordant
anomaly
Berg 2014%2° | TRAP RFA Case control | Retrospective | 7
Delabaere TTTS, TRAP, BCC, cord Case series | Retrospective | 30
201320 sFGR, discordant | compression,
anomaly cord ligation
Deprest TTTS, TRAP BCC Case series | Retrospective | 10
2000231
Gallot 2003%%2 | TTTS, TRAP CO Case series | Retrospective | 11
Gouverneur TTTS, TRAP, BCC, laser cord Case series | Retrospective | 54
2009233 sFGR, discordant | photocoagulation
anomaly
Gul 200823 TTTS, TRAP, BCC Case series | Prospective 9
discordant
anomaly
Has 2014235 TTTS, TRAP, BCC Case series | Retrospective | 71
sFGR, discordant
anomaly
He 20102% TTTS, TRAP, BCC Case series | Retrospective | 14
sFGR, discordant
anomaly
llagan 2008%%7 | TTTS, TRAP, BCC Case series | Retrospective | 27
discordant
anomaly
Jelin 201038 | TRAP RFA Case control | Retrospective | 7
King 2017239 TRAP, discordant | Laser cord Case series | Retrospective | 43
anomaly photocoagulation
Lanna 201224 | TTTS, TRAP, BCC Case series | Retrospective | 118
sFGR, discordant
anomaly
Lee 2013241 TRAP RFA Case series | Retrospective | 98
Lewi 2006242 TTTS, TRAP, Laser cord Case series | Prospective 80
sFGR, discordant | photocoagulation
anomaly
Moise 2008243 | TTTS, discordant | RFA Case series | Retrospective | 9
anomaly
Nobili 2013244 | Discordant BCC Case series | Retrospective | 48
anomaly
Paramasivam | TTTS, TRAP, RFA Case series | Retrospective | 35
2010%4 sFGR, discordant
anomaly
Peng 20164 | TTTS, TRAP, BCC Case control | Retrospective | 93

sFGR, discordant
anomaly, TAPS
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Quintero TTTS, TRAP, (610) Case series | Retrospective | 13
1996247 discordant
anomaly
Quintero TRAP CO or laser Case control | Retrospective | 51
2006248 photocoagulation
Roman TTTS, TRAP, RFA Case control | Retrospective | 60
2010%° sFGR, discordant
anomaly
Schou 20182%° | TTTS, TRAP, BCC Case control | Retrospective | 102
sFGR, discordant
anomaly
Sugibayashi TRAP RFA Case series | Retrospective | 40
2016
Takano TRAP Laser Case series | Retrospective | 10
20152%2 photocoagulation
+/- transection of
cord (MCMA)
Taylor 200225 | TTTS BCC Case series | Prospective 15
Tsao 2002%%* | TRAP RFA Case series | Retrospective | 13
Zhang 20182 | TRAP RFA Case series | Retrospective | 25
CDH Deprest CDH FETO Case series | Retrospective | 20
20052%
Harrison CDH Tracheal clip Case control | Retrospective | 8
1998*164
Harrison CDH FETO Randomised | Prospective 11
20032
Jani 2005%%7 CDH FETO Case series | Retrospective | 24
Jani 20062%8 CDH FETO Case series | Prospective 28
Jani 200922 CDH FETO Case series | Prospective 210
Jimenez CDH Fetoscopic Case control | Retrospective | 201
2017259 balloon removal
Kosinski CDH FETO Case series | Prospective 28
2017260
Manrique CDH FETO Case control | Prospective 11
20082
Peralta CDH FETO Case series | Prospective 8
2011262
Persico CDH FETO Case series | Retrospective | 21
2017263
Ruano CDH FETO Case control | Prospective 35
2012264
Ruano CDH FETO Randomised | Prospective 20
2012265
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Ruano CDH FETO Case control | Prospective 17
2013266
MMC Arens 201727 | MMC Patch Case series | Retrospective | 59
Belfort 20178 | MMC Single layer Case series | Retrospective | 22
suture (skin +
dura)
Bruner MMC Maternal skin Case control | Retrospective | 4
2000*157 graft
Degenhardt MMC Patch Case series | Retrospective | 51
2014'%1
Kohn 2018%8 | MMC Patch Case series | Retrospective | 34
Pedreira MMC Patch + skin Case series | Retrospective | 4
2014269 suture
Pedreira MMC Patch + skin Case series | Prospective 10
2016""° suture
Verbeek MMC Patch Case control | Retrospective | 19
2012270
Ziemann MMC Patch Case series | Retrospective | 65
20182"
LUTO Morris 2013272 | LUTO Vesicoamniotic Randomised | Prospective 16
shunting
Ruano LUTO Cystoscopy Case control | Prospective 11
201077
Welsh 2003%"% | LUTO Cystoscopy Case series | Retrospective | 13
Shunts Cavalheiro Ventriculomegaly | Shunting Case series | Retrospective | 30
2011275
Mallman Hydrothorax Shunting Case series | Retrospective | 78
2017278
Mixed Golombeck TTTS, TRAP, Mixed Case control | Retrospective | 99
2006*127 CDH, LUTO
Kohl 2006277 MMC, CDH, Mixed Case series | Retrospective | 16
CHAOS
Kohl 2010278 MMC, TTTS, Mixed Case series | Retrospective | 37
CDH, CHAOS,
ABS
Nivatpumin TTTS, LUTO, Mixed Case series | Retrospective | 152
201627° CDH, TRAPS
Peralta TTTS, CDH, Mixed Case series | Retrospective
2010280 TRAP 56
TOTAL 122 studies 9403
patients
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* Studies including both open and fetoscopic procedures, also included in Table 2.5

BCC - bipolar cord coagulation, CDH - congenital diaphragmatic hernia, CHAOS - congenital high
airway obstruction syndrome, CO - cord occlusion, FETO - fetoscopic endoluminal tracheal
occlusion, LUTO - lower urinary tract obstruction, MCMA - monochorionic monoamniotic, MMC -
myelomeningocele, RFA - cord radiofrequency ablation, sFGR - selective fetal growth restriction,
TAPS - twin anaemia-polycythaemia sequence, TO - tracheal occlusion, TRAP - twin reversed
arterial perfusion sequence, TTTS - twin-to-twin transfusion syndrome.
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Table 2.7: Included studies of open and fetoscopic surgery focusing on late

complications

First author and Type of Condition Study design | Prosepective Number of
year of publication surgery or patients
retrospective
Farrell 199926 Open CDH, CCAM, LUTO, Retrospective
SCT, Case series 45
Thom 201628 Open Prospective
MMC Randomised 87
Wilson 2010109 Open MMC, CCAM, CDH, Retrospective
SCT, teratoma Case series 47
Zamora 20131153 Open MMC, lung mass, Retrospective
SCT, EXIT Case series 33
Gregoir 201622 Fetoscopic Retrospective
CDH Case control 89
Le Lous 2018283 Fetoscopic Retrospective
TTTS Case control 122
Vergote 2018284 Fetoscopic Retrospective
TTTS Case control 92
TOTAL 7 studies 515 patients

I Studies including immediate and late complications, also included in Table 2.5

CCAM - congenital cystic adenomatoid malformation, CDH - congenital diaphragmatic hernia,
EXIT - ex-utero intrapartum treatment, LUTO - lower urinary tract obstruction, MMC -
myelomeningocele, SCT - sacrococcygeal teratoma, TTTS - twin-to-twin transfusion syndrome

Risk of bias

Quality assessment of the studies is given in Figure 2.6. Most studies (139/166,

83.7%) had a low risk of bias or were high quality. All remaining studies (27/166,

16.3%) had an unclear risk of bias or were fair quality. No studies were found to

have a high risk of bias or be low quality overall. For randomised trials, included
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studies had a high risk of bias with regards to blinding. For case control studies,

included studies did not describe statistical methods well overall.

Randomised trials of open surgery (n = 2)

Random sequence...
Allocation concealment
Blinding of...
Blinding of outcome
Incomplete outcome data
Selective reporting
Other sources of bias

0%

m Low risk of bias m High risk of bias m Unclear risk of bias

20% 40% 60% 80%

Case-control trials of open surgery (n =11)

Case definition

Case representativeness
Selection of controls
Definition of controls
Comparability
Ascertainment of exposure
Method of ascertainment
Non-response rate

Qo
X

B High quality (one star; one or two stars for comparability)

M Low quality (no star)

20% 40% 60% 80%

Case series of open surgery (n = 31)

Objective clearly stated

Case definition

Consecutive cases

Comparable subjects
Intervention clearly...

Outcome measures

Length of follow up

Statistical methods described

Results well described

0%

W High quality (one mark)

20% 40% 60%

M Low quality (no marks)

100%

100%

80% 100%

Randomised trials of fetoscopic surgery (n =

Random sequence...
Blinding of...
Incomplete outcome data

Other sources of bias

0

M Low risk of bias m High

X

20% 40% 60%

risk of bias m Unclear risk of bias

Case-control trials of fetoscopic surgery (n =

Case definition

Case representativeness
Selection of controls
Definition of controls
Comparability
Ascertainment of exposure
Method of ascertainment
Non-response rate

0%

35)

20% 40% 60%

W High quality (one star; one or two stars for comparability)

m Low quality (no star)

Case series of fetoscopic surgery (n = 81)

Objective clearly stated
Case definition
Consecutive cases
Comparable subjects
Intervention clearly...
Outcome measures
Length of follow up
Statistical methods...
Results well described
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M High quality (one mark)
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Figure 2.6: Summary of risk of bias according to study type
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Statistical heterogeneity

Maternal outcome data was pooled in 64 separate meta-analyses, of which
37.5% (24/64) had no or minor heterogeneity. In 39.1% (25/64) there was
moderate heterogeneity and in 23.4% (15/64) there was considerable
heterogeneity. As both clinical and statistical heterogeneity were found, pooled

proportions were given using the random effects model for meta-analysis.

Maternal complications in the index pregnancy - intra-operative

Table 2.8 summarises maternal complications according to type of surgery
performed. No maternal deaths (Clavien-Dindo grade V) due to fetal surgery were
reported in any study (10,596 procedures). One study'®” reported a patient at 20
weeks’ gestation experiencing a cardio-respiratory arrest prior to fetoscopy for
laser photocoagulation. The cause was considered to be a combination of morbid
obesity, spinal anaesthesia and aorto-caval compression, and not related to the
procedure which had not commenced. An immediate delivery was conducted by
hysterotomy as part of maternal resuscitation and the patient made a full
recovery. Another study'®' reported brief maternal seizure-like activity during

open fetal surgery, which was thought to be anaesthesia-related.

Haemorrhage severe enough to prompt delivery or termination of pregnancy at
the time of surgery as a life-saving procedure for the mother (Clavien-Dindo grade
[II) occurred in 0.92% of open fetal (95% CI 0.46-1.62) and 0.26% of fetoscopic
surgeries (95% Cl 0.17-0.38). Three cases'®® 190 160 gccurred due to placental
abruption during open fetal surgery for myelomeningocele (MMC) repair,

following which delivery occurred, with all three fetuses surviving. Two cases'’’
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187 occurred following laser photocoagulation for TTTS said to be due to
“‘excessive bleeding from placental anastomoses” and the uterine wall
respectively. Two cases?®® 232 occurred during selective reduction, with
haemorrhage from the uterine wall prompting delivery. Finally, one pregnancy
was terminated due to bleeding from a trocar placental injury during fetoscopic

MMC repair.?’8

In total, placental abruption (Clavien-Dindo grade Ill) occurred intraoperatively in
1.28% of open fetal (95% CI 0.73-1.98) and in 0.28% of fetoscopic surgeries
(95% CI 0.18-0.39). Bleeding during the procedure was noted in 1.97% of open
fetal (95% CI1 0.97-3.31) and in 1.74% of fetoscopic surgery cases (95% CI 1.25-
2.32). Intra-operative blood transfusion was required in 1.00% of patients
undergoing open fetal surgery (95% CI 0.53-1.64) and in 0.27% undergoing
fetoscopic surgery (95% CI 0.18-0.38). Intra-operative skin burns at the site of
diathermy pads occurred in 0.26% of patients (95% CI 0.17-0.37) during

fetoscopic surgery; this outcome was not reported in any open fetal surgery.

Maternal complications in the index pregnancy - postoperative

One study on laser photocoagulation for TTTS (n=132)??' reported a maternal
death from disseminated intravascular coagulation (DIC) four weeks following an
uneventful procedure. A post-mortem examination did not find any evidence of
chorioamnionitis or amniotic fluid embolism and the authors therefore concluded

that this death was unrelated to the procedure.
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Haemorrhage severe enough to prompt return to theatre for termination or
delivery of the pregnancy within 24 hours was not reported following any open
fetal surgeries but occurred following 0.25% of fetoscopic procedures (95% CI
0.16-0.37). This included one?’” four hours post-fetoscopic tracheal balloon
removal with no cause of the bleeding found. There were two late placental
abruptions, one®?* 12 hours post-laser photocoagulation and one®®® within 24

hours of bipolar cord coagulation.

Placental abruption occurred in 1.80% of patients following open fetal (95% CI
1.14-2.63) and in 1.29% following fetoscopic surgery (95% CI 0.90-1.75). Post-
operative blood transfusion was given to 3.36% after open fetal surgery (95% CI

1.85-5.29) and in 0.32% following fetoscopic surgery (95% CIl 0.22-0.44).

Chorioamnionitis following open fetal surgery or endometritis following an EXIT
procedure occurred in 4.13% of women (95% CIl 3.03-5.40), and in 1.45%
undergoing fetoscopic surgery (95% CI 1.06-1.90). Of those, PROM was reported
to have occurred in 47.78% following open fetal surgery (95% CI 23.01-73.16)
and in 36.31% following fetoscopic surgery (95% CI 22.00-51.99). One study
reported severe chorioamnionitis five days after bipolar cord coagulation®*? with
septic shock and acute kidney injury which resolved leaving 70% residual renal
function. Sepsis was also reported in one patient'® with chorioamnionitis
following fetoscopic laser photocoagulation and in one patient®” following open
MMC repair who developed post-operative peritonitis requiring an emergency
laparotomy and delivery. Post-operative pneumonia occurred in two patients -

one?*3 following fetoscopic radiofrequency ablation (RFA), necessitating three
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days of intubation and intensive care unit (ICU) care; and one requiring ICU

admission '%* following open MMC repair.

Pulmonary oedema occurred in 4.32% of open fetal surgery cases (95% CIl 2.32-
6.90), and in 0.63% of fetoscopic cases (95% CIl 0.43-0.87). Three studies in
which post-operative pulmonary oedema occurred reported on peri-operative
fluid management (3/102, 2.9%) and 33 reported on the use of magnesium
sulphate (33/102, 32.4%) without specifically suggesting causality. Six women
required ICU admission, with four requiring intubation and ventilation; three

following open fetal surgery'?” 138 and three following fetoscopic surgery8! 198 210,

Maternal complications in the index pregnancy - at delivery

Only a few fetoscopic surgery studies (4/121 studies, 0.33%) reported findings or
complications at delivery. Complications at delivery following open fetal surgery
are shown in Table 2.8. Hysterectomy at or around the time of delivery was
reported in two patients (Clavien-Dindo grade Ill). In one case®, caesarean
delivery following open MMC repair in a woman with two previous caesareans,
intra-abdominal scarring and friable tissue eventually resulted in hysterectomy.
In the second case?'? following laser photocoagulation for TTTS and PROM, a
caesarean section was performed at 33 weeks’ gestation. A hysterectomy was
eventually required due to haemorrhage with DIC and the patient spent five days

in ICU, where she also experienced an iatrogenic pneumothorax.
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Uterine rupture occurred in 0.90% of patients at delivery following open fetal
surgery (excluding EXIT procedures) in the index pregnancy (95% CI 0.41-1.59),
and uterine dehiscence occurred in 3.67% (95% CIl 2.01-5.81). Blood transfusion

was given to 1.83% of women (95% CI 1.16-2.65) at delivery following open fetal

surgery.

Overall maternal complication rates

Table 2.8 displays maternal complications. In open fetal surgery there was a
4.51% severe (95% CI 3.24-5.98), a 16.26% minor complication rate (95% CI
11.17-22.09), and a total complication rate of 20.86% (95% CIl 15.22-27.13). For
fetoscopic surgery, the corresponding rates were: 1.66% severe (95% CI 1.19-
2.20), 4.33% minor (95% CI 3.33-5.45) and 6.15% total complications (95% CI
4.93-7.49). Complication rates in the six commonest fetal surgical procedures

performed are displayed in Table 2.9.
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Clavien-
Dindo
classification
Open
surgery
n=1193

Fetoscopic

surgery
n = 9403

Table 2.8: Maternal complications occurring with open or fetoscopic fetal surgery

Severe complications

v
(requiring ICU care)

Complication n
Severe infection 2
Pulmonary oedema 4
Complete heart block™ 1

(requiring surgical intervention)

Complication
Haemorrhage requiring
delivery

Placental abruption

Bowel obstruction
Wound drainage

Uterine rupture
Laparotomy/ dehiscence
repair

Caesarean hysterectomy

TOTAL SEVERE: 4.51%
(95% ClI 3.24-5.98)

Maternal cardiac arrest and 1
delivery by hysterotomy

Severe infection 2
Pulmonary oedema 3
Lung collapse 1
DIC + caesarean 1
hysterectomy

Amniotic fluid embolism 2

Sepsis requiring delivery

Haemorrhage requiring
delivery
Placental abruption

159

Minor complications

I-11
(requiring treatment)

Complication
Bleeding during procedure

Transfusion during/after
procedure

Chorioamnionitis/ endometritis
Other infections™

Pulmonary oedema
Transfusion at delivery

TOTAL MINOR: 16.26%
(95% CI1 11.17-22.09)
Bleeding during procedure

Transfusion during/after
procedure

Venous thromboembolism™®
Chorioamnionitis

Other infections™

Pulmonary oedema
Upper Gl bleed'™
Diathermy skin burns

41

45

50
17

165

16

45

A

Reviews

All complications

-1V

ALL COMPLICATIONS: 20.86%
(95% Cl 15.22-27.13)
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“Epidural headache” + blood 1
patch ALL COMPLICATIONS: 6.15%
Wound hernia 1 (95% Cl 4.93-7.49)
Pleural effusions 1
TOTAL SEVERE: 1.66% TOTAL MINOR: 4.33%
(95% CI 1.19-2.20) (95% CI 3.33-5.45)

Pooled proportions calculated using random effect model for meta-analysis

n: number of women, ™ Complete heart block considered to be tocolysis-related (magnesium sulphate), T Other infections in open surgery: wound (6),
chest (1), urinary tract (1), ™ Venous thromboembolism: confirmed pulmonary embolism (1); suspected PE with confirmed deep vein thrombosis (1),
Other infections in fetoscopic surgery: wound (1), chest (1), ™ Upper Gl bleed considered to be tocolysis-related (indomethacin)
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Clavien-
Dindo
classification
EXIT

n=237

Open MMC
repair

n=779

Table 2.9: Maternal complications according to type of fetal surgery in the six most common procedures

Severe complications

v 1]
(requiring ICU care) (requiring surgical intervention)

Complication n | Complication

Placental abruption

TOTAL SEVERE: 3.62%
(95% CI 1.69-6.24)

Severe infection 2 | Haemorrhage requiring delivery
Complete heart block 1  Placental abruption
Pulmonary oedema 1  Bowel obstruction

Uterine rupture
Caesarean hysterectomy

TOTAL SEVERE: 3.35%

(95% Cl 1.70-5.53)

= N a0 W

Minor complications

(requiring treatment)
Complication

Bleeding during procedure

Transfusion during/after procedure
Endometritis
Wound infection

TOTAL MINOR: 17.53%
(95% CI 9.86-26.86)

Bleeding during procedure
Transfusion during/after procedure
Chorioamnionitis
Other infections™™
Pulmonary oedema
Transfusion at delivery

TOTAL MINOR: 6.63%

(95% Cl 3.63-10.45)

11

19
10

21

15
16

Reviews

All complications

-1V

ALL COMPLICATION
20.19%

(95% Cl 4.93-7.49)

ALL COMPLICATION
11.54%

(95% Cl 7.73-15.99)

S:

S:
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Fetoscopic
MMC repair
n =268

FETO
(insertion or
fetoscopic
removal of
balloon)

n =634

Fetoscopic
laser photo-
coagulation

n = 6746

Placental abruption

TOTAL SEVERE: 2.75%
(95% Cl 0.56-6.52)

Placental abruption

TOTAL SEVERE: 1.08%

(95% Cl 0.23-2.54)

Maternal arrest and delivery = 1 Haemorrhage requiring delivery

Pulmonary oedema 3 Sepsis requiring delivery
Lung collapse 1 Placental abruption
Amniotic fluid embolism 2

DIC + caesarean 1

hysterectomy

TOTAL SEVERE: 1.51%

(95% Cl 0.91-2.25)

O w - =N

Bleeding during procedure
Chorioamnionitis
Pulmonary oedema

TOTAL MINOR: 9.04%
(95% ClI 3.27-17.40)
Bleeding during procedure
Transfusion during/after procedure
Chorioamnionitis

Wound infection
Pulmonary oedema

TOTAL MINOR: 2.39%
(95% CI1 0.71-5.02)
Bleeding during procedure

Transfusion during/after procedure
VTET

“Epidural headache” + blood patch
Chorioamnionitis

Pulmonary oedema

Upper Gl bleed'®

Wound hernia

TOTAL MINOR: 4.03%

(95% Cl 2.73-5.56)

Reviews

3
10
5
ALL COMPLICATIONS:
12.49%
(95% Cl 4.83-23.06)
1
1
7
1
3 ALL COMPLICATIONS: 3.44%
(95% C10.98-7.32)
148
9
2
1
68

1 ALL COMPLICATIONS: 5.86%

(95% Cl 4.33-7.61)
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Fetoscopic = Severe infection 2 | Haemorrhage requiring delivery 3  Bleeding during procedure 10
selective Placental abruption 1  Diathermy skin burns
reduction 4

Chorioamnionitis 19
n=1239 Chest infection

Pleural effusion 1

ALL COMPLICATIONS: 5.20%
TOTAL SEVERE: 1.98% TOTAL MINOR: 3.00%
(95% CI 3.00-7.96)
(95% CI 0.97-3.35) (95% Cl 1.68-4.68)

Pooled proportions calculated using random effect model for meta-analysis

n: number of women, 1@ Other infections in MMC surgery: chest (1), urinary tract (1), ™ Venous thromboembolism: confirmed pulmonary embolism (PE)
(1); suspected PE with confirmed deep vein thrombosis (1), ® Upper Gl bleed considered to be tocolysis-related (indomethacin)

EXIT - ex-utero intrapartum treatment, FETO - fetoscopic endoluminal tracheal occlusion, MMC - myelomeningocele, DIC - disseminated intravascular

coagulation
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Maternal outcomes following the index pregnancy (long-term)
Table 2.10 shows subsequent pregnancy outcomes and long-term maternal
outcomes following a pregnancy in which fetal surgery was performed. New
difficulties in conceiving were described in 3.81% of women after open fetal
surgery (95% CI 1.22-7.76, reported in four studies); this outcome was not
reported to occur after fetoscopic surgery (three studies). Pregnancy loss prior to
24 weeks’ gestation occurred in 19.95% of pregnancies conceived following open
fetal surgery (95% CI 13.37-27.48, three studies) and 13.67% of pregnancies
conceived after fetoscopic surgery (95% CI 9.34-18.68, three studies). Preterm
birth occurred in 20.49% of pregnancies following open fetal surgery (95% CI
10.48-32.81, four studies) and in 2.12% of pregnancies following fetoscopic
surgery (95% CI 0.02-9.01; three studies). Uterine rupture or dehiscence
occurred respectively in 6.89% (95% CIl 1.34-16.27, reported in three studies)
and 11.09% (95% CI 5.34-18.59) of pregnancies following open fetal surgery.
None were mentioned in fetoscopy studies. The risk of morbidly adherent

placenta in subsequent pregnancies was not discussed in any of the studies.
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Table 2.10: Long-term maternal complications following open and fetoscopic fetal

surgery
Open Fetoscopic
surgeryt? surgeryt?
% (95% CI) % (95% CI)
Conception Women attempting further 50.11 51.76
pregnancy (21.55-78.63) | (18.63-84.03)
Women conceiving further 48.33 48.20
pregnancy (26.74-70.26) | (31.46-65.16)
New sub-fertility 3.81 NR
(1.22-7.76)
Pregnancy Miscarriage 19.95 13.67
outcomes (13.37-27.48) | (9.34-18.68)
Pre-term delivery 20.49 212
(10.48-32.81) (0.02-9.01)
Uterine rupture 6.89 0
(1.34-16.27)
Uterine dehiscence 11.09 NR
(5.34-18.59)
Excessive bleeding at delivery 6.84 5.52
(2.16-13.88) (2.83-9.03)
Non-pregnancy Abdominal pain 6.381° 9.01
(3.84-16.06)
Abnormal menstrual bleeding NR 6.54
(3.43-10.57)
Gynaecological surgery'® 8.68 NR
(1.81-19.96)
Psychological symptoms 9.091® 32.56
(7.70-64.58)

Pooled proportions calculated using random effect model for meta-analysis

NR - not reported

Ta Variable denominator as not all outcomes were reported by all studies

Tb No meta-analysis possible as reported by single study

tc Gynaecological surgery following open fetal surgery: endometrial ablation (1), hysterectomy
(6): caesarean hysterectomy (1), ovarian cysts+/-menstrual disorder (2), fibroids (1), unknown
reason (2)
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2.2.4 Discussion

In this systematic review of the literature we found an overall complication rate of
approximately 21% for open fetal surgery and 6% for fetoscopic fetal surgery, of
which minor complications occurred in 16% and 4% of surgeries respectively.
This maternal complication rate excludes obstetric complications which may also
have occurred (e.g. PROM, CMS, preterm labour and preterm delivery).
Additionally, many studies of fetal surgery fail to document maternal
complications. Out of 751 full-text articles reviewed, 175 (23.3%) were excluded
as no maternal outcomes were stated. Although 68 of these studies focused on
a specific aspect of the surgery or its neonatal outcome, 107 studies (92
fetoscopic and 15 open) involving over 9000 patients did not comment on the
presence or absence of any complications specifically affecting the mother’'s
health. Often the “maternal outcomes” stated meant in reality obstetric outcomes
(e.g. PROM, preterm labour). We also found that maternal complications were
often presented from the fetal perspective (e.g. fetal demise caused by placental
abruption). Thirty included studies (18.1%) contained a statement that no adverse
maternal outcomes were observed without specifying what was meant by
maternal outcomes. Among these studies were some large series, including a
study of 201 patients undergoing fetoscopic tracheal balloon removal®*® and
studies of 200" and 500'% patients undergoing fetoscopic laser coagulation. It
is unlikely that such large numbers of procedures had no maternal complications,
and more likely that complications were either not perceived as serious, not
reported and/or the patient follow-up was incomplete. This lack of reporting has
most likely led to an underestimation of the actual risk of maternal complications

in our meta-analysis. Conversely, when maternal complications were reported,
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there was a wide variability in which outcomes were discussed and how they

were presented.

There was a severe complication rate (Clavien-Dindo grade Il or IV) of 4.5% in
women undergoing open fetal surgery and 1.7% undergoing fetoscopic surgery.
This is in keeping with a previous multi-centre review of maternal complications
following laser photocoagulation for TTTS'?® which found a 1.0% rate of severe
complications and a 5.4% total rate of complications across all studies; however,
when the authors only included studies which systematically assessed maternal
complications as a primary or secondary outcome, this rose to 1.8% for severe

and 17.4% for all complications.

In almost all studies of fetal surgery reviewed, long-term maternal follow up was
not described. The seven studies that did so had a wide variation in the
parameters described. Fertility does not appear to be negatively affected by fetal
surgery, with the rates of de novo difficulties for conceiving in this review (3.81%
following open fetal surgery and none following fetoscopic surgery) being
comparable, if not less, than published rates of secondary infertility in the general
population?®S. Similarly, the rates of miscarriage described (19.85% following
open fetal and 13.67% following fetoscopic surgery) are similar to rates of
spontaneous miscarriage in women who have not undergone fetal surgery 286 287
288 Epidemiological studies?®® have suggested a worldwide preterm birth rate of
11.1% with a rate of 8.6% in “developed regions™®°. In the US and UK it is
estimated at 9.8%2%° and 7.3%2°! respectively. The preterm birth rate in this
review following open fetal surgery (20.49%) is higher than the usual prevalence,
but not higher following fetoscopic surgery (2.12%). Open fetal surgery was

followed by uterine rupture or dehiscence in 6.89% and 11.09% of subsequent
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pregnancies respectively, which is in line with published rates of rupture (6.2%)
and dehiscence (12.5%) following a classical caesarean section?%2. Conversely,

no uterine ruptures were reported following fetoscopic surgery.

This study included the commonest fetal procedures and, from a maternal
perspective, involved similar surgical manipulations yet variable operating times.
We included studies from multiple centres worldwide and attempted to identify
the non-English literature. It is therefore likely that these results are generalisable
to fetal surgery performed outside the included studies. An obvious weakness of
this systematic review is that most studies did not include a control group.
Furthermore, we decided to pool data for meta-analysis despite having high
heterogeneity in some results. Another weakness is the extraction of patient data
from papers, which is prone to error given the variable reporting; it is possible that
some patients had more than one complication and this was not noted or

cumulative rates were as a consequence miscalculated.

This systematic review has identified a significant rate of maternal complications,
which should be discussed with patients before embarking on fetal surgery. Large
studies allow an estimation of the likelihood of these events, insomuch as the
cases in these series are unselected and consecutive. Our systematic review
search strategy may have missed relevant yet rare complications. For example,
a letter to a journal editor describing maternal convulsions during general
anaesthesia®®® was excluded as a case report according to our criteria. In this
circumstance, it appears the patient was also part of the cohort of a study that
was included'®’, but it is possible that other rare events reported as case series
have been missed. An international, prospective registry of fetal and fetoscopic

surgery, such as the Eurofoetus®®** and NAFTNet'!" registries, would be the best
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way to accurately determine complication types and rates and avoid missing rare

complications.

2.2.5 Conclusion

The maternal risks of fetal surgery are accepted by many patients and healthcare
professionals for the possible benefit to the fetus?®® 2%. This systematic review
finds that studies of fetal surgery focus on the fetal outcomes of the procedure,
and many fail to describe maternal complications. Fetal surgery comes at a risk
to the mother, which may be underestimated by fetal therapists due to under-
reporting and variable reporting quality. In order to properly quantify maternal
risks, outcomes should be reported consistently across all studies of fetal

surgery, preferentially in prospective registries.

2.2.6 Contributions

The work in Chapter 2.2 was produced in collaboration with: Dr Lennart Van der
Veeken (L.D.V., KU Leuven, Belgium), Miss Emma Bagshaw (E.B., University
College London), Miss Catherine Ferguson (C.F., University College London), Dr
Tim Van Mieghem (Mount Sinai Hospital and University of Toronto, Canada),
Professor Anna David (University College London) and Professor Jan Deprest

(KU Leuven, Belgium).
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2.3 Background Review of Setting up a Clinical Service

2.3.1 Introduction

Based on the background of open fetal surgery for spina bifida
(myelomeningocele, MMC) and international developments, as described in
previous chapters, the possibility of setting up a fetal surgery unit in our institution
(University College London Hospitals, UCLH) was considered. This resolve was
strengthened by increasing recognition of the procedure, and other types of fetal
surgery, in media coverage and by patient request. By 2017, five British women
with fetal MMC had travelled to centres in western Europe to undergo the

procedure.

UCLH has a well-established Fetal Medicine Unit (FMU) which is a regional,
national and international referral centre, seeing over 7000 patients a year. It has
strong links with UCLH neonatal services and Great Ormond Street Hospital
(GOSH) surgical and paediatric services, as well as strong research links with
the UCL Institute for Women’s Health. The FMU offers invasive fetoscopic
procedures on the placenta, cord and membranes - such as laser coagulation,
cord occlusion and fetal blood transfusion. Ex-Utero Intrapartum Treatment
(EXIT) procedures?®” have previously been performed at UCLH; this a surgical
procedure that is used at delivery for babies with potential airway compression.
A caesarean section is performed by obstetricians but the baby remains on
placental circulation until an airway has been established by a neonatal or

paediatric surgical team. This is a multi-disciplinary procedure and success

97



Reviews

performing it was considered encouraging for the set-up of open fetal surgery.
Following discussions with all clinical groups in November 2013, the option of
setting up a fetal surgery service as a collaboration between UCLH and GOSH

was agreed.

2.3.2 General Principles on Setting Up a Clinical Service in the UK

There are many models for introducing clinical or organisational change in the

UK.

The “Seven S” framework™®® is a management model used for organisational
analysis to evaluate possible changes; each of the seven aspects need to be
aligned for the change to be successful. Each is considered below using the

example of fetal surgery at UCLH:

e Strategy: Is the change in line with the purpose of the organisation?
The purpose of UCLH is to provide world-class care and, from the
evidence discussed in chapter 1.2, offering fetal surgery for MMC would

fit with that.

e Structure: Does the existing organisational structure lend itself to
supporting this venture in a coordinated approach?
Previous experience at UCLH with invasive fetal procedures and EXIT

procedures suggest this to be the case.

e Systems: Are systems in place to support this change - e.g. administrative

systems, information technology and patient support?
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Much of this would fit into the existing practice of the FMU, although a “co-

ordinator” was considered desirable to ease the process.

e Shared values: All parties involved in the change have to believe in the
venture in order for it to be successful.
Discussions between fetal medicine specialists, obstetricians, neonatal
neurosurgeons and neonatologists at an early stage showed this to be the

case.

e Skills: Do the staff have the necessary expertise?
It was established that a good skills base was present but that further
training would be required in order for the procedure to be performed

safely and smoothly.

o Staff: Are the right staff in place to facilitate the introduction of the new
service?
As discussed above, this was considered true for UCLH/GOSH as a cross-

site collaboration.

e Style: Is the current management style appropriate to oversee this?
There was considerable managerial support for this proposal. Close
working with the management team was assisted by the situation of the
fetal medicine consultant lead for neurology also being the clinical director

of women’s services.

A “step-by-step guide™* to setting up a new clinical service was published in the
BMJ online in 2009. The process for proposal, set-up and execution of a new

service was as follows, using the example of fetal surgery at UCLH:
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Conception: Assess the current service, analyse the problems and
suggest an alternative.

This is described in the previous chapters.

Preparation: The authors suggest using the “Seven S” model as discussed
above.
Business case: This should be made to the trust using local protocols.

This was done at UCLH and will be discussed later in this chapter.

Project title: This must be succinct and informative.

“Fetal Surgery for Spina Bifida” was chosen as this appeared most self-
explanatory. Alternatives to “fetal” include “in-utero” and “prenatal” but it is
possible that “fetal” conveys the time point of surgery more clearly.
Similarly, although “myelomeningocele”, or MMC, is technically more
correct as this is the open type of spina bifida that will be treated, it was
felt that this description would be less easily understandable to patients

and non-experts.

Summary statement: The project must be able to be condensed into two
sentences.

“UCLH/GOSH will introduce fetal surgery for spina bifida in 2018. This has
been shown to improve outcomes when compared to neonatal repair in a

randomised trial.”

Background: A summary of why the service is necessary and what is
already provided must be known.
The alternative options of termination of pregnancy and postnatal repair’”

have been discussed in previous chapters.
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e Description of the service: A brief overview of the proposed service must
be provided.
“Patients fulfilling criteria and who wish to have fetal surgery will be
operated on at 23 to 26 weeks’ gestation of pregnancy. It is expected that
they will be an inpatient for approximately one week following surgery, and

will require close follow-up until delivery.”

e Benefits analysis: Clinical benefits will usually have been dealt with
already; the economic analysis must be estimated.

This will be analysed in chapter 2.5.

e Project planning: A timetable and plan for smooth introduction of the
service should be created.
A timeline for service implementation was created, with plans to be offering

a clinical service in the next 3-5 years.

¢ Pilot study (execution): A small number of cases should be performed first
and then evaluated.
Funding secured was estimated to cover service set-up and performing
the first 10 cases, after which there would be a review of outcomes and of

funding structure.

e Audit: Clinical review of cases performed and learning points prior to
progressing further.

Data collection and evaluation on all referrals and cases was planned.

The NHS England document “Planning, assuring and delivering service change

for patients™%, whilst primarily being a good practice guide for commissioners
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regarding service reconfiguration, has key themes which are applicable to setting

up a fetal surgery service as follows:

e Preparation and planning

e Evidence base

e Leadership and clinical involvement

¢ Involvement of patients and the public
This final point, describing the need for “ongoing and continuous patient and
public engagement” is emphasised and is clearly important in setting up a service
which could be viewed as contentious by the public. We therefore have sought
to involve the public from the outset and have closely collaborated with SHINE
(Spina Bifida, Hydrocephalus, Information, Networking, Equality) Charity3°’

throughout our set-up.

2.3.3 Examples of Clinical Services Set Up Within O&G in the UK

A “practical guide” to setting up a preterm birth clinic was published in 200632
This paper explored the problem of preterm birth and the aims of a specialist
clinic to reduce and manage the condition. Patient selection, with inclusion and
exclusion criteria, was discussed and provides a good example of being specific
prior to the service being offered. We have attempted to do this in setting up our
fetal surgery service, as discussed further in chapter 3.2.2. Practical needs in
setting up a clinic discussed in this paper included the input of an experienced
midwife, referral pathways, ultrasound and biochemical services, patient
information leaflets, the ability to perform rescue cerclage, departmental

protocols and opportunities for research, audit and teaching. With the exception
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of cervical cerclage, it would seem that all these practical needs also exist for

setting up a fetal surgery service.

A paper published in 2007 discussed setting up an outpatient service for early
medical termination of pregnancy33. Training and equipment requirements were
explored, and the authors concluded that the service was cost effective and “the
training and equipment needed benefit other patients”. This “knock-on” effect of
service development is interesting, and it is possible that developing a
programme of fetal surgery for MMC will improve patient care in other ways, for
example making clinicians more familiar with spina bifida and therefore improving
counselling, or developing surgical skills which are transferable to other

procedures.

2.3.4 International Guidance on Setting Up a Fetal Surgery Centre

The Meningomyelocele Maternal-Fetal Management Task Force was convened
by the Eunice Kennedy Shriver National Institute of Child Health and Human
Development; in 2014 this task force published a Position Statement on fetal
myelomeningocele repair®®. In anticipation of an increasing number of centres
setting up a fetal surgery service, it sought to establish minimum criteria for such

centres.

The position statement recommendations fell into six categories, which are

quoted and discussed in further detail with reference to UCLH/GOSH:
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1. Defining a fetal therapy centre

An experienced fetal care team should exist which includes the following:

e A functional team experienced in collaborative patient care with a
designated leader.

e Care coordinator.

e Fetal echocardiographer.

e Surgeon with experience performing hysterotomy and closure (this
could be an obstetrician or paediatric surgeon).

e Genetic counsellor.

e Magnetic resonance imaging equipment and expertise to perform
and interpret fetal cases.

e Maternal fetal medicine specialist.

e Neonatology.

e Obstetric anaesthesia.

e Paediatric anaesthesia.

¢ Neonatal or paediatric neurosurgeon (with experience performing
open repair of spina bifida).

e Social work.

¢ Ultrasound equipment and expertise to perform and interpret fetal
cases.

The existing team, with collaborators from Great Ormond Street Children’s

Hospital (GOSH) was felt to fulfil all the above criteria.

Alongside the fetal care team as defined above, it was recommended that

the proposed fetal surgery centre have a multidisciplinary spina bifida
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clinic (as exists at GOSH), as well as a Level Ill Neonatal Intensive Care
Unit (NICU) and a labour and delivery unit capable of caring for
perioperative complications and obstetric emergencies, both of which exist

at UCLH.

. Perioperative management for fetal MMC repair
The preoperative evaluation (and inclusion/ exclusion criteria),
intraoperative procedure and immediate postoperative care should be

performed in strict adherence to the MOMs protocol®.

This was agreed by the UCLH/GOSH team and written into the local

protocol.

. Long-term care
Neonates and children should be cared for in multidisciplinary spina bifida

clinics which include the following:

Developmental paediatrician

e Neuropsychologist

e Orthopaedic surgeon

e Paediatric neurosurgeon

e Physical therapy/ occupational therapy
e Psychosocial support

¢ Rehabilitation

e Urology
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The recommendations stated that “this can be performed outside the fetal
therapy centre as long as the resources are similar to that provided at the
fetal centre in order to maintain uniform care for ongoing outcomes
evaluation.” The existing spina bifida clinic at GOSH, a tertiary referral

centre for spina bifida, fulfils these criteria.

. Counselling

A standardised non-directive counselling model must be in place. All
management options, including termination of pregnancy and postnatal
MMC repair must be discussed. Parents must be given a period for

reflection of at least 24 hours.

This was agreed by the UCLH/GOSH team and written into the local

protocol.

. Reporting and monitoring
Fetal surgery centres should report short and long-term paediatric and
maternal results, including reproductive outcomes in subsequent

pregnancies. Centres should join a central registry to track outcome data.

This was agreed by the UCLH/GOSH team and written into the local

protocol.

. Access and regionalisation
Fetal surgery centres should be geographically distributed throughout the

country to improve access.
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No other fetal surgery centres currently exist in the UK, and London is

easily accessible from all parts of the UK.

In summary, a UCLH/GOSH collaboration was thought to fulfil all the criteria set
out for a fetal surgery centre. From 2014 to 2015, it was negotiated that Professor
Jan Deprest, lead clinician for the fetal surgery programme in Leuven, Belgium
would be employed at UCLH for two days a week to oversee the introduction of

a fetal surgery programme in London. He took up this post in January 2016.

2.3.5 UCLH Service Set-Up Regulations

The UCLH Policy Guideline “New Interventional Procedures: Introduction to
UCLH"3% sets out the process and requirements for introducing a new service in
the UCLH NHS Foundation Trust. This is based on the Department of Health
Circular “The Interventional Procedures Programme - working with the National
Institute of Clinical Excellence to promote safe clinical innovation”® which all
trusts were expected to implement following publication in 2003. A replacement
for this document was proposed by the National Institute for Health and Care

Excellence (NICE) in 201737 but has yet to be published.

The process of new service approval is as follows:

1. A Lead Clinician is named, who assumes responsibility for all parts of the

application including auditing and presenting results.
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The Divisional Clinical Director is required to approve the application and
forward it.

The Medical Director is required to approve the application and forward it.
The Clinical Effectiveness Steering Group (CESG) is responsible for giving
ultimate approval of new interventional procedures on behalf of the Quality

and Safety Committee and the Chief Executive.

The application made must include:

An assessment of the impact on clinical services, staff training and cost
implications.

Plans for auditing and presenting results.

A patient information leaflet.

NICE Interventional Procedure Guidance if it exists.

For fetal MMC repair, there is no NICE IP Guidance. The potential surgery
set-up was discussed by the Interventional Procedures Committee (NICE
reference number: 949: Prenatal versus postnatal repair of
myelomeningocele) in 2016; it was decided that it would be placed on a

period of monitoring, until greater clinical experience in the UK existed.

An application for the new interventional procedure of fetal surgery for spina bifida

at UCLH, with Professor Anna David named as the Lead Clinician, was made

according to the above process and final CESG approval for this service was

granted in May 2016.
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2.3.6 Funding

Currently, the NHS in England, Wales, Scotland and Northern Ireland does not
commission a fetal MMC repair service directly. Thus far, the patients who have
wished to have this procedure in European centres have successfully applied for

funding via the NHS S2 route.

In October 2015, GOSH Children’s Charity awarded £296 000 towards the set-
up of fetal MMC surgery as a UCLH/GOSH collaboration; in June 2016 UCLH
Charities also awarded £155 000 to the project. Therefore, with an approximate
budget of £450 000, the fetal surgery service at UCLH is being set up on a
charitable-funding basis. It is estimated that this will cover staffing costs, team

training and equipment as well as the first ten cases.

Recognising that applications to travel to Europe for fetal MMC surgery were
occurring more frequently than in “exceptional circumstances”, in September
2017 the NHS Highly Specialised Services Commissioning Group began a
scoping exercise for a clinical service. In October 2017, a Provisional Policy
Proposal for a fetal MMC repair service was submitted, with Professor Anna
David as Clinical Lead. In December 2018 it was announced that a fetal MMC

repair service would be commissioned by NHS England.
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Chapter 3Methodology of Setting up a Clinical Service

3.1 Team and Training

In setting up open fetal surgery for spina bifida at University College London
Hospital (UCLH), the first thing we considered was the team who would be

providing this service and the training they would need.

3.1.1 Background and Aims

As discussed previously, the Meningomyelocele Maternal-Fetal Management
Task Force published a Position Statement on fetal myelomeningocele repair in
20143%_This specified the team members who would be required to establish a
fetal therapy centre, all of whom were considered to be available across UCLH
and Great Ormond Street Hospital (GOSH). From the outset we aimed to have a
consistent theatre team performing fetal surgery. Clinically, there is often high
rate of “sharing” team members across specialties and procedures, particularly
theatre nurses, which has been reported®®® and is often experienced “on the shop
floor”. This leads to a new team working together each time. In general surgery a
lack of team consistency has been associated with prolonged operative times,

longer hospital stays and increased readmissions3°.

The position statement emphasised the need for a “functional cohesive
multidisciplinary team with the individual members of the team exhibiting and
maintaining a level of expertise in their respective fields”. Our proposed team
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consisted of fetal medicine specialists experienced at diagnosing and counselling
regarding fetal anomalies, obstetricians experienced at performing hysterotomies
and neonatal neurosurgeons experienced at performing postnatal multi-layer
spinal repairs. It was therefore judged that the team had sufficient expertise in

their respective fields.

The IfTMSS/NAFTNet Joint Opinion in 20173 classified fetal procedures into four

main groups:

1. Ultrasound-guided needle procedures (e.g. intrauterine transfusion,
shunts, balloon valvuloplasty).
2. Fetoscopic procedures (e.g. placental laser ablation, umbilical cord
occlusion, tracheal balloon occlusion).
3. Open fetal surgery (e.g. myelomeningocele repair, resection of
sacrococcygeal teratomas or lung masses).
4. Ex-utero intrapartum treatment (EXIT) procedures (described in chapter
1.4).
The fact that, at UCLH, fetal procedures in all groups except open fetal surgery
were already being performed successfully was considered encouraging in our

plans to begin open surgery.

Team cohesiveness, as emphasised by the position statement, was considered
central to the success of the proposed service, and it was apparent that a multi-
disciplinary operation of this size had not occurred before at our unit. We
therefore planned steps to increase team familiarity and collaboration, which will

be described in methods below.
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The position statement also recommended that new fetal surgery centres should
receive guidance and training from established centres and experienced
individuals; we therefore made this central to our service set-up and will also

describe this further in the methods section.

In addition to the specific guidance for team and training in new fetal surgery
centres, we also considered the Royal College of Surgeons “Guide to Best
Practice: The High Performing Surgical Team3'°”. This encourages clear
leadership whilst “minimising status and power differences” and emphasises the
importance of clear, respectful communication amongst team members. The
WHO Guidelines for Safe Surgery®'’ also discusses team culture and
communication; it notes that members of surgical teams can often function in
“silos”, sharing the same physical space but holding distinct expectations and
values and sometimes barely interacting. Reflecting on these documents, we
aimed to develop a modern multi-disciplinary team with shared aims, a flattened

hierarchy and open communication between all members.

3.1.2 Methods in Establishing and Training the Fetal Surgery Team

Guidance and training from those experienced in performing open fetal surgery
was considered a pre-requisite in our decision to set up this service. To this end
a strong working relationship was established with three major fetal surgery

centres; the team at Children’s Hospital of Philadelphia (CHOP) who had been at
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the forefront of developing this technique and had led on the MOMs trial®
supported our endeavour by overseeing our protocols and criteria and providing
training opportunities at their hospital. The teams in Zurich, Switzerland and
Leuven, Belgium both did the same. Most importantly, the lead clinician for fetal
surgery in Leuven, Professor Jan Deprest, was employed by UCLH for two days

a week to oversee the fetal surgery programme in London.

Team members who had been involved in the initial decision to set up fetal
surgery at UCLH approached other specialists as required for the service;
individuals with expertise and/or an interest in the project were encouraged to
join the team. We then established core groups according to team members’
expertise, as follows: research, fetal medicine, surgical (including theatre nurses),
anaesthetics (including operating department practitioners), neonatal and
midwifery. The development of these core groups or “sub teams” enabled each
to take responsibility for the training, protocols and set-up particular to them.
Monthly meetings for the whole team were also established to encourage

familiarity and collaboration across the large group.

Training was achieved in a number of ways and varied according to the level of
expertise required by the team member. Written information, such as leaflets and
protocols, were disseminated across the whole group. Team members who
would not be involved in the surgery itself but rather the care of the patients
afterwards (midwifery and neonatal) were given access to videos of the
procedure and standard post-operative or post-delivery regimes used in other

centres. All other team members with an active role in theatre were encouraged
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to visit one of the three centres above to observe fetal repair of spina bifida and
spend time with their counterparts in that unit. The paediatric and neonatal
neurosurgeons who would be performing the fetal spinal repair attended multiple
cases in existing centres, where they were supported to perform the procedure
under the guidance of the host unit. This occurred a minimum of five times before

operating in London was considered.

Communication within the team was established by email, phone and regular
interactions in person. The author took up the “Fetal Surgery Research Fellow”

role in April 2017 and functioned as a central co-ordinator for all team members.

3.1.3 Results and Difficulties Encountered

We established a team of thirty members, split approximately evenly between the
six “sub groups” described above. We attempted to have more than one person
in each role involved in the project, in order to reduce pressure on any one
individual and to avoid surgery being impossible on occasions when that member
was unavailable. Although the service is a UCLH/GOSH joint project, as surgery
was occurring at UCLH and the two hospitals are not part of the same trust, a
number of team members required honorary contracts of employment and

occupational health clearance.

All team members who required training travelled to an established centre to

observe surgery, although due to the unpredictable nature of fetal surgery cases
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and full-time occupation of all team members, this took longer to achieve than
anticipated. Communication, both by email and in person, was successfully
established across the majority of the team with the exception of theatre nurses.
Difficulties were encountered in sharing information regarding fetal surgery and
establishing dedicated fetal surgery theatre nurses due to a lack of response from
middle-grade theatre managers and a possible unwillingness to engage with the
project. This culminated in an angry remonstration by a theatre nurse at a monthly
team meeting regarding the perceived lack of communication and overlooking of
the theatre staff. Whilst unpleasant to listen to at the time, this incident did have
the effect of galvanising efforts to engage with middle-grade theatre managers
via the involvement of their seniors. The fact that a junior theatre nurse had felt
able to criticise the team gathered, including several professors and consultants,
also coincidentally satisfied us that we had been able to establish a flattened

hierarchy as was our aim.

3.1.4 Simulated Surgery

The team set-up and training, as described above, took approximately nine
months. Although technical skill is clearly necessary in performing a new
procedure3'?, it is not sufficient®'® and in an era of increased appreciation for
“human factors®'#”, it is clear that surgical success is equally due to the
functioning of the theatre team. As simulation is embedded in UK medical training
and has been reported to improve technical and non-technical surgical skills3'®,
we undertook a full “dummy run” of a fetal surgery operation prior to offering it to

a real patient.
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Simulation surgery process

A volunteer not involved in the fetal surgery project was engaged to act as the
“patient” and be communicated with as such. The obstetric operating theatre
planned for fetal surgery was booked for a session (half day) and the entire team
was assembled as for a real case, including a full neonatal resuscitation team in
the worst-case scenario of intraoperative delivery. The patient was given a set of
notes and admitted on the hospital computer system; consent was obtained and
electronic prescribing was performed as per hospital protocol. Patient monitoring,
intravenous access, arterial cannula placement and epidural and general
anaesthesia were all simulated but not performed. The patient lay on the theatre
table whilst surgical drapes were applied; the surgical team then held the relevant
instruments whilst talking through the procedure in a step-wise fashion. Following
the simulated procedure, the patient was returned to the recovery area and

postoperative plans were made.

Simulation surgery learning points

Several areas for improvement were highlighted from the simulated surgery, as

follows:

e Securing an alternative second theatre for emergencies: although the
theatre used was for elective caesarean sections (which had been
cancelled) and not the acute labour ward theatre, the obstetric consultant
explained that if two emergencies were occurring simultaneously they
would usually take over the theatre we were in-between cases. However,

in fetal surgery there is one long case rather than three elective
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caesareans and so there is no opportunity for the on-call team to use it in
an emergency. Following this we proposed a plan of communication and
second emergency theatre in another part of the hospital to be designated
on fetal surgery days.

Medication, equipment and instruments: there were several
improvements, additions and adjustments required, which will be
discussed in chapter 3.3.1.

Theatre noise and personnel: the patient had a simulated epidural in the
anaesthetic room, then entered theatre for the simulated general
anaesthetic; on doing so she reported that entering theatre was rather
intimidating due to the number of people present. We later debated also
performing the general anaesthetic prior to entering theatre but decided
that this would likely lead to a longer anaesthesia time for mother and fetus
due to the time taken to transfer the patient then set up equipment around
her. We resolved that the patient would still enter theatre awake post-
epidural, but that personnel present would be kept to a minimum number
of people and activity would be as quiet as possible.

Surgical checklist: the WHO surgical safety checklist?'’ (“Time Out”),
adapted for obstetrics®', was used as this was available in theatre but it
was clear that it did not correspond well to fetal surgery. Following this a
specific surgical safety checklist was developed for fetal surgery cases.
Decisions regarding resuscitation and steroids: the neonatal team
highlighted that prior discussion and documentation of the threshold of
fetal/neonatal resuscitation would be extremely important. As fetal surgery
is performed at 24 to 26 weeks’ gestation, a surgical emergency resulting

in delivery of the fetus (e.g. placental abruption) would result in a
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potentially viable neonate being born. Whether this neonate would receive
full, partial or no resuscitative efforts would depend upon the exact
gestation, weight, condition and other prognoses. This also varies
between units - for example, at CHOP full resuscitation would be
attempted for almost all neonates but in Belgium this would rarely be the
case prior to 26 weeks. Although we had discussed this before in our group
and decided that this decision would be on a case-by-case basis,
undergoing the simulation surgery prompted further discussion of this. It
became apparent that the threshold of potential resuscitation must be
discussed extensively both with the parents and as a team prior to the
mother entering the operating theatre and not left to be decided in an
emergency situation. The use of maternal steroids to promote fetal lung
maturity prior to fetal surgery would logically follow the decision regarding

resuscitative efforts.

Immediately following the simulation surgery, the first patient referral for
consideration of fetal surgery was received; however, it was decided that surgery
would not proceed whilst there were still any outstanding issues and the patient

was transferred to Leuven for surgery whilst the above points were addressed.
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3.2 Protocols

Following the Clinical Effectiveness Steering Group approval for fetal repair of
spina bifida at UCLH in May 2016, a raft of protocols, procedures, pathways and
various other paperwork were required to support and underpin the service set

up. These will be described in more detail below.

3.2.1 Protocol

The team at Children’s Hospital of Philadelphia (CHOP) shared their trial
protocol® and departmental protocols with our team and reviewed our protocol
once finalised. Our protocol specified inclusion and exclusion criteria,
management of complications and standards for follow up and was distributed to

all our team.

3.2.2 Inclusion and Exclusion Criteria

The criteria from the MOMSs trial®® are discussed below, along with their

adaptation for UCLH:
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Inclusion Criteria

1.

4.

Myelomeningocele (including myeloschisis) at level T1 through S1 with
hindbrain herniation.

Maternal age >18 years.

Gestational age of 19+0 to 25+6 weeks’ gestation as determined by
clinical information and evaluation of first ultrasound, preferably first
trimester when dating will be according to Crown Rump Length (CRL) or if
assisted conception, by date of embryo transfer.

Following the MOMs trial, evidence emerged'?' that the risks of chorionic
membrane separation, preterm rupture of membranes and preterm labour
were all increased with earlier gestational age at the time of fetal surgery.
It then became standard practice at CHOP that fetal surgery should not be
performed at less than 23 weeks’ gestation. Therefore our inclusion criteria

were correspondingly modified to 23+0 to 25+6 weeks’ gestation.

Normal karyotype with written confirmation of culture results.

Exclusion Criteria

—

N

. Multifetal pregnancy

. Poorly controlled insulin-dependent pre-existing diabetes

Fetal anomaly not related to spina bifida.

Kyphosis of the fetal spine of 30 degrees or more

Current or planned cerclage or documented history of incompetent cervix.
We clarified this by specifying that the following would be exclusion
criteria: previous mid-trimester loss (12 to 24 weeks’ gestation) or previous

shortening cervix requiring increased surveillance or treatment.
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Placenta praevia or history of placental abruption.

Short cervix < 20 mm measured by cervical ultrasound.

Obesity as defined by body mass index of 35 or greater.

As per 2016 the BMI limit has been raised to 40 by CHOP and at most
other institutions providing this service; we therefore agreed to consider

cases up to BMI 40.

Previous spontaneous singleton delivery prior to 37 weeks

10.Maternal-fetal Rh isoimmunization, Kell sensitization or a history of

neonatal alloimmune thrombocytopenia.

11.Maternal HIV or Hepatitis-B status positive because of the increased risk

of transmission to the fetus during maternal-fetal surgery. Results must be

known prior to surgery.

12.Known Hepatitis-C positivity. If the patient’s Hepatitis C status is unknown,

screening is not required.

13.Uterine anomaly such as large or multiple fibroids or Mullerian duct

abnormality.

14.Previous uterine surgery: any patient with a previous hysterotomy in the

active segment of the uterus (whether from a previous classical caesarean
section, uterine anomaly such as an arcuate or bicornuate uterus, major
myomectomy resection, or previous fetal surgery). A previous
uncomplicated caesarean section scar was an exclusion in the MOMs trial
but more recently has been accepted by units globally and so this was

considered acceptable at UCLH.

15. Other maternal medical conditions which would be a contraindication to

surgery or general anaesthesia.
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16. Maternal hypertension which would increase the risk of preeclampsia or
preterm delivery (including, but not limited to: uncontrolled hypertension,
chronic hypertension with end organ damage and new onset hypertension
in current pregnancy).

17.Patient does not have a support person (e.g., husband, partner, mother)
or psychosocial concerns regarding the patient’'s emotional state.

18. Inability to comply with the travel and follow-up requirements needed by

UCLH Fetal Medicine Unit.

3.2.3 Theatre Manual

Whilst the main fetal surgery protocol was comprehensive with regards to the
areas above, we found it was not specific enough about surgical aspects and, in
particular, how to run the theatre. The team from Leuven kindly shared their
“theatre manual” with us, which we adapted for use in our setting and distributed

to all our team.

The theatre manual we developed has columns for each theatre specialist to read
down to establish what they should be doing exactly at each time point in the
surgery. We also developed diagrams showing where each member of the
surgical team should stand at various points in the surgery. Examples of the

theatre manual and diagrams are shown in Figure 3.1.
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UCLH Manual for Fetal MMC Repair September 2017 3
Step 2: Regional and General Anaesthesia
Obstetrics/ Surgical Anaesthetics Nursing/ Midwifery
FET CARD 1/FET MED 2: ANAES 1/2, assisted by ODP 1: CIRC 1:
* Create and check connection from US machine 1. Second IV access
to second screen, check US function and 2" Fluids: Hartmanns 60 mi/hr Prteara!;_OEnoo;giaiennt:s AT
settings 3. Atosiban loading scheme as above 2. Diatherm: gd %o logs
e 4. Antibitics (cindamycin 600mg IV) should have 5 Pooiion g
: een given ; " Supine, both long the body (on
e Check and set up fetal blood if needed 5. gﬂr:g;zlyé?sm and fentanyl may be given for s:g;:?!. v Iin:r::\z Zrc:grgial I?ne ar}é (:lzge%';oe
. g‘ep:i(rel:r}trahjlamn;o_uctplln?amyc;‘n 600mg 6. Epidural placement in theatre - test dose only Theatre bed on left lateral tilt
N ecK all fetal medication from pharmacy Test dose 3 mL of 0.5% Bupivicaine, do notbolus | pranaration around patient:
P . P L untilend of case e 1. Diathermy machine left leg end
Fetal for if 7 ‘F’u§ltlor1_|ng for induction - supine with LUD and 2. Ultrasound machine right lateral side
. ﬁg’opln? 20;7(‘)09::(99”( 8 Fs:p;fﬁng posnt!onl_ fol  TCl remi < 3. Tw: suction machines (maternal and fetal) leg
. renaline 10mcg/kg - irsinaamat et en o :
e " . . 9. Rapid sequence induction with cricoid pressure 4. Level 1 infuslon pump head end left side
Fetal Medication for routine administration: 10. Placement of cuffed endotracheal tube (7.0)
« Fentanyl 10mcg/kg Start ventilation
*  Vecuronium 0.1mg/kg ’F;:%Zhof 30% el ,
i ild hyperventilation cfr pregnancy!
*  Atropine 20meglkg (continue next page and instruct obstetrician
whether she/he can start doing ultrasound)
11. Phenylephrine infusion (0.05 mg/ml) started at
10ml/hr and go up as needed on 1 of the IV lines
exclusively used for vasopression!
12. Arterial line; no CVP line required unless hard
indication
13. Oro-gastric tube and temperature monitor
placement
Level | Opening and Closing

oonat Scrub Screen 2
urg 2 2 ;
PD (US machine slave)
Instrument
Fet Fet Table
Surg 2 Med 1
‘ RW GA

Electrosurg
Mono/Bip

. Fet Fet
Anaesthesia Surg 1 Card 1
JD PP
Fet
Neonat Ultrasound Med 2
Surg 1 f DP/AD
Neonatal machine
2 DT
GK

Figure 3.1: Example pages from theatre manual

Small instrument
Table (fetal
meds)

Reproduced with permission of UZ Leuven, Belgium

3.2.4 Referral Process

When setting up our service we were aware that this would be the first in the UK

and Ireland and that patients may have to travel a significant distance to visit
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UCLH. We therefore wanted to avoid patients travelling unnecessarily if possible.
To aid this we created a short information sheet for referring clinicians, setting
out the inclusion/exclusion criteria as well as some practical points and giving
contact details for queries. We developed a referral system based on the Belgian
one, whereby referring clinicians were asked to send patient details and
ultrasound images so this could be reviewed prior to inviting the patient to attend
UCLH. We developed a PowerPoint template setting out which information and
images we would like to have sent. Once this presentation is received it is
reviewed at UCLH by the fetal surgery team and confirmed that the patient

appears to be eligible for fetal surgery prior to offering her an appointment.

3.2.5 Pathways

We established that many staff would be involved in only one part of the patient’s
journey e.g. fetal medicine assessment or post-operative care. As the protocol is
a large document with writing in paragraphs, we felt this was not the easiest thing
for clinical staff to refer to on the wards. We therefore developed pathways or
flow charts to be used in specific areas to enable staff to provide consistent care.

Examples of these are given below in Figures 3.2-3.5.
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[ Local Hospital ]

Regional FMU

UCLH FMU

Review of referral

Not suitable for fetal surgery

Feedback to regional
FMU/ patient

Suitable for fetal surgery

First Appointment at UCLH

FMU USS
Fetal MRI
Counselling

Not suitable for
fetal surgery or
patient choice not
to proceed

Feedback to regional
FMU

If MRSA positive
commence
decolonisation therapy

Figure 3.2: Preoperative pathway

Reproduced with permission of UCLH, London

G J

Suitable for fetal
surgery and
patient choice to
proceed

A 4

(" )

Second Appointment:

Consent, bloods, MRSA swabs
Counselling with:
Neonatologist
Neonatal Neurosurgeon

\ J

Fetal Surgery
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Day before surgery: Patient

~

Arrive with family

Stay at accommodation or
admit to hospital

USS for fetal viability/position
and cervical length
Premedications

NBM from midnight

)

o J
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~

Day before surgery: UCLH

e Team Meeting

e Ensure blood available for
fetus and mother

e Check US machine available
and working in theatre

e Confirm consent with patient

e Ensure theatre latex-free
and closed from 04:00

— —

stockings etc.)

Review by:
FMU consultant
Anaesthetist

Check:

Re-confirm consent

Morning of surgery
06:00 - Tocolysis + premeds

07:00 - Routine observations and theatre
preparation (change into gown, TED

US for viability and fetal position

Ensure plans for limit of resuscitation have
been discussed and documented.

08:00 - Team brief in theatre
08:15 - Patient moved to anaesthetic room

Sur

gery

Post-operative: recovery

See postoperative pathway

Figure 3.3: Peri-operative pathway

Reproduced with permission of UCLH, London
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At any point, if concerns about contractions:
1. Perform tocography part of CTG monitoring to confirm if contractions are occurring
2. Perform cervical length scan if possible
3. Discuss with fetal surgical team
4. If confirmed preterm labour will require emCS due to recent hysterotomy

-

Day 0: Recovery \

e Hourly urine output for first day/night
e Bedside USS for viability
e Epidural catheter to remain in with patient-controlled boluses
e Medication:
- atosiban maintenance 18mg/hr for 3 hours then 6mg/hr for 24hrs total
- indomethacin 50mg PO 6hrly for 24hrs
- clindamycin 600mg IV 8hrly for 24hrs
- LMWH from evening of day 0

e

-

- IV fluids 4-6hrly (high losses during operation) /

Day 1: Recovery

e Bloods: FBC, U&Es, LFTs, CRP

e USS for viability, membrane separation, cervical length, DA

e Consider removal of epidural if not using; do not remove within 12hrs of LMWH

¢ Commence nifedipine in the evening once atosiban and indomethacin stopped -
to continue until discharge

J

Day 2: Recovery

e Bloods: FBC, U&Es, LFTs, CRP

e USS for viability, membrane separation, cervical length, DA

e Consider removal of epidural if not using; do not remove within 12hrs of LMWH
e Catheter out once epidural out

e Transfer to ACU once epidural out and patient well

~N

J

Days 3-7: Antenatal ward )
e Modified bed rest (can mobilise to toilet)
e Daily US or Sonicaid for fetal viability whilst inpatient
e Repeat bloods day 4 — if normal no further needed unless clinically indicated

. . h
Prior to Discharge

e Fetal MRI
e Full FMU USS including cervical length )

Figure 3.4: Post-operative pathway (inpatient)

Reproduced with permission of UCLH, London
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[ Discharge home ]

1-2 weekly FMU US and review

e USS for liquor volume, Dopplers, cervical length
e Review for symptoms of leaking fluid or abdominal
pain

e  Full growth scan, liquor, Dopplers, full neural US
e One further fetal MRI during pregnancy, ideally 30-
36/40 gestation

.

[ 4-Weekly FMU US )
4 )

If any concerning signs or symptoms discuss
with UCLH fetal surgery team

- J
/\

(" ) (

SROM/ oligohydramnios/ Confirmed preterm labour or
membrane separation/ cervical fetal distress
shortening

Deliver by emergency CS due to
Arrange admission and discuss increased risk of uterine rupture
with fetal surgery team ) k with previous hysterotomy

\_ J

Planned Delivery

e By 37/40
e Fetal steroids as per national protocols
e At CS inspect hysterotomy scar and excise if deficient

Figure 3.5: Post-operative pathway (outpatient)

Reproduced with permission of UCLH, London
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3.2.6 Information Leaflet

We developed an information leaflet for patients regarding spina bifida and fetal
repair as there was no specific information for this in the UK. We developed the
leaflet in collaboration with all our team and specialists in accordance with
hospital guidance. The leaflet was reviewed by lay people for readability and
patient representatives prior to publication. Informal feedback we received from
patients and referrers was positive and we believe this information leaflet is often
used as a first step when a local clinician explores whether the patient would like

referral for consideration of fetal surgery.

University College London Hospitals
NHS Foundation Trust

University College Hospital

Fetal spina bifida and surgical
closure during pregnancy

Information for Pregnant Women & Families

uclh

Figure 3.6: Patient information leaflet cover

Reproduced with permission of UCLH, London

129



Methodology of Setting up a Clinical Service

3.3 Equipment and Medication

In setting up our clinical service, we were required to develop specific equipment

sets and medication protocols, which are discussed further below.

3.3.1 Equipment

In order to perform fetal spina bifida surgery, a maternal laparotomy and
hysterotomy are required prior to neurosurgical repair. Like most theatres, ours
uses pre-assembled “sets” containing instruments commonly required for certain
operations. During our simulation surgery, as described in chapter 3.1.4, we were
required to open four sets (Caesarean section, Hysterectomy, Oncology, Majors)
in order to obtain all the instruments that were required. However, the majority of
the instruments in all of these sets were not required and therefore we created a
new “Fetal Surgery” set in order to be more organised and compact. The
neurosurgical instruments required were kept in a separate set and two surgical
theatre nurses (obstetrics and neonatal neurology) assumed responsibility of

their corresponding instruments.

During the simulation surgery, there were some instruments (bulb irrigation,
nerve hooks, specific uterine clamps) which were not available on any of the
surgical sets and had to be ordered especially. The simulation surgery also

helped us identify an issue with the uterine infusion; whilst the uterus is open,
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warm crystalloid fluid is infused into the cavity to keep the fetus buoyant and to
limit any problems that may occur due to temperature change or cord
compression. This fluid is infused via a “Level 1” device (Smiths Medical, USA)
which is commonly available in UK theatres. We found that we were unable to
infuse fluid directly from the Level 1 to the uterus as the tubing was too large and
the lead surgeon required the ability to alter the flow and inject antibiotics at the
theatre table; we therefore amended the infusion device to contain an nasogastric

(NG) tube with a three-way spigot to allow for this.

There were three pieces of consumable equipment which required individual
ordering for this surgery. The first was a uterine “stapler”. This device (Covidien,
USA) has been developed to improve blood loss and ease of access during
uterine procedures such as caesarean section, although it's use has not been
widely established in the UK. It was used for uterine access in the MOMs trial®
and subsequently by many fetal surgery centres, who feel that it makes the
procedure easier and keeps the membranes “sealed” in the surgical incision and

therefore easier to repair.

Secondly, in the small number of cases where the myelomeningocele is too large

to allow skin approximation, a skin substitute patch is used.

Finally, in closing the uterus, a specific technique has been developed to try to
re-approximate the amniotic membranes as closely as possible and avoid
leakage of amniotic fluid. First double-ended sutures are inserted from the inner
to outer side of the uterus around 2cm away from the suture line on both sides;
around ten of these are used. Next, the uterus is closed with a running suture

which is then tightened by nerve hooks. The interrupted sutures which were
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previously inserted are then tied over the top, inverting the first layer. This
technique requires specific sutures and needles which were not available in our

theatres.

All three of these pieces of equipment were ordered especially for the fetal

surgery service, although it took some time and effort to obtain them.

3.3.2 Maternal Medication

The use of tocolysis and antibiotics during fetal surgery, for the prevention of
preterm birth and infection respectively, required some research and
consideration when setting up our service. In looking into these issues further we
realised that there is a lack of evidence for optimal medication types, doses and
routes in fetal surgery and that most protocols are written based on what has

been done by other units in the past and seems to work.

132



Methodology of Setting up a Clinical Service

Tocolysis

Women who undergo surgery for fetal spina bifida repair are at an increased risk
of preterm birth. Protocols from the MOMs trial and other fetal surgery centres
include the use of two preventative tocolytic agents at the time of surgery, and

one treatment tocolytic agent if threatened preterm labour occurs post-surgery.

The first tocolytic usually used at the time of surgery (outside the US) is atosiban.
This is an oxytocin-receptor antagonist and is licensed in the UK for threatened
preterm birth. We did not foresee any concerns with using this around the time of
surgery. In the US, atosiban is not licenced and the most commonly used primary
tocolytic is magnesium sulphate. However, this has significant maternal side-
effects, including pulmonary oedema, and so it was decided that we would use

atosiban as per other European centres.

The second tocolytic usually used at the time of surgery in other centres is
indomethacin, a cyclooxygenase (COX) inhibitor. Nifedipine, a calcium channel
blocker which would more commonly be used in the UK, is usually reserved as
“third-line”. Indomethacin is not commonly used as a tocolytic in the UK any

longer, and so we researched this during our set-up.

A Cochrane review?'” assessed the efficacy of COX inhibitors in preterm labour.
In comparative trials, indomethacin reduced the risk of birth within the first 48
hours of treatment compared with betamimetics and appeared to be as effective

as calcium channel blockers and magnesium sulphate. There were no significant
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differences in neonatal mortality, very preterm birth or maternal death between
COX inhibitors and other tocolytics. COX inhibitors resulted in fewer maternal
adverse effects compared to betamimetics and magnesium sulphate. No data
were available to assess COX inhibitors compared with oxytocin receptor

antagonists.

Maternal side effects, including nausea, oesophageal reflux, gastritis, and
emesis, are seen in approximately 4% of women treated with indomethacin for
preterm labour. Clinically it seems fairly well tolerated compared to calcium
channel blockers and oxytocin receptor antagonists. The primary fetal concern

with use of indomethacin is constriction of the ductus arteriosus (DA).

Premature narrowing or closure of the DA can lead to pulmonary hypertension
and tricuspid regurgitation in the fetus. Several cases of premature ductal
constriction have been reported in pregnancies in which the duration of
indomethacin exposure exceeded 48 hours; however, this complication has not
been reported with shorter durations of indomethacin treatment. Indomethacin is
not usually recommended after 32 weeks’ gestation, as the risk of ductal
constriction is higher. The use of indomethacin therapy for short course tocolysis
during fetal surgery in 50 cases was reported in a conference abstract®'8. Post-
operative constriction of the ductus arteriosus was detected in 7 fetuses (14%).
All affected fetuses showed improvement on stopping indomethacin. The authors
concluded that maternal indomethacin therapy after fetal surgery requires careful
daily monitoring due to the risk of fetal DA. In the MOMs trial, a fetal

echocardiogram was performed on the first two days to evaluate cardiac function
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and assess constriction of the ductus arteriosus. We therefore asked our hospital
Use of Medicines Committee for permission to use indomethacin as a second
preventative tocolytic agent for 24 hours, in line with the Belgian protocol, and to

perform fetal echocardiography on days 1 and 2, which was agreed.

Antibiotics

In the MOMs trial, chorioamnionitis occurred in 3% of pregnancies following fetal
surgery. In this trial, cefazolin (a second-generation cephalosporin) was given to
the mother intravenously (IV) and nafcillin (a penicillin) was instilled intra-
amniotically (1A) at the end of the procedure; vancomycin was used in cases of
maternal penicillin allergy. The Belgian protocol uses cefazolin both IV and IA. As
both cefazolin and nafcillin are not available in the UK, we looked into
alternatives. We received advice from the Swiss fetal surgery team that they had
experienced trouble nafcillin, and so tried ceftriaxone (a third-generation
cephalosporin) but then noticed renal abnormalities in the fetuses, which was
later replicated in animal models. The Swiss protocol therefore now uses

cefazolin IV and clindamycin IA.

The intra-amniotic route is unusual; when instilling antibiotics into the uterine
cavity one bathes the fetus in the substance which will also be ingested and
excreted by the fetus. We could find no publications regarding this route of
antibiotic administration. In the absence of data, we applied to our Antibiotics
Usage Committee for permission to use clindamycin both IV (as is already done
for women who are penicillin-allergic undergoing a caesarean section) and IA (as
per the Swiss team). This was approved, although the lack of safety data was

discussed.
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3.3.3 Fetal Medication

During fetal surgery, it is important to ensure that the fetus does not move and
that it does not feel pain. The general anaesthetic agents given to the mother will
have some effect on the fetus; additionally, it is routine in fetal surgery centres to
inject the fetus with anaesthetic, analgesic and antimuscarinic medication prior to
surgery. Using the protocols of Philadelphia and Leuven, after discussion with
our local pharmacy team we agreed that vecuronium, fentanyl and atropine would
be prepared and administered to the fetus intra-operatively. These medications
are all given according to weight, and so we planned to obtain an estimated fetal

weight by ultrasound scan the day before surgery.

In cases of fetal bradycardia or distress during surgery, the first step is to stop
operating and try to correct any precipitating causes (e.g. inadvertent cord
compression). If this does not result in resolution, the next step is to commence
fetal resuscitation with medication or blood if anaemia is suspected; following this
cardiac massage is tried and then delivery. In a follow up study of 100 cases® of
fetal surgery following publication of the MOMs trial, five fetuses required
resuscitation with medication, blood or cardiac compressions and none were
delivered. We therefore planned to prepare blood and medication - adrenaline,

atropine and sodium bicarbonate - for each surgical case.

All of the medications planned for fetal surgery cases were listed as an “order
set” in our electronic prescribing system to reduce error and save time when

cases occur.
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3.4 Cost Effectiveness

Spina bifida is a life-long condition requiring regular medical follow up to review
mobility, neurological issues, bladder and bowel control, surgical issues and
psychosocial needs. Surgery or other treatments may be required throughout

development.

Data from Germany3'® confirms that, as one would expect, the average annual
healthcare expenditure for a person with a neural tube defect is higher than the
average standardised healthcare expenditure for non-affected individuals. For
those under 1 year of age, expenditure was estimated at €10,971 for affected
patients vs €2360 average; for those aged 2 to 5 years, expenditure was €8599
vs €833 and for those aged 6 to 10 years expenditure was €10,601 vs €863. The
largest contributors to these costs were outpatient care, pharmacotherapy,

medical aids, inpatient care, long-term care and rehabilitation services.

Logically, one might expect that if fetal surgery for open spina bifida improves
outcomes then it should reduce expenditure by reducing the number of surgical
procedures, necessity for mobility aids and long-term care. Randomised trial data
from the MOMS study®* showed an improvement at 30 months in the rates of
ventriculoperitoneal shunting and ambulation. However, in this trial the average
gestational age at delivery was 34 weeks’, and prematurity can have a significant

effect on healthcare expenditure. The procedure requires all future deliveries to
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be performed by caesarean section, which also increases healthcare expenditure

for those having surgery.

A cost-effectiveness evaluation published in 2012320 attempted to determine
whether fetal surgery for open spina bifida is ultimately cost-effective compared
to postnatal surgery. This study used decision-analysis modelling and made
assumptions on improvement in clinical outcomes and risks of neonatal
prematurity outcomes based on the MOMS trial data. Maternal costs such as
readmission with complications were included, and estimations of future
pregnancy rates based on survey data'®® were used. Quality-adjusted life years

(QALYs) were used in the modelling.

The results from this study suggested that fetal surgery was associated with both
a cost saving and a quality of life improvement when compared to postnatal
surgery, even when the above risks were taken into account. Based on USA
healthcare system costs, they estimated that fetal surgery would save $2 066 778
per 100 repairs. For the affected child, fetal surgery was estimated to gain 98
QALYs per 100 affected neonates. However, fetal surgery lead to 23 fewer

maternal QALYs per 100 operations.

Open spina bifida is a rare condition, affecting between 1 in 1000 to 1 in 10 000
births worldwide32'. Data from fetal surgery centres in western Europe’® suggests
that the majority of patients with a diagnosis of fetal spina bifida will choose to

end the pregnancy, and of those remaining the majority will either be ineligible for
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or not wish to have fetal surgery. Therefore, it seems unlikely that fetal surgery

will have a large impact on national healthcare finances in western Europe.

The modelling and cost effectiveness data discussed above has come from the
US, Belgium and Holland, all countries which have different healthcare systems
to the UK. In setting up our fetal surgery service we aimed to estimate the costs
of fetal surgery in a UK setting and compare that to postnatal surgery. Ultimately,
we plan to follow our patients in order to obtain long-term data regarding
healthcare usage but in the short-term we conducted a study to assess the

immediate cost of fetal surgery for spina bifida in the UK.

3.4.1 Introduction

In the UK, all babies born with open spina bifida will require postnatal repair; this
cost is already incurred as part of standard care. As fetal surgery for spina bifida
is being offered as an alternative to postnatal repair we therefore aimed to
compare the costs of the two treatments in the UK. As the MOMS trial showed
fetal surgery for open spina bifida to be clinically superior to postnatal repair in
selected cases, we did not seek to establish clinical effectiveness or perform a
quality-based analysis. Assuming the outcomes to be at least as good with fetal
surgery as postnatal surgery, we performed a cost-minimisation analysis to

establish the costs of both options.
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3.4.2 Methods

The regional unit currently performing postnatal MMC repair (Great Ormond
Street Hospital, GOSH) were contacted and asked to provide costings for their
service. Our unit, in setting up fetal MMC repair, calculated the cost of each step
of the process. Costs which were considered normal care for all women,
regardless of surgery type, were not included. Finance managers, business
managers, theatre staff and pharmacists provided costs for relevant parts of the
surgery. A health economist assisted with reviewing the data. All costings were

obtained from June 2017 to March 2018.

3.4.3 Results

For postnatal repair, the GOSH neurosurgery service manager provided a

costings quote based on the national tariff as follows:

HC54B - Major Spinal Reconstructive Procedures with CC Score 2-3.

A498 - Other specified: Repair of spina bifida.

Q068 - Other specified congenital malformations of spinal cord

Cost (£) - 19206.55

In order to calculate the cost of fetal surgery, we broke the procedure down into

five phases:
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1. Preoperative
2. Intraoperative
3. Post-operative (inpatient)
4. Post-operative (outpatient)

5. Delivery

These results will be displayed in Table 3.1 to 3.5 below, with the combined final

costs shown on Table 3.6.

Table 3.1: Preoperative Costs (Assessment)

Item Cost (£) Comments

Consultation with fetal surgery Not costed Usual care

consultant

FMU ultrasound scan Not costed Usual care

Amniocentesis/karyotype Not costed Usual care

Fetal MRI 249.00

Blood tests 25.10 Full Blood Count, Group &
Screen

TOTAL 27410
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Item Cost (£) Comments

Theatre use 2500.00 All costings for single (half
day) session

Two consultant anaesthetists 762.00

Two fetal surgeons 792.00

One fetal medicine consultant 396.00 Intraoperative echo

Paediatric neurosurgeon 792.00

Neurosurgical theatre nurses 200.00

Two obstetric theatre nurses 150.96

Two Operating Department 110.16

Practitioners

General and regional anaesthesia Not costed Included in theatre use

equipment charge

Arterial line Not costed Included in theatre use
charge

Surgical instruments Not costed Included in theatre use
charge

Uterine staplers 96.00

Surgical patch 170.07 £850.37/patch, used on
average 1:5 cases

Maternal medications 233.79 Ranitidine, metoclopramide,
indomethacin, Atosiban, GA
meds, epidural meds

Fetal medications 664.50 Atropine, adrenaline,
fentanyl, vecuronium, sodium
bicarbonate

TOTAL 6867.48

142



Methodology of Setting up a Clinical Service

Table 3.3: Post-operative costs (inpatient)

Item Cost (£) Comments

48hrs maternal High Dependency 1814.00

Unit bed

120hrs antenatal ward bed 2100.00

Medication 489.05 Atosiban, epidural meds 24-

48hrs, analgesia 7 days:
paracetamol +
dihydrocodeine, low

molecular-weight heparin

Blood tests 13.35 Full blood count, urea &
electrolytes, C-reactive
protein

FMU ultrasound scan 24.41

MRI prior to discharge 249.00

TOTAL 4689.81

Table 3.4: Post-operative costs (outpatient)
Item Cost (£) Comments
Ultrasound protocol 24410 £24 10/each, performed weekly for

average 10 weeks

Fetal MRI prior to delivery 249.00

Maternal readmission if 1050.00 Assumed in 50% (CHOP data), assumed
complications average stay 5 days

Maternal tocolysis if 2.70 Nifedipine, paracetamol, dihydrocodeine,
readmission LMWH for average 5 days = 5.40 x 0.5
TOTAL 1545.80
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Table 3.5: Delivery Costs

Item Cost (£) Comments
Delivery by caesarean section Not costed Usual care
TOTAL 0

Table 3.6: Combined Costs

Prenatal Repair Postnatal Repair

Phase Cost (£) Phase Cost

1 274.10 Combined cost (tariff) | 19206.55
2 6867.48

3 4689.81

4 1545.80

5 0

TOTAL 13377.19 TOTAL 19206.55
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3.4.4 Discussion

Our economic evaluation showed that the cost of performing fetal spina bifida
repair (£13,377.19) is less than the standard tariff for postnatal repair (£19206.55)
when neonatal care is excluded. If prematurity occurs and neonatal care is
required then this adds to the total cost. The amount added will depend on the
level of neonatal care required and time it is needed for. For the NHS overall this
should mean that there is not a large financial implication in providing fetal
surgery for spina bifida, especially as it is likely to be suitable for a small number
of women each year. However, for individual institutions it may have a financial
implication, whereby the central payment for spina bifida closure is paid to centres

providing prenatal surgery and not those providing postnatal (neonatal) surgery.

We note that the prenatal repair costs were the costs estimated at face value and
not a tariff cost which has been applied to postnatal care. Our estimates of the
cost of fetal surgery did not include any set-up costs, such as team travel and
training. This is important information when considering setting up this service.
We have shared our costings information with the NHS Specialised
Commissioning Service and have assisting them in creating a national tariff for

this procedure which will adequately reflect the costs.
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3.5 Acceptability Amongst Healthcare Professionals

3.5.1 Introduction

Acceptability is a key consideration in the implementation of healthcare
interventions. For a new intervention to be successful, it must be acceptable to
both the providers and receivers. “Buy in” from healthcare professionals referring,
treating or caring for patients is necessary to ensure that the intervention is
offered and delivered as intended3?2. Patient acceptability is also necessary for
an intervention to be accepted and adhered to; this will be discussed further in

chapter 4.7.

Some new interventions may be considered more controversial than others.
Within sexual health medicine, the introduction of pre-exposure prophylaxis
(PrEP) for prevention of HIV transmission amongst high-risk groups has been
debated and discussed at length. A Dutch study3?® showed that acceptability of
this amongst healthcare professionals, including HIV specialists, was moderate
at best with significant concerns about the effects of implementation such as a
possible decrease in condom use and increase in risk-prone behaviour. This level
of acceptability amongst healthcare professionals clearly may have an impact on
their willingness to prescribe or endorse this strategy. Within stem cell and tissue
engineering research, differences between clinicians and researchers have been
shown to exist regarding knowledge and acceptability of the risks of this
technology®?4, which again may have an impact on the success of any therapy

introduction.
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Fetal surgery can be considered a potentially controversial intervention, with
many ethical and social aspects to be considered3?. A questionnaire study32® of
670 maternal-fetal medicine (MFM) physicians, neonatologists and paediatric
surgeons in the US showed that the majority believed prenatal surgery to be
favourable to postnatal. A minority of respondents indicated that they were now
less likely to recommend termination of pregnancy, with the majority reporting no
change. Attitudes varied according to specialty, with neonatologists and

paediatric surgeons more likely to recommend prenatal surgery.

It is clear that acceptability to healthcare professionals, especially when
introducing fetal surgery in a country for the first time, is vital to successful

implementation.

To successfully set up the first open fetal surgery unit in the UK, acceptability of
the service to both staff in our hospital and other healthcare professionals around
the country was considered to be highly important. We therefore undertook a
survey study to assess current attitudes towards both this intervention and our

plans for implementation.

3.5.2 Methods

We designed an electronic questionnaire aimed at healthcare professionals in
the UK to assess the respondents’ background knowledge of spina bifida and

fetal surgery, opinions about fetal surgery and concerns. We also collected
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demographic data and the respondents’ level of training. In the questionnaire we
described the scientific rationale for closure of MMC during fetal life, including
earlier reversal of hindbrain herniation and the “two-hit” hypothesis - namely that
the neurologic defects seen in spina bifida arise from both the primary neural tube
defect and secondary in-utero damage following mechanical and chemical

trauma to the exposed neural elements.

The questionnaire was distributed to healthcare professionals (obstetricians,
maternal-fetal medicine clinicians and midwives, paediatric surgeons,
neonatologists and theatre nurses) nationally via personal contacts, the websites
of the British Maternal Fetal Medicine Society (BMFMS) and the British
Association of Perinatal Medicine (BAPM) and by email via the British Paediatric
Neurosurgery Group (BPNG). Responses were collected and analysed using

questionnaire survey software (Google Forms, Alphabet, California, US).

3.5.3 Results

Demographics

Ninety-eight (98) responses were received. Demographics are shown in Table
3.7. The majority of responders were aged 41-60 years and from England.
Maternal-fetal medicine specialists, midwives, paediatric neurosurgeons, general
obstetricians and neonatologists were the largest groups of responders, and the

majority had over ten years’ experience in their clinical role.

148



Methodology of Setting up a Clinical Service

Table 3.7: Demographics of Responders

Number (n = 98) | Percentage
(%)
Gender Female 56 571
Male 40 40.8
Unanswered 2 20
Age (years) 26-30 7 7.1
31-40 21 214
41-50 32 32.7
51-60 37 37.8
61-70 0 0
Unanswered 1 1.0
Professional Role Maternal Fetal Medicine Clinician 21 21.4
Midwife (Fetal Medicine) 20 204
Paediatric Neurosurgeon 17 17.3
Obstetrician (general) 15 15.3
Neonatologist 13 13.3
Theatre/ Operating Department Nurse | 11 11.2
NHS Commissioner 1 1.0
Years of Experience | 0-2 8 8.2
in Role 2-5 17 17.3
5-10 21 214
>10 51 52.0
Unanswered 1 1.0
Country of Practice England 80 81.6
Channel Islands 6 6.1
Republic of Ireland 4 4.1
Scotland 4 4.1
Wales 4 4.1
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Knowledge and Attitudes Regarding Spina Bifida
Results of questions pertaining to knowledge and opinions of responders
regarding spina bifida are shown in Figure 3.7. Paediatric neurosurgeons were
most likely to rate their knowledge of spina bifida as “expert”; MFM clinicians,
obstetricians and neonatologists most commonly described theirs as “good” and
midwives “limited”. Paediatric neurosurgeons, MFM clinicians and neonatologists
were most likely to be moderately or very familiar with managing patients with
spina bifida; general obstetricians and midwives were “slightly” or “not at all”
familiar with this. Most respondents agreed that spina bifida was associated with
significant disability, and that babies having postnatal repair generally do not
have a normal quality of life, although 19.4% of respondents were unsure

regarding this latter point.

Knowledge and Attitudes Regarding Fetal Surgery

Knowledge about fetal surgery was rated highest in MFM clinicians, with most
other groups rating their knowledge as “limited” (Figure 3.8). Most respondents
(72.4%) had no experience performing or counselling about fetal surgery.
Familiarity with the MOMS trial was highest amongst MFM clinicians and
paediatric neurosurgeons and the “two-hit” hypothesis was generally well-known.
Around 70% of respondents agreed with the concept that fetal surgery improved
the outcome in selected cases, although this was lower in the group of paediatric

neurosurgeons (41%).
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Knowledge of Condition

Expert Good Limited

uMFM m Midwife ™ Paediatric Neurosurgeon

General Obstetrician m Neonatologist m Theatre Nurse

Familiarity managing patients with spina bifida

I
Very Moderately Slightly Not at all

uMFM = Midwife W Paediatric Neurosurgeon

General Obstetrician m Neonatologist M Theatre Nurse

“Spina bifida is a clinical condition generally associated with
significant disability”

Strongly Agree Agree Disagree Strongly Disagree

u MFM = Midwife m Paediatric Neurosurgeon

General Obstetrician m Neonatologist W Theatre Nurse

“Babies with spina bifida treated postnatally generally have a
normal quality of life”

Agree Disagree Strongly Disagree

u MFM = Midwife m Paediatric Neurosurgeon

General Obstetrician m Neonatologist W Theatre Nurse

Figure 3.7: Knowledge and Opinions Regarding Spina Bifida
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Knowledge of Fetal Surgery

—
- —_
— |
Expert Good Limited None
uMFM m Midwife ™ Paediatric Neurosurgeon
General Obstetrician m Neonatologist m Theatre Nurse

Familiarity with MOMS trial

u MFM m Midwife m Paediatric Neurosurgeon

General Obstetrician m Neonatologist m Theatre Nurse

Familiarity with the "two-hit" hypothesis of spina bifida

I
Familiar Unfamiliar
u MFM u Midwife ™ Paediatric Neurosurgeon
General Obstetrician m Neonatologist m Theatre Nurse

Agreement with the concept that fetal surgery improves the
outcome in selected cases

]
E—
—— B —
Yes No Unsure

u MFM u Midwife ™ Paediatric Neurosurgeon

General Obstetrician m Neonatologist m Theatre Nurse

Figure 3.8: Knowledge and Opinions Regarding Fetal Surgery

Know it well Aware of outcomes Heard of study Not heard of study
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Concerns Regarding Fetal Surgery

There were a variety of concerns
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raised regarding fetal surgery, the most

common being the lack of mid-to long-term information regarding the effects on

the child and mother. The ten commonest concerns are shown in Figure 3.9.

Lack of information on the mid/long-term effects
on the child

Lack of information on the mid/long-term effects
on the mother

Lack of education of professionals involved in fetal
surgery or postnatal management

Lack of research into optimal operative technique

Lack of trained surgeons to perform fetal surgery

Option of fetal surgery may make women feel that
they cannot choose termination

Risks of fetal surgery are too high for the mother
Lack of patient education
Risks of fetal surgery are too high for the fetus

Inability of the fetus to consent to surgery
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Figure 3.9: Concerns Regarding Fetal Surgery
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Free Text Responses

Responders were given the opportunity to leave free text comments in the

questionnaire. These are reported below, grouped by topic.

Prematurity

e “Some improvement in outcomes must be balanced against the risks of
prematurity.” - Fetal Medicine Consultant

e “[Lack of] evidence as to the relative benefits of fetal surgery versus the
potential long-term complications of pre-term birth on baby and family and
maternal complications.” - Midwife

e “The risk of preterm delivery following fetal surgery with its consequent co

morbidities need to be highlighted.” - Neonatologist

Evidence base/ outcomes

e “Several studies in Europe now suggest expectant management is
associated with better outcomes than the experimental arm in MOMS. In
that respect MOMS was unusual as outcomes in the control group were
worse than we would expect.” - Fetal Medicine Consultant

e “l am aware of a small number of surgeons offering in utero surgery for
MMC in Europe. | know from colleagues who have treated some of these
in utero repair cases post-op that serious complications from in-utero
surgery go unreported, and this sends a misleading message to expectant
parents regarding the safety of in-utero surgery. My concern about a small

number of lone practitioners doing in-utero surgery is that they have an
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inherent bias towards the procedure and become zealous proponents.” -

Paediatric Neurosurgeon

o ‘| take issue fundamentally with the concept that surgical repair in utero
can reduce lifelong disability, versus postnatal repair.” - Paediatric
Neurosurgeon

e “There is no evidence anywhere that laparoscopic surgery for spina bifida

improves outcomes.” - Fetal Medicine Consultant

Maternal choice and information

e “Mothers may feel compelled to have a treatment that could adversely
affect all their future pregnancies and result in net harm over the mother’s
reproductive life course.” - Fetal Medicine Consultant

¢ ‘| would love to see more research into this technique and am pleased
we are going to offer it in the UK.” — Fetal Medicine Midwife

e “If the existence of your service caused even a small number of parents to
choose not to terminate (and have a healthy replacement baby) the net
harm would be considerable.” - Fetal Medicine Consultant

e “[There is] evidence of historical poor or less than optimal consent
processes for reproductive technologies both in research and clinical
practice i.e. consenting in one consultation, not ensuring time for
consideration and clarification.” - Midwife

e “Both maternal and neonatal outcomes must be balanced.” - Midwife
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Financial Implications

¢ “In an NHS struggling to resource basic care, while this is exciting stuff, is
the balance of needs being appropriately considered?” - Fetal Medicine
Consultant

¢ “[lam concerned about] distribution of finances in difficult economic times.”

- General Obstetrician

3.5.4 Discussion

In this study we assessed the attitudes of healthcare professionals in the UK to
fetal surgery for spina bifida. The level of knowledge and experience of spina
bifida and fetal surgery was relatively high, reflecting the expertise of the
professional groups that we surveyed. We targeted MFM clinicians and midwives,
paediatric neurosurgeons and neonatologists who were most likely to be referred
women whose fetus has spina bifida and who might be considering fetal surgery.
Familiarity with the “two-hit hypothesis” and the MOMS trial was also high and in
general over two-thirds of respondents agreed with the concept that fetal surgery
improved outcomes in selected cases. However, there were concerns expressed
regarding this surgery, particularly about the safety and efficacy long term for both
the mother and her child, the risk of preterm birth, the implications for maternal

choice and cost.

We sought opinions from a range of healthcare professionals involved in the care
of patients considering fetal surgery, such as obstetric anaesthetists and theatre
staff, rather than concentrating only on MFM clinicians or paediatric
neurosurgeons. Although we received between 11 and 20 responses per
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healthcare group, we believe that the opinions expressed are likely to be similar
to those held by other healthcare professionals. A recent transcript of a scientific
conference of patients and healthcare professionals convened by SHINE, a UK
spina bifida charity, had similar consensus findings after a review of the literature
concerning fetal surgery for spina bifida3?’. Attendees agreed that further data
was required regarding long-term neonatal outcomes following open fetal surgery
(currently being collected as part of the MOMS2 trial), and the long-term maternal
outcome including the impact on future pregnancies. A recent study showed no
impact of open fetal surgery on future fertility'®. There was also a call for
standardised reporting of postnatal surgery outcomes to allow comparison with
fetal surgery. Finally there was agreement that pregnant women whose fetus is
known to have spina bifida should be counselled that fetal surgery is an option in

specific circumstances.

The legality and ethics of fetal surgery, particularly regarding the status of the
mother and the fetus, have been debated extensively328 329 330 Some countries
have now adopted guidelines to support providing information to parents on the
option of fetal spina bifida repair and prognosis if there are no maternal or fetal

contraindications for prenatal repair at 20—26 weeks’ gestation.

The findings and concerns expressed in this study and the above conference
have guided the establishment of the first open fetal surgery clinical service in the
UK, and have informed the recently approved NHS Specialist Commissioning
Service specification. Collecting data on both short and long-term outcomes is an
absolute requisite to enable the quality of a new clinical service to be evaluated.
This will require outcome data to be provided not only by MFM clinicians and
neonatologists who manage the care of the mother and neonate in the short term,
but also long term engagement from the paediatric neurosurgical and
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neurological teams who manage the child growing up. As knowledge about fetal
surgery for spina bifida increases amongst patients and healthcare professionals,
aided by media reports and social media, the provision of a UK clinical service in
a strictly regulated and transparent manner will provide NHS patients with the

best possible care.

3.5.5 Conclusion

This study highlights the opinions of healthcare professionals in the UK regarding
fetal surgery. The majority of respondents agree with the concept of fetal surgery
but have concerns, particularly regarding long-term effects. In offering this new
service it is important that healthcare professionals are cognisant of existing
concerns and address them as far as possible by applying internationally
accepted criteria, emphasising patient choice and collecting and evaluating long-

term data.

3.5.6 Contributions

The work in Chapter 3.5 was produced in collaboration with: Dr Shahanaz Ahmed
(University College London), Professor Jan Deprest (KU Leuven, Belgium) and

Professor Anna David (University College London).
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Chapter 4Patient Cohort

4.1 Summary of cases

In line with international best practice guidance for fetal surgery3%4, we created a
database and kept records of all patients referred to our service. Referrals began
by word of mouth before our service was fully set up, and initially required cross-
site working with Leuven, Belgium until our service was fully operational in
London. At that point we sent information to all fetal medicine units in the UK and
placed an announcement on the British Maternal and Fetal Medicine Society
(BMFMS) website. Clinical details of all cases assessed to date (January 2018 -

January 2019) are shown in Table 4.1.

159



Patient
number

10

Table 4.1: Overview of Fetal Surgery Referrals seen at UCLH Jan 2018-Jan 2019

Referral
from
(regional
FMU)
Self/London
Belfast
Belfast
Bristol
Belfast

Birmingham

Birmingham

Dublin

Belfast

Birmingham

Lesion
level

S2

L1

L4

L4

L3

L1

T11

L4

L5

L4

Eligible
for
surgery

No

No

Yes

Yes

Yes

No

Yes

Yes

No

No

Exclusio
n reason

S2 level

Cridu
Chat

Kyphosis

Cortical
folding

Brain +
limb
abnormali
ties

Parents’
decision

Expectant

Expectant

Fetal surgery
(Leuven)

Termination

Fetal surgery
(Leuven)

Expectant

Fetal surgery
(London)

Fetal surgery
(Leuven)

Expectant

Expectant

Maternal complications

Wound infection,
psychological distress

Buttock cellulitis, seroma,
PPH at delivery, post-CS
haematoma

Pregnancy
complications

PTL 35 weeks

APH 32 weeks,
PROM 33 weeks

PROM 35 weeks

Delivery
gestation
(weeks +
days)
37+0
32+0

37+0

35+2

38+1

33+5

35+3

Unknown

Unknown

Patient Cohort

Neonatal

No VP shunt yet
Neonatal death

<24hrs

Wound infection

No VP shunt yet

No VP shunt yet

VP shunt day 1

VP shunt day 4

No VP shunt yet

Unknown

Unknown
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1"

12

13

14

15

16

17

18

19

20

21

22

Referral
from
(regional
FMU)
Self/London
Luton
Manchester

Belfast

Belfast

London

Dundee

Kent

Devon

Cambridge

Dublin

Manchester

Lesion
level

S2

L3

T7

L4

L4

T12

L1

S1

L3

L3

L4

T12

Eligible
for
surgery

No

No

No

Yes

No

No

Yes

Yes

Yes

Yes

Yes

No

Exclusio
n reason

S2 level

Cortical
folding

Kyphosis

Brain +
limb
abnormali
ties

Kyphosis

Kyphosis

Parents’
decision

Expectant

Expectant

Expectant

Fetal surgery
(London)

Expectant

Expectant

Fetal surgery
(Leuven)

Fetal surgery
(London)

Fetal surgery
(Leuven)

Fetal surgery
(Leuven)

Fetal surgery
(Leuven)

Expectant

Maternal complications

Seroma

Pulmonary oedema

Pregnancy
complications

PROM 31 weeks,
PTL 33 weeks

Premature delivery
due to VM

PROM 32 weeks

?CMS - oligo
26wks, PTL 28
weeks

CMS 26 weeks,
PROM 28 weeks

?CMS 30 weeks

Delivery
gestation
(weeks +
days)
37+4
37+6
38+3
33+3

34+6

Unknown

33+0

28+6

34+0

Still
pregnant

Still
pregnant

Still
pregnant

Patient Cohort

Neonatal

VP shunt 2-3 weeks
No VP shunt yet
Undiagnosed CDH
VP shunt 2 weeks

No VP shunt yet

VP shunt day 2

Unknown

Skin graft 3 weeks of
age; ETV 11 weeks

No VP shunt yet

No VP shunt yet
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23

24

25

26

27

Referral
from
(regional
FMU)

London
Manchester
Southampt
on

Manchester

London

Lesion
level

L4

L2

L3

T10

S1

Eligible
for
surgery

Yes

Yes

Yes

Yes

Yes

Exclusio
n reason

Parents’
decision

Maternal complications

Fetal surgery Wound infection

(London)

Fetal surgery
(Leuven)

Fetal surgery Seroma

(London)

Termination

Termination

Pregnancy
complications

Patient Cohort

Delivery Neonatal
gestation
(weeks +

days)

Still
pregnant

Still
pregnant

Still
pregnant

Grey: fetal surgery cases. APH: antepartum haemorrhage, CMS: chorionic membrane separation, PPH: postpartum haemorrhage, PROM: preterm

rupture of membranes, PTL: preterm labour, VP: ventriculoperitoneal,
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4.2 Patients excluded

To date, 11 out of 27 patients (41%) assessed for fetal surgery were not offered
surgery as one or more exclusion criteria were judged to be present. Exclusion
criteria in this group were: additional abnormalities (4), spinal kyphosis (4), lesion
level too low (2) and genetic anomalies (1). At our institution, such cases are
discussed in multi-disciplinary meetings and images (both US and MR) are
shared for second and third opinions if needed. All women not offered surgery
continued the pregnancy and had/ plan for postnatal surgery. Out of the 16
patients offered surgery, 13 accepted and proceeded with this and three declined
and opted to terminate the pregnancy. The rate of termination of pregnancy seen
in our patient cohort is therefore low (11%, 3/27) which is not representative of
the group of women with spina bifida as a whole® 6. We believe this is because
women and families who wish to end the pregnancy have already made this
decision after counselling at their local or regional hospital, and that the patients
who attend our unit are therefore self-selected as those likely to continue the

pregnancy regardless of whether they qualify for surgery or not.

4.3 Imaging

Two patients referred to us were judged to have lesion levels lower than
previously assessed which made them unsuitable for surgery. In our discussions
following these cases, it was apparent that ambiguity existed regarding where
one judges the defect to start on US - according to the first bony disruption, the
first clear bone absence, the skin and soft tissue abnormality or a combination of

the above? Additionally, should the defect be assessed in sagittal or transverse
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planes? On reviewing the literature, it appeared that there are no clear guidelines
on this, and it is common to experience inter-observer variability of one to two
levels. As the anatomical level does not exactly correspond with function®3', and
as parental decision to terminate does not seem to only relate to lesion level®, it
seemed to us that up until this point complete accuracy and agreement regarding
lesion level has not been required in antenatal counselling. However, now that
fetal surgery contains strict criteria regarding lesion level it is evident that
accurately labelling the lesion level, and agreement on that level between
experts, is critically important. The radiology team at Children’s Hospital of
Philadelphia (CHOP) have described how they label spinal levels when
assessing patient’s considering fetal surgery33?, taking into account the level of
the first bony disruption in both the sagittal and transverse planes. We agreed to
follow this, and to discuss all cases between our two teams to establish
agreement. The same paper describes measurement of the spinal angle in

kyphosis, which appears to us less variable.

In our experience so far, we have found that it is not always clear if other
abnormalities encountered are additional to the diagnosis of spina bifida or part
of the spectrum. In two cases there have been multiple anomalies of the brain
and limbs and so these cases were excluded without too much difficulty. In some
cases we have found other abnormalities which can be part of the spina bifida
spectrum but can also be independent anomalies - for example, absence of the
cavum septi pellucidi, dysgenesis of the corpus callosum or abnormal cerebral
cortical folding333 334 335 336 \When encountering these abnormalities we have
considered the reports of both US and MR and made a decision after discussion
based on what we feel the likelihood is that the abnormality seen is part of the

spectrum of spina bifida.
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4.4 Ethical Issues

One patient was found to fulfil criteria and underwent an uncomplicated fetal
repair in Leuven. On waking from anaesthetic she expressed regret at having the
procedure and requested termination of pregnancy; this desire to end the
pregnancy continued for the next few days. Her regret seemed to focus around
her feelings that she did not want to have a baby affected by spina bifida, however
“mild” or improved; that she did not want a child with urological difficulties (which
is likely even with fetal surgery as bladder innervation is from a much lower spinal
level); she felt that her baby would have a poor quality of life and would have a
negative effect on her existing child. She acknowledged that she had been aware
of all these issues prior to having fetal surgery, and that she had made the
decision to proceed freely and without coercion, but when she felt unwell herself
following surgery this highlighted to her that she did not want a child which was

unwell.

This case raised many ethical concerns, which we discussed and considered
extensively. In the short-term the team in Belgium felt unable to offer termination
in such circumstances. It was discussed that medical termination of pregnancy
would not be possible so soon after a hysterotomy, and so surgical removal,
probably by re-opening the hysterotomy, would be required. Counselling and
support was arranged for her and she reported gradually “coming to terms” with
the situation. She returned home and engaged with local care; on review three
months after the baby was born she reported being happy with the situation. We
reviewed our counselling around fetal surgery and felt that in this case, as in all
others, we provided the option of fetal surgery with evidence of likely risks and
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benefits, but in no way sought to persuade the patient to choose this path. We
had equally explored the option of termination of pregnancy beforehand with the
patient and had made steps to see if it was possible to arrange this in our hospital
if that is what she chose. There had been no psychiatric or psychological
concerns prior to surgery. This case reinforced our commitment to non-directive

counselling and allowing patients time for reflection.

Another case that raised some ethical concerns was the referral of a patient who
spoke no English and had newly arrived in the UK from Pakistan in order to marry
a British Pakistani man. The partner and his family were present at her initial
consultation, and all spoke fluent English; they were very keen for the patient to
proceed with fetal surgery in order to give any benefit possible to the baby. We
spoke to the patient privately via an interpreter and she said that she did not want
to end the pregnancy but it was difficult to ascertain how much she wanted
surgery and whether she was being coerced into this. On ultrasound scan the
patient was found not to be eligible (brain and limb anomalies) and so we did not
proceed further with decision-making. We discussed the case in a multi-
disciplinary team meeting and agreed that if further cases with concerns
regarding maternal autonomy presented we would assess the patient at least
twice alone, using interpreters as necessary, and decide each on a case-by-case

basis.
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4.5 Maternal, Pregnancy and Neonatal Outcomes

Thus far our maternal and pregnancy outcomes have appeared approximately in
line with the MOMS trial, although there have still only been small numbers of
women operated on overall. The average gestational age at delivery has been
33 weeks and there has been no maternal mortality or major morbidity. As all
children born are still under 12 months of age, it is still very early to assess
neonatal outcomes but thus far there have been no serious complications of
prematurity and one ventriculoperitoneal shunt placed (14%) which is

encouraging. We will be following outcomes closely in the future.

4.6 Patient Acceptability

Patient’s experience of our service and attitude towards the proposed treatment
is of vital importance when setting up any service, particularly one as new and
complex as this. We therefore are undertaking a continuous survey study of

patient feedback as they come through our unit.

4.6.1 Methods

We developed an electronic questionnaire aimed at patients reviewed in our unit
for the possibility of fetal surgery. The questionnaire was divided into sections
assessing the responders background knowledge of spina bifida and fetal
surgery, opinions about fetal surgery, reasons for their choice of whether to have
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surgery or not if it was offered and experience of the service. We asked as many
qualitative or free-text questions as possible in order to capture patient’s thoughts
and opinions. No question box was mandatory. The survey was reviewed by the
patient charity SHINE3®" for readability and acceptability. The survey was sent to
all patients after they had been assessed at UCLH, and after surgery if this

occurred, but before delivery of the baby.

4.6.2 Results

The response rate was 19 out of 27 (70.3%)

Initial diagnosis/ referring unit

Eighteen out of 19 patients (94.7%) had seen a fetal medicine specialist prior to
assessment at our unit and 12 (63.2%) had seen paediatric surgeon. The option
of termination of pregnancy had been discussed in all cases. Five patients
(26.3%) had fetal surgery discussed at the time of initial diagnosis; eight (42.1%)
had it discussed at the time of discussion of the options of postnatal surgery and
termination of pregnancy, one patient (5.3%) had it discussed once they had
decided to continue the pregnancy and five (26.3%) had not had fetal surgery

discussed with them but had found out themselves in another way.
Patient feedback:

o “We felt uninformed when our first hospital gave us the diagnosis, but
as soon as we transferred to UCLH we were given all the information

we needed/asked for. We appreciated how team were happy to
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spend time thoroughly explaining things to us and we were able to

ask as many questions as we liked.”

“We have been lucky enough to have had it explained by many
knowledgeable Consultants & Doctors at UCLH & our local hospital,
alongside the charity Shine, who have been most helpful in our

understanding.”

“It [fetal surgery] had been mentioned in passing with our Fetal
Medicine team, but it was brushed over and not explained fully, so
we weren't aware that it could be an option for us at that point, more
a ground-breaking idea, that would develop in the future. We then
went on to find out more about the process through watching a BBC
Horizon documentary by complete chance, which happened to be on
TV the week of our diagnosis. We followed up by calling UCLH the
next morning and enquiring about the process, things moved quickly
from there, and we asked our hospital to refer us, which they did

promptly.”

“At UCL this [fetal surgery] was discussed fully and in detail,
however limited knowledge was known at our local hospital at the

time of diagnosis through ultrasound.”

“Yes it [termination] was [mentioned], it came up very quickly after
having made the discovery in my 20 week scan, which came as a
massive blow and definitely sent us to an incredibly difficult place

emotionally.”
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Assessment at UCLH

All patients (100%) felt that fetal surgery had been adequately explained to them.

Patient feedback:

“All aspects have been covered.”

“Yes [adequately explained], once we got in contact with Adalina at

UCLH.”

“[Explained] extremely clearly.”

“Before we transferred to UCLH, our previous hospital gave us no
information about it and when we asked if anything could be done
before birth, they just told us to research it ourselves because they
couldn't help. We went ahead and researched fetal surgery
ourselves, found Prof Deprest and spoke to him. He put us in touch
with Adalina and from this point onwards, everyone we have come
into contact with has been extremely helpful in explaining fetal
surgery and everything we needed to know about it. The counselling
at UCLH and in Belgium was excellent. We can't thank Adalina and

the team enough.”

“When we first got the diagnosis, we felt frustrated that there was
(supposedly!) nothing we could do to improve the life of our child and
we would have to wait out the pregnancy knowing that damage was
being done before baby was born. Following our research, the
counselling we received from Prof Deprest/the UCLH team/Dominic
Thompson and reading the MOMs trial, we believed the benefits of

the surgery outweighed the risks. We felt that going ahead with it
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aligned with our determination to do all we can to improve our child's
life and we hoped we could prevent some of the damage done in the
third trimester by having the operation as early as possible. We also
had a huge amount of respect for the team who counselled us and

felt encouraged by their belief in the surgery.”

Opinion on fetal surgery for spina bifida

Patient feedback:

¢ “If we had the option, this is definitely the route we would have taken
for our child. Potential benefits outweigh the risks by far, especially
in the case of lower smaller lesions. | would not hesitate in
recommending anyone to speak to the team for assessment. From a
practical perspective, it would definitely be an advantage for anyone

from NI to have the surgery in London.”

e ‘It is amazing. Doing this before birth and improving children's lives
and giving hope to parents is fantastic. It is a big commitment though
and parents have to be committed. The benefit to the child has to be
significant. So it was good we were told what our scan results meant

even though it wasn't good news for us.”

e “Despite the surgery not going ahead in the end, we would make the
same decision if we found ourselves in this situation again. We think
that every parent who gets the diagnosis should have the experience
we had at UCLH in order to be fully informed and be able to consider

fetal surgery as an option.”
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“It gave us back some hope for our baby and has left us feeling

optimistic about our baby's overall outcome.”

“It should be offered to more people.”

“I think it is a brilliant opportunity for parents to have.”

“With all due respect, it's a mirage of hope. We were so happy to
hear that we had some hope of helping our child before he’s born.
We travelled halfway across the country to see the specialist and we
was then told our son was not eligible for the surgery because he
was unfit for the procedure. So please don’t get your hopes up too
much God forbid if any of you went through what we did it will

definitely break you down even more. I'm sorry.”

“We think it is a truly incredible and ground breaking surgery that
offers hope and assistance to your baby at a point when you do feel
quite helpless as a parent. | would do anything for my baby and if
fetal surgery was going to improve their outlook then | definitely
would have opted for it. Unfortunately we fell below the criteria, but
we do not regret investigating this option in the slightest, as we learnt
so much throughout the process and feel so much more equipped
now to deal with the postnatal surgery and life for our child beyond

that.”

“‘Requirements for surgery are set to high very limited people are

offered the surgery due to these requirements.”
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“It is an option | was grateful to have and | think it is an amazing
surgery in benefit of the baby and mother. It's just a shame that not

many people know or have adequate understanding of it.”

“Utterly incredible - it still leaves us in awe that such procedures are

available and offered. We couldn’t be more grateful.”

“It is a fantastic medical development which is hopefully going to

improve the quality of life for the patients who qualify.”

“l think it is a vital service. Evidence has shown it has improved

patient outcomes.”

“We see the risks associated with both pre and postnatal surgery,
and found the benefits of prenatal closure for the baby outweighed

those risks.”

“We wish we could have it done but sadly can’t.”

“It gives the baby more of a fighting chance to lessen the effects”

“I think it is amazing and gives hope to parents whose babies are
given diagnosis of Spina Bifida. It is so important that our society

wants to care for children that aren’t perfect and need extra care.”

“It's a step in the right direction and we think it's a viable option but

the additional risks that it introduces need to be reduced.”

“That it should be discussed at every hospital if this diagnosis is
found. That more needs to be done to showcase this surgery and
that it can be positive for the unborn baby. I'm in total awe of this

surgery and think it's incredible.”
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Other things which would have been helpful
Patient feedback:

e “Reports from UCHL/Leuven sent to me as well as referring

consultant”

e ‘| would suggest a follow-up list for patients who do not undergo
surgery (and as a reminder to the referring consultant) for

completeness and in case they need access to the following:

- Official USS / MRI report - including images - our

neuroradiologist was reluctant to comment without images
- Appointment with neurosurgeon if wishes
- Appointment with neonatal/paediatric SB team if wishes
- Discussion about options”

e ‘| think mothers need to be made aware of how much they can or
cannot do physically after, possibly given a contact of a woman who
has been through it if possible. | joined a facebook group and there
was a lot of support there. | think when patients are discharged back
to their regions they need to feel like someone is taking over their
care so they feel a continuation of care. We didn't get that far, but |

remember worrying about after surgery care locally.”

e ‘| believe it would have been helpful to have someone explain to me

what to expect when baby is born. In terms of how long baby will
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have to spend in hospital even if he is born at full term (37 weeks)

and is not required to have a shunt fitted.”

e ‘| would have love to have been pointed the direction of support

groups in my area that can help me and maybe even other parents.”

e “Specifics on why it is that the CSF is unable to drain from the

ventricles.”

e “More information on the future implications of gross hydrocephalus.

There maybe isn't a lot of studies on this.”

e “Genetic chances before second pregnancy as [l was] led to believe

it was from lack of folic acid.”

e “Shine charity website and other mums that have Spina Bifida

children.”

Other comments

e “Very helpful to have had the most up to date evidence/research
made available by Adalina prior to the assessment meeting at UCHL.
Entire team very accommodating and professional. Good to have all
parts of assessment in one unit. Prof Deprest a very knowledgeable
and compassionate person, full explanation of condition, surgery,

risks, realistic & honest about outcomes.”

e “We would like to take this opportunity to say thank you to Adalina,
Prof Deprest, Fred, Prof Peebles and the rest of the UCLH team.
Adalina in particular has been more wonderful than she realises! The

service the team provided has been professional, supportive and
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faultless during one of the most emotionally difficult times we have

ever been through. Our families are hugely grateful to you all too.”

“We felt very well looked after by all the professionals that we have
encountered and felt that they really cared for us and wanted to do

their best for us.”

‘I was looked after brilliantly at UCLH. They were attentive,
compassionate and very informative. They were also very thorough

with their check-ups.”

“We'd like to thank all the Doctors and Consultants at UCLH for their
time and care throughout this tumultuous time for us as parents to
be. Dr Adalina Sacco has been incredibly kind and informative
throughout and we really would like to offer her our thanks for helping
us progress though our diagnosis to a position of acceptance and
understanding. We would have no issue in recommending the team,
hospital and surgery option to others in the same position. We felt
very well looked after and understood the possible outcomes and
consequences. We are so glad that UCLH & GOSH are now offering
this as possibility and hope it will go from strength to strength as more

operations take place. Wishing you all the best.”

“Our experience with the staff at UCL has been incredible, we really
couldn’t have been more grateful for the guidance, knowledge,
treatment and care from all those within the team. They changed our
mindset from a very dark period at the time of diagnosis, to that of

very optimistic and positive towards the life we can give out little girl.
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We will forever be grateful to all those involved within the Fetal

medicine Team and the Antenatal Care Unit.”

“My partner and | are very grateful to have had the team review our
case and consider us for the surgery. The team at UCLH were very

knowledgeable and compassionate.”

“I was very happy with the service offered and it provided us with vital

information to inform our decisions.”

“We had such a lovely experience with everyone we encountered;
we couldn’t fault it at all. From initial contact to our appointment in
London, what we thought would be an arduous journey was made so

easy by everyone involved. We can’t thank Adalina enough!”

“Many thanks to Adalina and the other doctors who saw us down in

London.”

“Many thanks for the team that looked after us with such knowledge

and skill.”

“Service was amazing. All the doctors and surgeons explained
everything clearly and gave us the time to ask as many questions we
needed to. They couldn't have been any nicer and were always

available via email and phone.”

“‘Every single one of them were amazing. Adalina, Fred, Rewan,
George and Prof Deprest are the most incredible people | have ever
met. | can't physically remember everyone else but these people

stick out. The only improvement | can think of is educating COB
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about the surgery, post op pain and management, and that we

haven't had our babies yet.”

4.6.3 Conclusion

So far, our service has received a positive response and patients report being
well-informed and do not seem pressurised into fetal surgery. We have taken on
board patient feedback and suggestions for improvement and have worked on

these. We will continue asking for patient feedback with all patients we see.
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Chapter 5Developing Practices and Techniques in Fetal

Surgery

5.1 First Trimester Diagnosis of Spina Bifida

5.1.1 Introduction

Detection of fetal spina bifida usually occurs during the second trimester
(anomaly) ultrasound scan at 18+0 to 20+6 weeks’ gestation3¥’. Diagnostic signs
include a “lemon” shaped skull, a “banana” shaped cerebellum and visualisation
of the spinal lesion. Detection of spina bifida at an earlier gestation would be
beneficial for several reasons: firstly, there is evidence that in cases of significant
abnormalities, parents prefer to be informed as early as possible in the
pregnancy338. Secondly, if termination of pregnancy is the ultimate choice of the
couple it is safer and more easily performed at earlier gestations33°. Thirdly, in
cases where in-utero closure is an option, earlier diagnosis allows time for
detailed counselling and assessment in a specialist centre. Randomised control
trial evidence has found that open fetal surgery to close spina bifida between
19+0 to 25+6 weeks’ gestation improves motor outcomes and reduces postnatal
ventriculoperitoneal shunt rates compared to postnatal repair® and this is now

available in a number of centres worldwide340.

A number of sonographic signs have been described in the last decade to aid
early detection of spina bifida, although they have yet to become well established

in clinical practice. Most evidence has been derived from retrospective reviews;
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prospective evaluation of first trimester signs of spina bifida, particularly in a low
risk population routinely scanned by sonographers, is lacking. The most
extensively researched first trimester sonographic signs of spina bifida are the
intracranial translucency?*!, brainstem diameter34?, brainstem-occipital bone
(BSOB) distance®*3, aqueduct of Sylvius (AOS) to occiput distance3** and
frontomaxillary facial angle®*®. Rather than pattern recognition, these markers all

involve taking measurements, which may add significant time to the scan.

We describe here a new first trimester ultrasound sign — the “crash sign” — and
its evaluation in a cohort of pregnant women whose fetus was suspected to have
spina bifida at 11-13+6 weeks of gestation, and who were referred to a fetal
medicine specialist for evaluation. The crash sign is based entirely on pattern
recognition and not measurements, and therefore has the potential to be easily

performed and adopted during a first trimester scan.

5.1.2 Methods

Crash sign

The “crash sign” described here was first detected by one of the authors (FU)
following reviews of stored first trimester brain 3D ultrasound volumes from
fetuses with spina bifida. It is the posterior displacement and deformation of the
mesencephalon against the occipital bone in the axial view (Figure 5.1). It is so
named as it resembles the back of a car which has crashed into a wall;

additionally, the moving image of a car reversing into a wall is a good aide memoir
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for the hindbrain herniation which occurs in spina bifida3*%, making the sign easily

memorable.

In order to assess for crash sign, the standard axial view of the head in the first
trimester3*” (11-14+1 weeks of gestation) is taken at the level of the
mesencephalon. In the normally developed fetus, the mesencephalon is
visualised as a semi-circular structure in the posterior brain and appears as a
continuation of the thalami. It contains a round echolucent structure centrally,
which represents the cerebral aqueduct of Sylvius. The mesencephalon is
surrounded by the fluid filled arachnoid space which separates it from the
occipital bone. In open spina bifida, the arachnoid space is no longer fluid-filled
and the mesencephalon sits directly against the occipital bone. Narrowing of the
aqueduct of Sylvius may also occur, and in some cases it may no longer be
visible. The crash sign can be readily recognised on axial sonographic views by

using both transabdominal and transvaginal approaches.
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Figure 5.1: 12-13 weeks ultrasound images of the mesencephalon in a normal fetus (left,
C,E,G) and its posterior displacement and deformation against the occipital bone in a
fetus with open spina bifida (right, D,F,H): the “crash sign”. C,D,E and F represent 3D
reconstructed images of monochorionic twins, discordant for spina bifida. G represents
a normal case; H shows the crash sign (arrow) in another fetus with spina bifida.

1) thalami, 2) aqueduct, 3) mesencephalon, 4) arachnoid space, 5) occipital bone.

Reproduced with permission of UCLH, London
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Study patrticipants
This was a retrospective observational study from three large fetal medicine
referral centres (University College London Hospital, London; Moscow Regions
Research Institute of Obstetrics and Gynaecology; and Emergency University
Hospital of Craiova, Romania). Women who were referred for a fetal medicine
ultrasound scan between January 2012 and December 2015 due to concerns
regarding fetal spina bifida were included. In these centres, a detailed anatomical
examination of the fetus was routinely performed at 11+0 to 14+1 weeks’
gestation according to last menstrual period or crown rump length, if there was a
discrepancy of more than 5 days between the dates. The scan assessed viability,
gestational age, multiple pregnancy and nuchal translucency. The protocol
included examining the fetal brain in axial and sagittal views, as well as obtaining
axial and longitudinal vertebral views of the spine with assessment of the
overlying skin. The transvaginal approach was used in cases where the
transabdominal route was unable to produce an image of adequate quality or was
impossible due to fetal position. Of note, patients were referred to the fetal
medicine units following a suspicion of spina bifida for any reason - e.g. brain
changes, spinal appearance - and not necessarily because the primary operator

detected the crash sign.

Experienced fetal medicine specialists performed all examinations on the
following models of Voluson Ultrasound Scanners: 730, E8 and E10 (GE
Healthcare, United States). The patient underwent ultrasound examination of the
brain and spine by one of the authors, including 3D neurosonography in the
majority of cases. All findings were video archived. A prenatal diagnosis of spina

bifida was made by visualisation of the myelomeningocele and spinal defect by
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at least two independent fetal medicine experts; if findings were inconclusive a
repeat ultrasound scan was scheduled for 10-14 days later. All women with a
diagnosis of spina bifida were offered chorionic villus sampling (CVS) to check
for chromosomal abnormalities. In cases where the pregnancy was terminated or
natural pregnancy loss occurred, post-mortem examination was offered to

confirm the ultrasound findings.

Cases of spina bifida suspected in the first trimester were collated and images

retrospectively reviewed by one author (FU) for the presence of crash sign.

5.1.3 Results

During the four-year period of this study there were 62 suspected cases of spina
bifida at 11 to 13 weeks, based on the appearance of the brain and spine. Figure
5.2 outlines the study participants and their outcomes. Nine cases were excluded
from our analyses as the patients were lost to follow up and the diagnosis of spina
bifida could not be confirmed. Figure 5.3 represents images of 15 consecutive

cases of spina bifida from one hospital (UCLH).

Of the 53 cases with known outcome, all were confirmed to have spina bifida
present. Forty-eight of these were confirmed by sonography only as described
above and five were also subsequently confirmed by fetal post-mortem. There

were 37 cases of myelomeningocele and 16 cases of rachischisis.
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In the 53 cases of spina bifida, 48 had crash sign present and five did not (Figure
5.2). Of the 48 patients with spina bifida and positive crash sign, 27 (56.3%) had
isolated spina bifida whereas 21 (43.7%) had other associated anomalies. Of the
five patients with spina bifida who were crash sign negative, one (20.0%) had
isolated spina bifida and four (80.0%) had other associated anomalies.
Associated anomalies were as follows: trisomy 18 (10), trisomy 13 (2), triploidy
(4), omphalocele-exstrophy-imperforate anus-spinal (OEIS) complex (5) and

structural anomalies in other organ systems (4).
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Figure 5.2: Study participants and outcomes according to presence of crash sign

186




Developing Practices and Techniques in Fetal Surgery

Figure 5.3: Crash sign in 15 consecutive cases of spina bifida from one hospital

(UCLH). For comparison normal case in the left upper corner (white outline)

Reproduced with permission of UCLH, London

5.1.4 Discussion

In this study we describe the crash sign, a new sonographic marker of spina bifida
for use in the first trimester. We have retrospectively evaluated its presence in
cases of spina bifida detected at 11-14+1 weeks’ gestation, and found that 90.6%
(48/53) of confirmed cases displayed this sign on retrospective review. The crash
sign is based on the changes that develop in the mesencephalon as a result of

the reduced intracranial pressure associated with spina bifida. In normal early
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development, the fetal skull is soft due to incomplete ossification, and the shape
of the head is therefore a function of the intracranial pressure. Intracranial
pressure is created by cerebrospinal fluid (CSF) production within the large
choroid plexuses in the lateral, third and fourth ventricles. In the normal fetus
there is constant CSF flow in the caudal direction of the spinal cord within a closed
system. In the case of an open spinal defect however, CSF leaks out with
consequent reduction in intracranial pressure. This in turn causes collapse of the
skull with the appearance of reduced fluid or a “shrivelled” brain. In human fetuses
this process would explain the reduction in frontomaxillary facial angle®*3 as well
as the findings of reduced biparietal diameter and the ventricular system changes

seen in the first trimester fetuses with spina bifida342.

Unidirectional leakage of the fluid towards the open spinal defect results from a
pressure gradient between the ‘high’ pressure choroid filled ventricles and the
‘low’ pressure spinal cord. This produces posterior and caudal displacement of
the mesencephalon. During this process the mesencephalon meets the only firm
cranial structure on its way, the occipital bone, and is compressed against it. The
resulting deformation of the mesencephalon represents the crash sign which we

have evaluated in our study.

The strength of our study is that it was multicentre, meaning that the findings are
likely to be generalisable. However, this study was conducted by retrospective
review of images and by fetal medicine specialists experienced in
neurosonography. Therefore there may be a bias in the diagnostic ability of the

crash sign to prospectively detect spina bifida. In addition, not all fetuses with
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confirmed spina bifida were crash sign positive. All scans were performed by
sonographers and fetal medicine specialists with considerable expertise and
experience in first trimester anomaly scanning where transvaginal ultrasound was
available if necessary. However, the thalamic plane is advisable as a good
practice point for head biometry in the first trimester34’, and it theoretically could
be possible for all practitioners (usually sonographers) performing screening
ultrasound scans at 11-14+1 weeks’ gestation to evaluate the posterior fossa for
the crash sign. At present there is no national guideline for routine anatomy
scanning at the dating scan, but it is likely there will be in the future and evaluation
of the posterior fossa may be part of this. Certainly in situations where a first
trimester anomaly scan is being performed for suspected fetal abnormalities, we
believe that proper evaluation of the fetal mesencephalon is important. Posterior
displacement and deformation of the mesencephalon against the occipital bone
in the axial view of the brain should prompt the specialist to carefully examine the

spine for a defect.

5.1.5 Conclusion

We have described the use of a new sonographic marker, the crash sign, for
diagnosing spina bifida in the first trimester. Our results show that first trimester
detection of spina bifida is possible using this sign, but further prospective

evaluation is needed to determine its value in a clinical setting.
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5.1.6 Contributions

The work in Chapter 5.1 was produced in collaboration with: Dr Fred Ushakov
(University College London Hospital), Dr Elena Andreeva (Moscow Regions
Research Institute of Obstetrics and Gynecology, Russia), Dr Stefania Tudorache
(Emergency University Hospital of Craiova, Romania), Dr Thomas Everett
(University College London Hospital), Professor Anna David (University College

London) and Mr Pranav Pandya (University College London Hospital).
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5.2 Fetoscopic Repair of Spina Bifida

5.2.1 Introduction

As discussed in chapter 1.2, the first case of fetal spina bifida repair was
performed by minimal access (fetoscopic) surgery in 19948, This procedure had
a high mortality rate and so was temporarily abandoned; the first open repair was
performed in 1998 and experience with this technique grew rapidly from then.
However, the interest in fetoscopic repair has never gone away. Within all surgical
fields there has been a general shift towards less invasive techniques over the
last 20 to 30 years, enabled by technological advances. Within fetal surgery, the
potential that the risks to the mother of a hysterotomy - including scar dehiscence
or rupture and the need to have a caesarean delivery in all pregnancies - and to
the fetus - of ruptured membranes and premature labour - may be reduced by

minimal access surgery has kept interest in this technique alive.

In 2000, four cases of fetoscopic spina bifida repair were described'®’. Two of the
fetuses died and the other two required standard closure of the defect after
delivery. The authors concluded that repair through a hysterotomy “with current
technology... appears technically superior”. In 2003, a series of 13 cases of
fetoscopic spina bifida%® reported the death of four patients, the need to convert
to a “limited maternal hysterotomy” in ten cases, a mean gestational age of 31
weeks and the need for a ventriculoperitoneal shunt in five out of nine surviving

cases. The authors noted that this technique “does not yet yield optimal surgical
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results”. In 2006 another three cases of fetoscopic repair®*® was published, in
which there was one death and ventriculoperitoneal shunt was “delayed in one of
the two survivors”. Again, these results were not entirely encouraging but the
authors noted that fetoscopic repair is feasible and substantially reduces

maternal trauma.

In the last ten years, evidence for fetoscopic spina bifida repair by several groups
around the world has accumulated. Before analysing their results further, it is
worth noting that the “fetoscopic repairs” described are a mixture of different
techniques. Open repair of fetal spina bifida developed in a similar fashion across
centres and, following the MOMs trial®* which included a standardised repair
technique, has continued to be performed in the same way in centres offering this
service, with some small local modifications. Conversely, from the beginning
fetoscopic repair has varied between centres in terms of maternal abdominal
entry, uterine entry, insufflation and the repair technique itself. These will be
described further below, before exploring the results reported from groups

performing fetoscopic surgery.

5.2.2 Techniques

Uterine entry

The uterus can be reached through the maternal abdomen by laparotomy,
followed by port insertion into the uterus, or by ports inserted through the

maternal abdomen and then into the uterus, usually described as the
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“‘percutaneous” method. The number of ports used to access the uterus has

varied from one to five, and the size of ports varies between centres.

Insufflation

Visibility and access within the uterus was initially achieved via amniotic fluid
exchange, although this allowed poor visualisation of the fetus. Carbon dioxide
insufflation was suggested as an alternative®° which allows greater visualisation,

and is now the most common method used in fetoscopic repair.

There is theoretical concern that carbon dioxide insufflation of the uterus can lead
to fetal acidosis based on animal models®>' 352, Animal experiments of fetoscopic
surgery using carbon dioxide insufflation have not shown evidence of harm3%3,
although these experiments have themselves been criticised as unrepresentative
of the conditions used for human fetoscopic surgery®>4. So far, the centres using
carbon dioxide have not reported any evidence of acute fetal acidosis (such as
persistent heart rate or function changes), neonatal acidosis (such as hypoxic
ischaemic brain injury) or maternal harm (such as respiratory or haemodynamic

changes)?"".

Repair technique

The repairs described include patch coverage of the dura, patch coverage of the
skin, fetoscopic suturing of the fetal skin and combinations of these methods.
Patches which have been used for this surgery are diverse and include
polytetrafluorethylene (Teflon), collagen, biosynthetic cellulose and porcine

small-bowel submucosa.
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5.2.3 Results from Individual Centres

The CECAM (Cirurgia Endoscopica para Corregdo Antenatal da
Meningomielocele) prospective cohort trial of ten cases of fetoscopic repair by Dr
Pedreira’s group in Brazil reported in 2016"'°. The procedure involved
percutaneous access, carbon dioxide insufflation and the insertion of three ports
(sizes 11, 11 and 14 French, approximately 3.6mm and 4.6mm). The repair was
performed by neuroplacode circumcision, biocellulose patch and skin closure by
continuous suture. The procedure was performed at an average gestation of 27
weeks, which is later than open surgery is performed. Endoscopic repair was
completed in 8 out of 10 cases. The mean gestational age at birth was 32.4
weeks. There was one fetal and one neonatal death, and one unsuccessful case
underwent postnatal repair. Six of the seven infants analysed had MRI reversal
of hindbrain herniation postnatally, and three of the seven required
ventriculoperitoneal shunting. All cases were delivered by caesarean section and

all port sites were well healed.

An update by this group has recently been accepted for publication3%; this
describes 47 cases of repair as described above with a description of a new
technique of bilaminar skin substitute for larger lesions. The average gestational
age reported is 32.8 weeks, with premature preterm rupture of membranes

occurring in 84% of patients.

Professor Kohl’s group in Germany has published several papers, including most
recently a retrospective cohort study of 71 fetoscopic spina bifida repairs in
2016'?2, The procedure was performed by a percutaneous approach with the
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insertion of three or four ports (5mm), followed by carbon dioxide insufflation. The
repair was performed by lesion dissection and coverage with one or more
collagen or Teflon patches. The surgery was performed between 21 and 29
weeks’ gestation and all deliveries were by caesarean section. The average
gestational age at delivery was 32+2 weeks. There were no fetal deaths but five
deaths occurred in the first year due to: Chiari Il complications (2), prematurity
(2) and trisomy 13 (1). Postnatal neurosurgical treatment was required by 61%,

and 45% required ventriculoperitoneal shunting.

A retrospective cohort study by Professor Belfort’'s group in Texas reported in
20178, This described 28 attempted fetoscopic cases, of which 22 were
performed fetoscopically (four were completed as hybrid-open procedures and
two were abandoned). Results were split into two cohorts of patients: the first 15
treated with an “iterative technique” which was developing and the latter 13 with
a “standardised technique” which remained constant. The standardised
technique consisted of a maternal laparotomy, insertion of two uterine ports (12
French, approximately 4.0mm), carbon dioxide insufflation and repair by a single

layer continuous suture involving both the skin and dura.

The average gestation at delivery was 35.9 weeks with the iterative technique
and 39.0 weeks with the standardised technique. The average duration of surgery
was 267 minutes for the iterative technique and 246 minutes for the standardised
technique. Vaginal delivery occurred in five out of 12 iterative and 6 out of ten
standard procedures and in those women who had caesarean section for

obstetric reasons all port sites appeared well healed. The average gestational
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age at preterm rupture of membranes (PROM) was 34 weeks in both groups. In
the iterative group, 75% of neonates reached criteria for ventriculoperitoneal
shunt placement, whereas in the standardised group 30% did. The paper was

published before longer-term findings, such as ambulation, could be established.

5.2.4 Results from Systematic Reviews

A systematic review of fetoscopic versus open repair of spina bifida was
published in 20164, This included five reports from two centres (those of
Professor Kohl and Dr Pedreira as described above) and analysis was restricted
to two overlapping case series due to bias and heterogeneity. A distinction was
made between the first 30 (early) cases, during which time a learning curve was

presumed, and later cases.

After the early cases, it was found that fetoscopic repair had a comparable
mortality rate to open repair, as well as comparable incomplete closure rates,
placental abruption, ventriculoperitoneal shunting or Chiari Il malformation
decompression at 12 months. On the negative side, fetoscopic repair was found
to have a longer operating duration, earlier gestational age at birth (32.9 vs 34.1
weeks), higher PPROM rate (84 vs 46%) and a ten times higher need for
additional postnatal surgery (28 vs 2.6%). On the positive side, fetoscopic surgery
was found to have a lower rate of chorioamniotic membrane separation; no cases
of maternal haemorrhage requiring transfusion at delivery and no cases of uterine

thinning or dehiscence occurred. Outcomes were not available for complete
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reversal of Chiari Il malformation at 1 year, and neurological or motor function at

2.5 years.

A second systematic review of fetoscopic versus open surgery for spina bifida
was published in 20175, Five studies of fetoscopic closure were included; these
were the publications of Professor Kohl and Dr Pedreira’s groups as above, with
the later publication from Professor Belfort’s group added. This review also found
no difference in mortality or ventriculoperitoneal shunting rates between the two
groups. Additionally, no differences were found in reversal of hindbrain
herniation, motor response relative to the anatomical level, preterm birth (under
30 weeks’ gestation), chorioamniotic membrane separation, and placental

abruption.

On the negative side, fetoscopic repair was associated with higher rates of
dehiscence or cerebrospinal fluid leakage from the repair site requiring postnatal
treatment, and higher rates of PROM (79 vs. 36%). There was a lower number of
cases completed via the route intended (90% vs 99.8%). On the positive side,
the rate of uterine dehiscence was lower with fetoscopic repair (0% vs 11%).
When looking at for differences between percutaneous surgery and fetoscopic
repair via a maternal laparotomy, there was no difference in the rate of preterm

birth.
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5.2.5 Discussion

As the evidence presented above shows, to date there has been no randomised
comparisons between open and fetoscopic surgery for spina bifida. Fetoscopic
data has mostly come from retrospective cohort studies and, with the exception
of the group in Texas, most units offer either open or fetoscopic repair and not

both.

There have been several concerns voiced regarding fetoscopic repair. Poorer
fetal outcomes due to inadequate spinal repair techniques and higher rates of
prematurity are the main issues discussed>°®. There have also been accusations

of selective publishing of results.34

The time taken to complete fetoscopic surgery is much longer than the open
procedure (78.5 +/- 11mins®) in all centres offering this, and the length of
exposure to carbon dioxide remains a concern as discussed above. Longer-term

outcomes from all groups performing fetoscopic surgery are awaited.

Given the ongoing debate and concern regarding fetoscopic surgery, one would
expect further studies and, ideally, a randomised trial in the future. However, first
a standardised technique would need to be agreed and willingness from
institutions currently “committed” to a certain procedure would be needed. In the
meantime, the topic remains a source of debate in the fetal surgery community.
In 2017 the American College of Obstetricians and Gynaecologists (ACOG)

Committee Opinion on maternal-fetal surgery for myelomeningocele''? stated: “At
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this time, fetoscopic fetal myelomeningocele repair cannot be recommended
outside of an institutional review board-approved investigational setting at a

center with an appropriate level of expertise, resources, and research oversight.”

5.2.6 Mini-hysterotomy

Another less-invasive alternative to the open surgical method is the use of a “mini-
hysterotomy” i.e. a uterine opening less than 4cm as opposed to the 6-8cm
opening commonly used'®. Through this a standard multi-layer microsurgical
repair is done. In a case series of 45 patients, there was a reduced PPROM rate
(23%), a slightly higher gestational age at delivery (35 weeks) and a 95% intact
hysterotomy site at delivery. Outcomes were only given until discharge from
hospital, but given that the same technique is used, one could hope that longer

follow up will provide evidence of benefit for this technique.
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5.3 Future Fetal Treatment of Spina Bifida

5.3.1 Instrument Development

Our research teams at UCL and KU Leuven have been developing this
technology and instruments for use in fetal surgery, and are currently training on
high fidelity in-vivo models, exploring the extent to which a layered watertight
neurosurgical repair can be performed. The GIFT-Surg project, with funding of
the Wellcome foundation, are working on a single orifice miniature access robot

for endoscopic closure of spina bifida lesions.

5.3.2 Stem Cell Therapy

Neural stem cells are multipotent stem cells with the potential to differentiate into
neurons, astrocytes and oligodendrocytes. Their therapeutic potential is currently
being explored in a wide range of conditions, including spina bifida. Although
most research in this field involves postnatal treatment, a number of studies
regarding the potential for spinal cord repair in-utero have been published. In
animal models of spina bifida, neural stem cells have been shown to engraft into
areas of damaged spinal cord, produce neurotrophic factors and reduce
apoptosis®” 358 Neural stem cells could potentially be combined with a prenatal
scaffold or patch®%® or simply injected into the amniotic cavity®®° in order to

promote spinal cord repair in fetal spina bifida.

200



Conclusion

Chapter 6 Conclusion

Throughout two years of working on the implementation of fetal surgery for spina
bifida in the UK, | have developed my knowledge and understanding of the
condition and treatment. | have researched what is already available in this field
globally, and produced a large systematic review summarising the maternal risks
of this and other fetal surgery, an aspect which appears to be often neglected. |
have systematically and thoroughly contributed to the set-up of this new service,
the first in the UK, and have been instrumental in its success. | have researched
cost-effectiveness and healthcare acceptability, and in the year that it has been
running our fetal surgery service has been well-received, with more patient
referrals than anticipated. | have monitored our patient cohort for eligibility,
complications, outcomes and acceptability and will continue to do this as the
children born having had this surgery grow. | would like to see earlier diagnosis
of this condition, for patient decision-making, preparedness and surgical
planning, and have worked with colleagues in developing a technique for doing
so. In the future | expect that a single fetoscopic surgical technique will be
developed and shown to have equal fetal benefit with reduced maternal morbidity
to the open technique, at which point | believe all centres should offer this. | have
experienced multiple challenges in setting up this service, and believe that this
project has equipped me well for developing services and implementing change

in the NHS in the future.
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