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Thesis aims:

Incomplete closure of the fetal spine is detected with prenatal ultrasound in approximately 125
Australian pregnancies every year. This congenital abnormality known as a myelomeningocele,
causes the fetal spinal cord to become damaged during pregnancy which can lead to permanent
leg paralysis, faecal and urinary incontinence and sensory loss. The opening in the fetal spine can
also disrupt normal brain development and increase pressure within the skull which is potentially
fatal. However, modern medicine has revolutionised the management of these pregnancies. Fetal
surgeons can now cover the myelomeningocele in eatly pregnancy to protect the baby’s spinal
cord and dramatically improve spinal cord and brain function after birth. These procedures are
performed via keyhole (fetoscopic) surgery using a camera inserted into the mothers uterus. To
see clearly during fetoscopy and create enough space for surgery, surgeons drain the liquid
surrounding the baby and distended the uterus with pressurised carbon dioxide (CO,) gas. This

technique is known as amniotic insufflation.

Despite progressive improvements in fetoscopic myelomeningocele repair since the early 1990’s,
there are concerns that amniotic insufflation may have detrimental effects on the fetus. Animal
data suggest that insufflation causes CO; to accumulate in the fetus (hypercapnia) during surgery
which lowers blood pH (acidosis). Worryingly, chronic fetal hypercapnia and acidosis is
associated with impaired brain development and neurodevelopmental delay. Preliminary human
data also suggest that amniotic insufflation increases the risk of preterm fetal membranes rupture
after surgery. Preterm membrane rupture increases the risk of preterm birth which also carries

significant implications for the developing brain.

Given its ongoing use in humans, it is essential we understand how amniotic insufflation effects
the fetus and fetal membranes and develop strategies to mitigate any adverse effects. Heating
and humidifying the insufflated CO, has been proposed as a potential solution to both fetal acid
base disturbances and preterm membrane rupture however, preclinical evidence is still required
to support these hypotheses. Therefore, the global aim of this thesis is: To investigate the
effects of amniotic insufflation with unconditioned (cold, dry) or heated, humidified CO,
on the fetus and fetal membranes in sheep. Experimental chapters 1 and 2 investigate the
physiological effects of amniotic insufflation on fetal and placental physiology while chapter 3

investigates the histological effects of amniotic insufflation on the fetal membranes.
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[ iterature review

Introduction

Incomplete closure of the fetal spine is detected with prenatal ultrasound in approximately 125
Australian pregnancies every year.'” This congenital abnormality known as a myelomeningocele, causes
the fetal spinal cord to become damaged during pregnancy which can lead to permanent leg paralysis,
faecal and urinary incontinence and sensory loss.”> The opening in the fetal spine can also disrupt
normal brain development and increase pressure within the skull (hydrocephalus) which is potentially
fatal.>”> Open fetal surgery is currently considered the gold standard of care for these pregnancies.’
Between 18 and 24 weeks gestation, fetal surgeons make an incision in the mothers abdomen
(laparotomy) and uterus (hysterotomy) to expose the fetus and surgically repair the fetal spine.” This
procedure protects the spinal cord and brain from damage during the remainder of pregnancy and

significantly improves functional and neurodevelopmental outcomes after birth.®

While open fetal surgery protects the fetal spinal cord and brain, the need to incise the uterus causes
significant complications for the mother including the risk of uterine rupture and hysterectomy. These
complications have driven the development of a “keyhole” alternative to open fetal surgery, known as
fetoscopy, which avoids hysterotomy.”® During fetoscopy, a camera and surgical instruments are
inserted into the uterus through ports in the uterus and the fetal spine is then repaired under video-
guidance.” However, fetoscopy faces its own challenges. The intrauterine space is small and the cloudy
amniotic fluid limits visibility using the camera.® To overcome these challenges, surgeons partially drain
the amniotic fluid and distend the uterus with pressurised carbon dioxide (CO») gas, a procedure

known as amniotic insufflation.®

Despite progressive improvements in fetoscopic myelomeningocele repair since the early 1990’s, there
are concerns that amniotic insufflation may have detrimental effects on the fetus. Preliminary sheep
studies suggest that amniotic insufflation increases fetal blood CO; (hypercapnia) and lowers arterial
pH (acidosis).”"* Growth restricted fetuses exposed to chronic hypercapnia and acidosis show impaired
brain development and neurodevelopmental delay after birth.” Preliminary human case series also
suggests that amniotic insufflation may increase the risk of post-operative preterm prelabour rupture of
the fetal membranes (iatrogenic PPROM).* '* Tatrogenic PPROM increases the risk of lung hypoplasia,
chorioamnionitis and preterm birth, all of which have significant implications for the infant and

potentially offset the benefits of surgery."

Concerns surrounding fetal hypercapnia and acidosis during insufflation and high rates of iatrogenic
PPROM must be addressed before fetoscopic myelomeningocele repair can replace the current gold
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standard of open fetal surgery. Recently, two small human case series have suggested that heating and
humidifying the insufflated CO, could mitigate both fetal acid base disturbances and high iatrogenic
PPROM rates however, these hypotheses lack physiological and histological support.'>'” The following
reviews the current management strategies for myelomeningocele, the concerns that underpin the use

of amniotic insufflation and the potential benefits of heating and humidifying the insufflated CO..
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Myelomeningocele

Neurulation and neural tube defects

During embryonic development, the brain, spinal cord and vertebral column arise from a flat mass of
cells known as the neural plate.'® " This plate folds down its length to form the neural tube which
allows the future skull and vertebral column to wrap and protect the brain and spinal cord (shown in
Figure 1). Folding of the neural tube begins on day 22 post conception at the level of the future
brainstem.'® " The neural tube then zips together toward each end of the developing embryo in a
process known as primary neurulation. Closure of the neural tube in a cranial direction towards the
forebrain is completed by day 24 post-conception. Neural tube closure also proceeds in a caudal
direction down the vertebral column and reaches the lower sacrum by day 26 post conception.' "’ The
lower sacral and coccygeal vertebrae are formed through a separate process known as secondary

neurulation, that does not involve folding of the neural tube.**!

A group of congenital malformations known as neural tube defects, occur when there is incomplete
closure of the neural tube.”**>* When the cranial end of the neural tube fails to close the skull does
not completely enclose the back of the brain (shown in Figure 2a). The most common to these cranial
defects is known as anencephaly.””*>* Spina bifida occurs when the caudal end of the neural tube fails

to close and results in incomplete union of the vertebral arches (shown in Figure 2b-c)."”

Spina Bifida defects can be broadly grouped as open or closed based on the tissues that cover the
meninges and spinal cord."*>** In closed defects such as spina bifida occulta or meningocele, the
neural tissues are covered by skin and paraspinal muscles (shown in Figure 2b). Open spina bifida
occurs when the skin and muscles are absent, which leaves the meninges and spinal cord exposed.
Myelomeningocele is the most severe form of open spina bifida accounting for =2/3 cases. The spinal
cord herniates through the opening in the vertebral arches, stretching the cord and leaving a sack of
cerebrospinal fluid (meningeal sack) within the spinal canal (shown in Figure 2c)."” In Myeloschisis

(=1/3 of open spina bifida), the cord remains within the spinal canal.”
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Figure 1: The embryonic neural tube
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Figure 1: Closure of the neural tube begins at its center and progresses in a cranial and caudal direction.

This gives rise to the brain and spinal cord of the central nervous system and the overlying skull and

vertebral column — Image adapted from Anatomy TV, Detailed Animation on Neurulation.”
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Figure 2: Classification of neural tube defects
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Figure 2: (a.) Incomplete closure of the cranial neural tube results in incomplete brain and skull
formation (Anencephaly). (b-c.) Spina bifida occurs when there is incomplete caudal formation of the
neural tube. In closed defects such as spina bifida occulta or meningocele, the neural tissues are covered
by skin and paraspinal muscles (b). In open spina bifida, the skin and muscles are absent leaving the
meninges and spinal cord exposed (c). — Image adapted from Copp et al. and Anatomy TV, Detailed

Animation on Neurulation.!” %
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Aetiology and risk factors for myelomeningocele

Mutations of genes that control neural tube folding are estimated to account for 60-70% of neural tube
defects however, the number of known causative genes is currently limited."” Another 10% occur in the
context of chromosomal abnormalities such as Patau (trisomy 13) and Edwards (trisomy 18)
syndrome."” A much smaller proportion occur in conjunction with other congenital abnormalities

however, the cause of incomplete neural tube closure in these cases remains unclear.”

Maternal folate (vitamin B9) deficiency during the time of neural tube folding is the most widely
understood non-genetic risk factor for neural tube defects including myelomeningocele.” Folate acts as
co-factor for enzymes involved in DNA synthesis and DNA methylation, which alters the activity of
genes that regulate neural tube closure.” Two large randomised control trials in the eatly 1990’s
established that maternal supplementation with a synthetic form of folate (folic acid) around the time of
conception could both prevent and reduce the recurrence of neural tube defects.”* This protective
role of folic acid supplementation lead to the mandatory fortification of flour in Australia with folic

acid in 2005. However, since 2005 there has been only a modest reduction in rates of neural tube

defects (4.8 to 4.4 in 10,000 births).>’

In addition to low folate, maternal deficiencies of vitamin B12, vitamin C, Choline and Zinc may also
play a role in causing neural tube defects. Maternal exposure to pesticides, organic solvents and some
medications such as the anticonvulsant valproic acid, have also been shown to increase the risk of

neural tube defects."”

Epidemiology

Spina bifida affects ®125 Australian pregnancies (4.4 in 10,000) each year."” This number has slowly
fallen since the introduction of mandatory supplementation of flour with folic acid in Australia in 2005
(4.8 to 4.4 in 10,000 births).>” Outside of Australia, rates of spina bifida vary significantly between
regions. Rates are highest in Asia (24.3 in 10,000 births) and lowest in North America (3.8 in 10,000

births) however, these numbers are likely affected by differences in the reporting of terminated cases.”
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The morbidity of myelomeningocele

Exposure of the spinal cord during pregnancy leads to significant morbidity and mortality for babies
born with myelomeningocele.” > The amniotic fluid and fetal movements against the uterus damage
neurons moving down the spinal cord to innervate the fetal lower limbs, bladder and bowel. This
damage causes permanent lower limb weakness or paralysis and sensory loss as well as faecal and
urinary incontinence.”” Additionally, the meninges surrounding the spinal cord can rupture and leak
cerebrospinal fluid (CSF). This draws CSF from within the brain down into the spinal canal and
compresses the back of the brain (the hindbrain) into the base of the skull. This compression, known as
the Arnold Chiari II malformation or hindbrain herniation (shown in Figure 3), damages cranial nerves

and impairs normal brain development.4’ >

Hindbrain herniation also obstructs the movement of CSF from within the skull into the vertebral
column. This obstruction increases intracerebral pressure and dilates the cerebral ventricles, a
complication known as hydrocephalus.> Hydrocephalus also impairs normal brain development and, if
left untreated, is potentially fatal.*> To relieve hydrocephalus, a drainage system is surgically inserted
between the cerebral ventricles and the abdominal cavity. This complex procedure known as
ventriculoperitoneal shunting, improves infant survival however, shunt infection and blockage remain
major causes of long-term morbidity and mortality for patients with myelomeningocele.”**** Other
neurosurgical interventions to relieve CSF pressure within the brain known as third ventriculostomy

have also been attempted however, these procedures also carry significant risks.'”*

Even with advances in modern medicine, 2-4% of patients with myelomeningocele die before the age
of five and up to 26% die before the age of 40.”"*® Deaths most commonly result from complications
with ventriculoperitoneal shunting or severe hydrocephalus.***” Patients that survive require significant
social and financial support as less than 50% are able to live independently as adults. The lifetime cost
of supported education and living, ongoing medical and surgical care and the loss of productivity is

estimated at $750,000 Australian dollars per patient.**
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Figure 3: The morbidity of myelomeningocele
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Figure 3: Incomplete caudal formation of the caudal neural tube leaves the spinal cord and meninges

exposed. The amniotic fluid and uterine wall damages nerves moving down the spinal cord to innervate

the lower limbs and pelvic organs during pregnancy. This results in lower limb paralysis and fecal and
urinary incontinence. Cerebrospinal fluid (CSF) leakage from the damaged meninges also pulls the
hindbrain into the base of the skull (hindbrain herniation) and causes CSF to accumulate within the
brain (Hydrocephalus) — Image adapted from UCSF Fetal Treatment Center.”
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Diagnosis of myelomeningocele

Imaging

Nearly all myelomeningoceles (90-98%) are detected on routine second trimester fetal ultrasound. The
meninges and/or spinal cord can be seen protruding through the hole in the vertebral column as
shown in Figure 4."”* Defects higher in the vertebral column (thoracic or lumbar) typically feature
more severe intracranial complications, require ventriculoperitoneal shunting more often and have

poorer lower limb function and overall survival than lower (sacral) lesions.”***

When myelomeningoceles is complicated by hindbrain herniation, ultrasound may also detect changes

in the fetal brain.*

The frontal bones of the fetal skull bulge inward and lose their normal convex

appearance (shown in Figure 4¢).* This appearance, known as the lemon sign, is seen in neatly all cases
of myelomeningocele between 16 and 24 weeks."”*** Additionally, the cerebellum appears compressed
and rounded as it is pulled into the base of the skull (the banana sign) and the cerebral ventricles appear

enlarged and distended (ventriculomegaly) (shown in Figure 4e-f).*

Fetal ultrasound may also identify the absence of fetal leg movements or abnormal posturing of the
foot (talipes)."” These changes are thought to result from damage to neurons innervating the lower
limbs and correlate with worse motor function at 12 months of life.*”*" At large fetal therapy centres,
ultrasounds suggestive of fetal myelomeningocele are often followed by fetal magnetic resonance

imaging (MRI) to more precisely evaluate the spinal defect, skull and brain.*>**

Biochemical Markers

The use of ultrasound and fetal MRI has largely replaced the use of amniotic fluid markers for the
diagnosis of fetal myelomeningocele. However, in cases where the diagnosis is unclear, the presence of
acetylcholinesterase (a component of fetal CSF) in the amniotic fluid and high levels of maternal serum

alfa-fetoprotein (AFP) at 16-18 weeks’ gestation can be used to support a diagnosis."”
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Figure 4: Ultrasound findings in fetuses with myelomeningocele

Normal Anatomy Myelomeningocele

Frontal:

Figure 4: In the normal spine (a), the skin covered, parallel vertebrae are clearly visible, whereas in
myelomeningocele the meninges and spinal cord protrude from the vertebral column (b — white arrow).
In the normally developed fetus, the frontal bones have a smooth rounded appearance (c) compared to
the inward scalloping (e - white arrows) of these bones in myelomeningocele (the lemon sign). The
normal cerebellum has a dumbbell shape (d — white arrow) compared to the curved cerebellum (f —
white arrows) seen in myelomeningocele (banana sign). — Image adapted from Copp et al.”
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The management of myelomeningocele

Most parents confronted with a diagnosis of fetal myelomeningocele (44.6 - 75.4%) choose to
terminate the pregnancy due to the significant morbidity associated with fetal spinal cord and brain
injury.>>* Until the mid 2000s, the remaining cases were carefully monitored during pregnancy and
babies underwent surgery to repair the spine within 48 hours of birth (postnatal surgery).”’ However,
the irreversible damage to the spinal cord and brain sustained during pregnancy meant that infants
undergoing postnatal surgery still had poor spinal cord function and neurodevelopmental outcomes.”’
This progressive injury and ongoing morbidity led to efforts to cover the spinal cord during pregnancy.
The following summarises the evolution of fetal myelomeningocele surgery and the key questions yet to

be answered in its ongoing refinement.

Postnatal surgery for myelomeningocele

Until 2010, standard treatment for antenatally diagnosed myelomeningocele was surgery within 48
hours of birth (postnatal surgery). A paediatric neurosurgeon would free the neural tissues adhered to
the skin (the neural placode) and return them to the spinal canal.”** They would then close the inner
(pia mater) and outer (dura mater) layers of the meninges in separate layers over the spinal cord to
prevent CSF leakage (shown in Figure 5).”">* Following this meningeal repair, the tendinous extensions
of the paraspinal muscles (the thoracolumbar fascia) would be sutured together over the repaired
meninges.”” > For larger defects where the thoracolumbar fascia could not easily be brought together,
muscle (paraspinal, latissimus dorsi or gluteal) or periosteal (lumbar vertebrae) flaps could be used.”
Finally the skin on each side of the defect would be brought together over the thoracolumbar fascia
and sutured. Occasionally, parallel skin incisions on either side of the repair (relaxing incisions) were
used to relieve tension on the skin sutures.” This three-layered neurosurgical repair of the meninges,
thoracolumbar fascia and skin remains the gold standard to protect the spinal cord and prevent CSF

leakage.7
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Figure 5: Surgical technique — postnatal closure of myelomeningocele
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Figure 5: The edges of the exposed tissues (the neural placode) adhered to the skin are incised (a) to
allow it to move freely back into the spinal canal (b). The inner pia mater (b) and outer dura mater (c)
of the meninges are then closed separately over the spinal cord. Finally, muscle, bone or fascial flaps
and the skin are closed over the repaired spinal cord (d). — Image adapted from McCullough et al.”
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Fetal surgery for myelomeningocele

Preliminary animal studies investigating fetal spinal cord repair: (1984 —1997)

Fetal repair of a myelomeningocele-like defect was first demonstrated in 1984 in eight primate fetuses
with surgically created spinal defects (shown in Figure 6).”* Five fetuses had their spinal defects
immediately covered with an allogenic bone paste and three were left as un-treated controls. At term,
the three controls had severe leg weakness, sensory loss and incontinence that resembled infants with
myelomeningocele while the fetuses with repaired defects had normal lower limb function and spinal

cord histology.”* Similar findings were subsequently demonstrated in fetal rodents and pigs.”>>>>>¢

Unlike these initial animal repairs where spinal defects were created and then repaired immediately,
human cases of myelomeningocele would remain untreated from the point of incomplete neurulation
(day 22-28 post conception) until eventual diagnosis and surgery at 18-24 weeks gestation. During this
time, irreversible injury to the spinal cord would have occurred meaning that preliminary animal studies
likely overestimated the benefits of fetal myelomeningocele repair.”” To account for this delay, Mueli et
al. surgically created spinal defects in fetal lambs at 75 days gestation and delayed repair until 100 days
(term 146 days).” At term, lambs that received fetal surgery showed some hind limb weakness, but
could stand, walk and climb stairs. Histologically, their spinal cords appeared normal.”” These results
demonstrated that fetal spinal cord repair could improve spinal cord and brain outcomes after birth in a

large animal model and justified preliminary human attempts in 1997.

These initial animal studies repairing the fetal spine during pregnancy all used large incisions in the

mother’s abdomen (laparotomy) and uterus (hysterotomy) to access the fetus.> > >+

This technique
was later referred to as open fetal surgery.” However, eatly gestation hysterotomy incisions were known
to have significant implications for the mother’s future pregnancies. Therefore, before performing their
first human fetal myelomeningocele repairs, surgeons developed a “keyhole” alternative to open fetal
surgery known as fetoscopy that avoided the need for hysterotomy.” During fetoscopy, surgeons
repaired the fetal spine using a camera and instruments inserted through ports in the uterine wall.””
However, fetoscopy faced its own challenges. The small intrauterine space and the cloudy amniotic
fluid limited visibility using the camera which made it difficult to manipulate the fetus and repair the
spine.””” To overcome these limitations, surgeons drained the amniotic fluid surrounding the fetus
and distended the uterus with pressurised CO; gas. This distension became known as amniotic
insufflation.””>* Carbon dioxide was the logical choice for insufflation at this time given its extensive

use in endoscopic abdominal and thoracic surgery with minimal adverse effects.’0%2
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Concerns about the fetal safety of amniotic insufflation: (1994 — 2000)

While amniotic insufflation improved visibility during fetoscopy, several groups raised concerns that
CO; used to distend the uterus may enter exposed fetal blood vessels during surgery and cause
hypercapnic acidosis.”'* This was particularly worrying as chronic fetal hypercapnia and acidosis impair
fetal brain development and are associated with neurodevelopmental delay in early childhood.” These
concerns lead to a series of studies in pregnant sheep that involved periodically sampling fetal arterial
blood over 30-60 minutes of insufflation.”"* All four studies (summarised in Table 1) showed
progressive increases in the arterial partial pressure of CO, (PaCO») and reductions in arterial pH

during insufflation.”!?

The interpretation of these animal studies varied significantly. Some authors believed that these results
confirmed that the fetus was absorbing CO; during amniotic insufflation and that fetoscopic
myelomeningocele repair should not be performed in humans until safety could be confirmed in
animals.”"* Others thought that fetal disturbances were due to over-distension of the sheep uterus and
that the thicker human uterus would prevent these disturbances.*'***® Despite the lack of evidence
supporting the fetal safety of amniotic insufflation in animals, fetoscopic myelomeningocele repair was

approved for use in a small number of preliminary human cases (shown in Figure 6).%*>%

Table 1: Early animal studies investigating the effect of amniotic insufflation on the fetal lamb

Author Luks 199410 Pelletier 199511 Saiki 199712 Gratacos 2000°
Species Sheep Sheep Sheep Sheep
) = | Gestational Age 95-105 120 104 —121 92-100
5 _§ (days) (term 147) (term 147) (term 147) (term 147)
Number 8 9 7 10
(n=)
Gas Carbon dioxide Carbon dioxide Carbon dioxide Carbon dioxide
g Amniotic Fluid
3
g Drained (ml) 0 Al 0 0
&15 -%; Insufflation
& pressure (mmHg) 4 15 10 5
Duration 30 30 30 60
(minutes)
] pH 7.6 —>7.11 7.26 — 7.16 7.30 —> 7.2 7.24 — 7.06
=
)
g %D PaCO; (mmHg) 57.6 — 87.0 64.0 — 83.0 51.0 = 72.0 55.0 — 88.0
R
i PaO; (mmHg) “Stable” 20.0 — 24.0 24.0 — 28.0 19.0 — 22.0

Table 1: Abbreviations: PaCO2 — arterial partial pressure of dissolved CO2, PaO2 — arterial partial

pressure of dissolved oxygen
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Figure 6: The landmark studies in fetal surgery for myelomeningocele
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Figure 6: Landmark animal (green) and human (blue) studies in the fetal management of myelomeningocele (MMC). 7984: Michejda et al. established that
fetal myelomeningocele MMC repair improves spinal cord function at birth using sheep. 7994 — 2000: Luks et al.., Pelletier et al.., Saiki et al. and Gratacos et
al. suggest that amniotic insufflation causes fetal hypercapnia and acidosis in sheep. 7997 — 2003: Tulipan et al., Bruner et al. and Farmer et al. performed the
first human cases of fetal MMC repair using a fetoscopic approach. These cases were largely unsuccessful, and an open approach was then adopted. 2010:
The Management of Myelomeningocele Study (MOMS) demonstrated that open fetal surgery improves infant outcomes compared to postnatal surgery.
20170: Kohl et al. continued to persure fetoscopic repair in sheep and conclude that amniotic insufflation appeared safe for the fetal brain in sheep. 2074 —
20176: Kohl et al. and Pedreira et al. performed their first human cohorts revisiting fetoscopic MMC repair however, there were concerns surrounding high
rates of iatrogenic preterm membrane rupture (PPROM). 2077 — 2018: Belfort et al. continued to refine the fetoscopic technique in small series suggesting

potential fetal benefits to using heated humidified CO, for insufflation. — original image
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The first human fetal myelomeningocele repairs (proof of principle): (1998-2003)

The first four human fetal myelomeningocele repairs were published between 1998 and 1999 (shown in
Figure 6 and summarised in Table 2).°>* Surgeries were initially performed using a vatiation of the
fetoscopic technique where the uterus was partially delivered through a mini-laparotomy and the
fetoscopic ports inserted directly into the uterus.” Manipulating fetal tissues and repairing the spine
using the fetoscopic technique proved very challenging. Instead of a multi-layered spinal closure as
performed in open fetal surgery, the neural placode was separated from the skin and covered with a
maternal skin graft.”’

Unfortunately, these preliminary cases were largely unsuccessful.”’

One fetus died intra-operatively and
another could not be resuscitated after preterm delivery at 24 weeks gestation due to intraamniotic
infection (chorioamnionitis). The two surviving fetuses were born with thin membranous coverings
over the myelomeningocele and displayed only mild lower limb deficits at 6 and 30 months of age.
However, both were delivered preterm, needed postnatal surgery to re-cover the spinal cord and
required ventriculoperitoneal shunting to treat hydrocephalus.” Farmer et al. published three additional

cases using a similar technique in 2003 however, these too, were largely unsuccessful and included one

intrauterine fetal death and one preterm delivery at 31 weeks gestation.™

These poor fetal outcomes from the first human fetal myelomeningocele repairs were attributed to
difficulties manipulating the fetus and covering the spinal defect with fetoscopic instruments.”’ In
response, both Bruner et al. and Farmer et al. adopted the open fetal surgery approach that had

%% This technique allowed surgeons to

demonstrated clear benefits in the preliminary animal studies.
position the fetus more easily and cover the fetal spinal cord in three layers using a technique that
closely resembled postnatal repair.”> *> % To minimise the risks to the mother, the hysterotomies were
kept as small as possible and all cases and future pregnancies were delivered by caesarean section to

avoid uterine contractions that may cause the scar to rupture.’”*

Although rates of preterm delivery were still high, open fetal myelomeningocele repair significantly

6% Compared to matched

improved neonatal and paediatric outcomes compared to initial human cases.
postnatal repairs, neonates that underwent open myelomeningocele repair had fewer complications
from hindbrain herniation and had better lower leg function at birth and required less

5097 Ongoing follow up showed that children who

ventriculoperitoneal shunting by 12 months of age.
had open fetal myelomeningocele repair were also more likely to walk independently at 5 years of age

and had better neurodevelopmental outcomes.””
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While these outcomes suggested that open fetal myelomeningocele repair achieved better neonatal and
paediatric outcomes than postnatal surgery, these benefits were based on comparisons to historically
matched cases that did not reflect the standard of postnatal care at the time. Additionally, if open fetal
surgery was to become the new gold standard, any benefits to the child would need to be considered
against the risk of preterm delivery and the maternal implications of a mid-trimester hysterotomy.”
This equipoise provided the rationale for a multi-centred randomized control trial comparing open fetal
myelomeningocele repair and postnatal surgery - The Management of Myelomeningocele Study

(MOMS).
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Table 2: First attempts at fetal myelomeningocele repair

Centre Vanderbilt University Medical Center63 64 University of California San Francisco
Cohort 1999, N=4 1998, N=3 2003, N=3 2003, N=10
Gestational age at 2224 28-29 19-25 20-23
surgery (Weeks)
U »n
¢ «n
88
o< . Fetoscopic — Fetoscopic —
Uterine access Exteriorized Uterus Open fetal surgery Exteriorized Uterus Open fetal surgery
. Maternal Split Three layer Alloderm or amnion Three layer
Technique . . . .
s 9 thickness skin graft neurosurgical closure patch neurosurgical closure
3 5
e —
< Operatlve tme 218-383 n.s n.s n.s
(minutes)
Perinatal mortality 2/4 0/3 2/3 2/10
Gestational age at +3 “ . . )
delivery (weeks* &) 24+3 _ 35 33-36 22-35 22-34
:
s Preterm delive
+ O ry
° ‘; <30 weeks 3/4 0/3 1/3 3/10
@)
Repait dehiscence 2/2 0/3 2/2 3/10
Requirement for VP
shunting at 12 2/2 1/3 2/2 3/8
months
Preterm prelabour
rupture of 1/2 0/3 2/3 7/10
membranes
Uterine scar
» : 1
Té E separation 0/4 1/3 0/3 0/10
g8
S B
B (i orioamnionitis 1/4 0/3 0/3 1/10
Pulmonary oedema 0/4 0/3 1/3 0/10
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Figure 7: Surgical technique — open myelomeningocele repair

Figure 7: A hysterotomy incision is made to access the fetus (a). The edges of the neural placode are
then dissected from the surrounding skin (b). The arachnoid and residual epithelial tissue is dissected
from the edges of the freed placode (c). The lateral myofascial is then freed (d) and closed over the
repaired spinal cord (e — black arrows). The skin is then closed over the closed myofascial (f) Image
adapted from Huer et al. 2015.%
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The Management of Myelomeningocele Study (MOMS): (2003 — 2010)

The MOMS randomized 183 cases of fetal myelomeningocele to open fetal surgery (n=91) or standard
postnatal repair (n=92) between February 2003 and December 2010.” Compared to standard postnatal
repair, open fetal surgery significantly reduced hindbrain herniation (96 vs. 64%) and the need for
ventriculoperitoneal shunting (82 vs. 40%) at 12 months of age. Open fetal surgery also improved gross
motor and mental function at 2.5 and 6 years of age as well as improved mobility outcomes by 10 years
of age.” """ While both the prenatal and postnatal surgery groups had ongoing issues with urinary
incontinence, parental reports suggested that children who underwent open fetal surgery were also

more likely to void volitionally than the postnatal group.”

Despite significantly reducing paediatric morbidity, the MOMS showed that open fetal surgery still
carried significant risks for the fetus and neonate. Compared to standard postnatal repair, open fetal
surgery had higher rates of iatrogenic PPROM (36 vs. 6%), oligohydramnios (16 vs. 3%), preterm birth
(79 vs. 15%) and respiratory distress syndrome (21 vs 6%). Concerningly, 13% of preterm births in the
open fetal surgery group occurred before 30 weeks gestation (extremely preterm) compared to 0% that
underwent postnatal repair.” This was particularly worrying as extreme preterm birth was known to be
associated with poor neurological outcomes and may have offset the benefits of prenatal

myelomeningocele repair.”

Open fetal surgery also had significant consequences for the mother. Despite attempts to keep the size
of the hysterotomies as small as possible at the time of fetal surgery, 25% of scars were described as
thin when inspected at caesarean section, 9% had an area of partial separation and 1% had completely
separated.” Follow up of mothers that underwent open fetal surgery showed that 6-14% suffered
uterine rupture and 3% required hysterectomy with subsequent pregnancies.” Several of these uterine

ruptures were also associated with perinatal death.”™

The MOMS concluded that, although the maternal implications were significant, open fetal surgery
should be offered as the gold standard to improve postnatal outcomes for fetal myelomeningocele.””
Since the MOMS, the demand from patients and the number of centres offering open fetal surgery has
steadily increased, including one Australian centre, the Mater Mothers Hospital in Brisbane.” All

centres offering the procedure are encouraged to use the same selection criteria, surgical technique and

patient follow up protocols to the original MOMS.
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Revisiting fetoscopic myelomeningocele repair: (2003 — 2017)
Despite the largely unsuccessful outcomes of preliminary myelomeningocele repairs (summarised in
Table 2), two large fetal surgery centres continued to pursue fetoscopic repair in parallel to the MOMS

7 70
51457777 However, before

with the aim of reducing maternal hysterotomy related complications.
tetoscopy could be re-attempted in humans, these centres needed to refine the surgical technique and

address concerns about fetal hypercapnia and acidosis during amniotic insufflation.

Kohl et al. performed a series of fetoscopic myelomeningocele repairs on fetal lambs with surgically
created spinal defects.”””® However, instead of partially exteriorising the uterus like the initial human
studies, the group used a completely percutaneous approach where fetoscopic ports were inserted
through the maternal abdomen and uterus.””” The group delivered the lambs at term and assessed
their gross motor and hind leg function to confirm their ability to protect the fetal spinal cord using a
fetoscopic approach.” Additionally, they collected the brains of the newborn lambs to look for
histological evidence of brain injury that may be related to hypercapnia and acidosis during
insufflation.” Newborn lambs that underwent fetoscopic repair showed normal motor function at
delivery and had no histological evidence of brain injury using haematoxylin and eosin staining.”® The
studies concluded that percutaneous fetoscopic repair had improved significantly and that amniotic

insufflation seemed safe for the fetal brain in sheep (shown in Figure 6).”""

However, these sheep preclinical studies had several limitations.””” They used insufflation pressures (7-
15 mmHg) and durations (45-80 min) that were significantly less than those used in the initial human
surgeries (>15mmHg for ~180 minutes) which potentially underestimated the acid base and
haemodynamic effects of insufflation on the fetal lamb.”>>" %" Additionally, gross motor testing of
newborn lambs may have missed subtle neurological impairment that was clinically significant for the
human newborn.” Haematoxylin and eosin staining may also have missed inflammatory, neuronal and
vascular markers of brain injury that may have been detected on more comprehensive

immunohistochemistry.” *

Despite these limitations, Kohl et al. and Pedreira et al. published their first human myelomeningocele
repairs using a percutaneous fetoscopic approach between 2010 and 2016 (shown in Figure 6).>'*"
Encouragingly, maternal hysterotomy related complications were avoided using fetoscopy and, after
negotiating the technical learning curve, rates of hindbrain herniation and ventriculoperitoneal shunting
at 12 months appeared similar to open fetal surgery.”*'*" However, percutaneous fetoscopic
myelomeningocele repair still carried inherent risks. Iatrogenic PPROM rates were much higher than

the MOMS (83.4-100% vs. 36%) and the gestational age of delivery considerably lower (32** vs. 34"

weeks).”>'* Additionally, the three-layered spinal repair (meninges, thoracolumbar fascia and skin) used
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in open fetal surgery and postnatal repair could not be replicated fetoscopically. Instead, a
collagen/biocellulose patch was used to cover the spinal cord and sutured into the surrounding skin.> '
12.5-28% of these patch repairs had separated at delivery and frequently required postnatal surgery to
repair the spine. It was suggested that although fetoscopic outcomes had improved significantly using a

percutaneous fetoscopic approach, the technique could not replace open fetal surgery until three

layered spinal repair could be replicated.” !

Monitoring the fetus within the insufflated uterus was also challenging duting fetoscopy.”'* The large
pocket of CO; gas within the uterus limited fetal monitoring to observations of umbilical cord
pulsations or intermittent ultrasound of umbilical cord loops submerged in residual amniotic fluid.* "
However, both methods were not reliable predictors of fetal distress particularly in the context of fetal
general anaesthesia which was thought to blunt fetal heart rate changes.”** Reassuringly, extensive fetal
ultrasound immediately following surgery suggested that the fetus was able to tolerate fetoscopic

surgery and amniotic insufflation.®'**°

Belfort et al. continued to refine fetoscopic myelomeningocele repair and published the outcomes of 22
consecutive cases in 2017 (shown in Figure 6)." Although only a small cohort, rates of iatrogenic
PPROM and preterm birth were considerably lower than had previously been reported (summarised in
Table 3). The group attributed these improvements to refinements in the way the uterus was accessed
an insufflated. Like the first fetoscopic myelomeningocele repairs, the group partially exteriorised the
uterus through a mini-laparotomy and inserted potts directly into the uterus (shown in Figure 8)."" They
suggested this partially exteriorised approach permitted lower insufflation pressures during surgery
which prevented overstretching of the fetal membranes. Additionally, the group plicated the fetal
membranes to uterine wall at the point where the ports were inserted to prevent the fetal membranes
separating (chorioamniotic separation) and then rupturing eatly after surgery. To further minimise
membrane damage during surgery, the group heated and humidified the CO, used for insufflation.
Heated, humidified insufflation had previously been introduced in endoscopic abdominal and thoracic

surgery as a way of minimising irritation to peritoneal and pleural linings of the distended cavities.!”

Although partially exteriorising the uterus, plicating the fetal membranes and using heated, humidified
CO:;, for insufflation all correlated with lower iatrogenic PPROM in Belfort’s study, it remains unclear
which, if any, factor was responsible for the improved outcomes. However, these observations have
provided several important insights into preventing iatrogenic PPROM after fetoscopy which are

discussed in our drafted review paper found in Appendix 1 and in more detail below.
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Belfort et al. also made several refinements to the way the fetal spine was closed."” Instead of using a
patch to cover the spinal cord, the group attempted a layered spinal repair that more closely resembled
open fetal surgery and postnatal repair. Although layered repair still proved difficult fetoscopically, they
were able to successfully cover the spinal cord with single tissue layer containing the dura,

thoracolumbar fascia and skin.!”

Since 2017, many international fetal therapy centres have started performing fetoscopic
myelomeningocele repair. However, there is considerable variability in the techniques used to access
and insufflate the uterus, monitor the fetus during surgery, repair the fetal spine, close the fetal
membranes and manage the pregnancies post-operatively making it difficult to compare outcomes. A
summary of the different approaches to performing fetoscopic myelomeningocele repair is included in

our drafted review paper found in Appendix 2.%

In 2019, an international consortium was established
to foster collaboration between these centres and help to identify the optimal fetoscopic technique to

compare to open fetal surgery.*
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Table 3: Fetoscopic myelomeningocele repair revisited in humans

Centre for Fetal Surgery &

Albert Einstein Hospital,

Texas Children’s

Centre Minimally Invasive . )
Therapy, Germany Brazil Hospital, USA
Author Kohl et al. Pedreira et al. Belfort et al.
Cafirsr 2014 2016 2017
oner N=71 N=10 N=22
Mean gestational age at surgery s a s
(Weckes ds) 22 26 26
Uterine access Fetoscopic Fetoscopic Fetos.co.p ic with
g 2 exteriorized uterus
g & :
& ::) Port number and diameter 3.4 % 5mm 2 x 3.6mm 2 x 4mm
(mm) 1 x 5mm
Plicated membranes to
Uterine membrane closure No Closure No Closure uterine wall with 2/0
Suture
Patch: . .
. Patch: Collagen/Teflon . Direct Closure: Single
P Technique . . Biocellulose patch plus ..
o 5 plus overlying skin . . layer - Skin with Dura
l% z overlying skin
RO
Mean Operative time (minutes) | 223 242 246
Gas Carbon dioxide Carbon dioxide Carbon dioxide
g
-% S Heated humidified No No Yes
[
=
g 2 | Amniotic fluid drained (ml) 0 0 300
Mean insufflation pressure 153 156 12.0
(mmHg)
Perinatal mortality 7% (5/71) 20% (2/10) 4.5% (1/22)
Mean gestational age at 2 " +
g delivery (weeks* dars) 32 32 38
L§ S Preterm delivery <30 weeks 13.2% (9/71) 20% (2/10) 0% (0/22)
=3
@)
Repait dehiscence 28% (20/71) 12.5% (1/8) 32% (7/22)
Requirement for VP shuntin,
» ?2 e & | 45% (32/71) 43% (3/7) 41% (9/22)
Preterm Premature Rupture of o o 0
Membranes 84.3% (43/51) 100% (10/10) 23% (5/22)
Chotioamniotic separation 5.8% (3/51) 40% (4/10) 32% (7/22)
= &
g g Oligohydramnios 13.7% (7/51) 40% (4/10) 14% (3/22)
§ 5
© Chotioamnionitis 5.8% (3/51) 0% (0/10) 0% (0/22)

Uterine dehiscence or rupture

0% (0/51)

0% (0/10)

0% (0/22)

Pulmonary Oedema

1.9% (1/51)

0% (0/10)

9% (2/22)

51




Figure 8: Uterine access for fetoscopic surgery

-

Uterine fetoscopic
port sites
-

Mini laparotomy
incision

Figure 8: Fetoscopic ports can be inserted through the abdominal and uterine wall into the amniotic
space (a.) or directly into the externalized uterus (b.) — Adapted from Kohl et al. and Belfort et al.> "’
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The potential effects of amniotic insufflation on the fetus and fetal

membranes

The body that oversees the development and implementation of new fetal therapies, the International
Fetal Medicine and Surgery Society IFMSS), strongly encourages that the safety of any new fetal
intervention should be demonstrated in a large animal model before it is used in humans.” Cleatly, at
the time of starting this thesis, the fetal safety of amniotic insufflation has not been demonstrated in
animals. No animal study has investigated the effect of insufflation on the fetus or fetal membranes at
clinically relevant insufflation pressures or durations. Additionally, the negative effects of amniotic
insufflation observed in a series of lamb experiments were dismissed by arguing that overdistension of
the sheep uterus was likely different to humans. While using heated, humidified CO; for amniotic
insufflation is associated with improved fetal outcomes and lower rates of iatrogenic PPROM there is a
distinct lack of preclinical evidence to support these links. The following reviews the physiology that
underpins how amniotic insufflation may affect the fetus and fetal membranes as well as the potential

benefits of heating and humidifying the gas.

The potential effects of amniotic insufflation on the fetus

Regulation of blood CO; levels

After birth, CO; is a normal product of cellular oxidative metabolism and must be transported from the
tissues to the lungs for elimination. Transportation occurs in 3 ways (shown in Figure 9).
Approximately 10% dissolves in blood plasma while 20% binds to haemoglobin proteins in red blood
cells forming carbaminohaemoglobin. An enzyme within red blood cells known as carbonic anhydrase,
converts the remining 70% of blood CO; into bicarbonate and hydrogen ions (H"). These ions exist in

equilibrium within the plasma which is shown below.*

CO, + H,O = H,CO; = H" + HCOgx

The production of H" makes blood CO; levels an important determinant of serum pH. Since
maintaining blood pH between 7.35 and 7.45 is essential for normal cellular and enzyme function,
blood CO; and H" levels are tightly regulated.”®* Blood proteins and bicarbonate ions bind excess H*
and prevent sudden reductions in blood pH (acidosis). However, these buffers can become saturated
when CO; or H" levels rise quickly. As CO, and H" levels increase, chemoreceptors in the respiratory
centres of the brainstem recognise the increase and trigger an increase in respiratory drive that usually

involves an increase in respiratory rate and tidal volume. This increases respiratory CO, elimination and
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lowers blood H".* Prolonged elevations in H" trigger further compensation by the kidney. Cells in the
distal convoluted tubule of the nephron remove H' from the plasma and resynthesize bicarbonate ions.

These additional bicarbonate ions bind free H" to help restore normal pH.**

During fetal life, blood bicarbonate levels are low, the lungs play no role in CO; elimination and the
kidneys are not able to resynthesize bicarbonate ions. Instead, blood CO; and pH regulation occurs in
the placenta (shown in Figure 10). Fetal arterial blood with a high partial pressure of dissolved CO,
(PaCO;) moves through the umbilical artery into the placenta. Within the placenta, fetal and maternal
blood is separated by a single layer of cells that permit rapid diffusion of dissolved gasses between the
two placental compartments. This allows CO; to diffuse passively down its partial pressure gradient,
from high concentrations in the umbilical artery to relatively lower concentrations in maternal blood.
Continuous high blood flows through the maternal and fetal placental compartments, particulatly on
the maternal side, prevents CO; from reaching an equilibrium between the compartments, which
maximises the efficiency of CO; elimination from the fetus.”””* Fetal umbilical venous blood leaves the

placenta with relatively low PaCO, and high PaO; levels and returns to the fetus.

Several physiological factors exaggerate the PaCO; difference within the placenta to assist fetal CO;
elimination. High levels of maternal circulating progesterone during pregnancy increases maternal
resting respiratory rate and tidal volume. These changes lower maternal baseline PaCO; levels to below
non-pregnant levels (35-45mmHg to 30-32mmHg), which increases the transplacental PaCO; and
promotes fetal CO; elimination from the placenta.” Fetal CO; elimination is also enhanced by
reoxygenation of fetal haemoglobin within the placenta. As oxygen (O,) diffuses into the fetal
compartment within the placenta it binds to fetal haemoglobin and displaces bound CO into the
plasma. This displacement by O,, known as the Haldane effect, increases the local PaCO; in the fetal

placental compartment and increases the partial pressure gradient that drives fetal CO; elimination.

Unlike pulmonary ventilation after birth, the placenta has very limited ability to increase the rate of fetal
CO:; elimination to accommodate sudden or prolonged hypercapnia. Given the immaturity of the fetal
kidney and blood buffer systems, this limitation of the placenta may leave the fetus vulnrable to

hypercapnia and acidosis during amniotic insufflation.
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Figure 9: Transportation of carbon dioxide in the blood

(b) ZOOA) - Bound to Red Blood Cell

haemoglobin in red blood
cells to form
carbaminohaemaglobin

" HCO;5
(c) 700/0 - As
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Figure 9: Carbon Dioxide is transported in the blood in 3 ways. 10% dissolves in the serum (a), 20%
binds directly to the haemoglobin molecule of red blood cells to form carbaminohaemoglobin (b) and
70% is converted to bicarbonate ions by carbonic anhydrase (c) — original image published in our

review — Skinner et al.”*
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Figure 10: Placental exchange of carbon dioxide and oxygen
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Figure 10: Fetal blood is cleared of carbon dioxide and re-oxygenated in the placenta. Both carbon

dioxide and oxygen diffuse from regions of high to low partial pressure across the placental membrane

that separates the fetal and maternal compartments. PCO, — partial pressure of CO,, PO, — partial

pressure of oxygen — original image.
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The physiological effects of fetal hypercapnia and acidosis

—> Cardiovascular effects
Both hypercapnia and acidosis directly impair the ability of cardiac myocytes to contract.”'" To protect
the fetus from sudden reductions in cardiac output, the fetal sympathetic nervous system acts directly
on cardiac myocytes to increase fetal heart rate and the force of ventricular contraction. These
compensatory mechanisms become insufficient to maintain cardiac output when hypercapnia and
acidosis is severe (pH <7.2), resulting in a sudden decrease in heart rate (bradycardia) and blood

pressure (hypotension).”

It is currently unknown if, or how severely, fetal hypercapnia and acidosis effects the fetal
cardiovascular system during fetoscopic myelomeningocele repair. Episodes of increased (tachycardia)
or decreased (bradycardia) fetal heart rate have only rarely been observed during human fetoscopy.® '
As discussed above, these observations were made on ultrasound of umbilical cord loops that remained
submerged in the amniotic fluid during insufflation.” '* However, umbilical artery and vein ultrasound
changes pootly correlate with fetal hypercapnia and acidosis. Additionally, both fetal and maternal
general anaesthetics may blunt fetal heart rate changes.”** Reassuringly, fetal cardiac function several
days after fetal myelomeningocele repair appears normal suggesting that if hypercapnia and acidosis is

present intraoperatively it may only be short lived.”

—> Neurological effects
Growth restricted human fetuses exposed to chronic hypercapnia and acidosis during pregnancy show
impaired brain development and an increased incidence of neurodevelopmental delay."” Rodent growth
restriction studies suggest that these outcomes may be due to impaired neuron oxygen metabolism
during hypercapnia and acidosis which causes apoptosis.'” '™ Although fetuses undergoing fetoscopic
myelomeningocele repair likely experience much shorter periods of hypercapnia and acidosis than
growth restricted infants, they already have congenital brain injury which may leave neurons more

susceptible to further damage.

Fetal hypercapnia and acidosis during insufflation may also damage the vasculature supplying the fetal
brain. During hypercapnia, the fetal sympathetic nervous system dilates cerebral blood vessels to
maintain oxygen delivery to the developing brain, but this also exposes these fragile vessels to high

. (8]0
pressures and flows which may cause them to rupture.”
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Investigating the effects of amniotic insufflation on the human fetus

In 2018, a small case series (n=3) aimed to provide the first human data investigating the effects of
amniotic insufflation on the human fetus.'® Fetal blood gasses were taken via cordocentesis (umbilical
vein) after fetal anaesthetic was administered at the start of surgery (prior to insufflation) and then again
after desufflation of the uterus. Fetoscopic myelomeningocele repairs lasted an average of 160 minutes

and the uterus was insufflated up to a2 maximum of 8-10 mmHg."’

In the first case, fetal umbilical vein PaCO, rose and pH decreased, thankfully to a lesser degree than
seen in earlier animal studies (summarised in Table 4). While these results were reassuring that human
fetal acid base changes are less severe than those observed in animals, “post-surgery” blood gasses were
taken some time after insufflation and may have underestimated blood gas changes intra-operatively.
Additionally, the use of umbilical vein PCO; in these human cases may have recorded lower CO; values

than animal studies sampling blood from the umbilical artery.'

Interestingly, in the third case that used heated, humidified CO; for insufflation, no rise in umbilical
vein CO; or decrease in pH was observed.'® Clearly this small study cannot conclude that heated,
humidified insufflation has acid base benefits for the fetus however, it provides an important

hypothesis to test in a large animal model.

Table 4: Fetal umbilical venous blood gas values during fetoscopic myelomeningocele repair

Case 1 Case 2 Case 3
Details
Insufflation Gas Carbon Dioxide Heated Hur.nid}'ﬁed Carbon Heated Huqlid.iﬁed Carbon

Dioxide Dioxide

lﬁiﬁzg 182 159 149
Blood Gasses Pre Post Pre Post Pre Post
PCO; (mmHg) 39 47 32 46 39 37
pH 7.36 7.28 7.46 7.35 7.37 7.36
PO, (mmHg) 74 67 59 25 59 61
ir{n(ir%l /1) 22 21 22 25 22 21
gisez/Eﬁi)cess 3 5 1 1 2 -4

Table 4: Abbreviations: PCO; — partial pressure of carbon dioxide, PO, — partial pressure of oxygen,
HCO:; — bicarbonate. Adapted from Baschat et al. 2018
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Reducing fetal hypercapnia and acidosis during amniotic insufflation

Given the potential implications of hypercapnia and acidosis on the fetus during insufflation, several
groups have attempted to develop strategies to mitigate these effects in sheep. Efforts have mainly
focused on increasing the mothers respiratory rate and tidal volume (hyperventilation) during

insufflation!® 1%

and changing the insufflated gas.” """ Unfortunately, both strategies have shown
limited success however, these studies provide important insights into how fetal acid base disturbances

may be mitigated in the future.

—> Maternal hyperventilation
As described above, fetal CO; diffuses down its partial pressure gradient into the maternal placental
compartment (Figure 10). Two sheep studies investigated whether hyperventilating the mother during
insufflation and lowering maternal PaCO, could increase fetal CO; elimination and mitigate fetal
hypercapnia.” '* In both studies, 30-minutes of maternal hyperventilation during insufflation partially
mitigated fetal hypercapnia and acidosis.” ' While this appeared promising, an earlier study on fetal
lambs had demonstrated that prolonged periods of hyperventilation (>30 minutes) reduced umbilical
blood flow, caused fetal hypoxia and metabolic acidosis.'”” These findings suggested that short periods
of maternal hyperventilation could be used during human fetoscopy however, would need to be paired

with careful monitoring of fetal and placental blood flows.

—> Changing the insufflation medium
Groups have also attempted to change the gas used for insufflation to prevent CO, entering the fetal
blood. While this seems logical, selecting an alternative gas has proven difficult as insufflation gasses
must have very specific chemical properties.”’ During amniotic insufflation, small volumes of
pressurised gas are forced into fetal (umbilical) and maternal (uterine) blood vessels. The insufflated gas
must therefore have a high solubility to avoid forming bubbles in the blood that may move
downstream and occlude vessels perfusing vital organs (gas embolism). Gas emboli have limited
treatment options and are potentially fatal.”’ Gasses used for insufflation must also be non-

combustable, relatively cheap, safe to store and have no other adverse effects on the mother or fetus.”

A series of sheep studies demonstrated that amniotic insufflation with helium or nitrous oxide gas
causes less fetal hypercapnia and acidosis than using CO,.” """ Unfortunately, helium has a much
lower solubility and is more costly to store than CO; while nitrous oxide is potentially teratogenic
(summarised in Table 5).°'>'% Air, nitrogen and argon gasses have also been tested for insufflation in
other fields of endoscopic surgery however, all have potential negative implications for the fetus which

limit their use within the uterus.®!
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Carbon dioxide gas meets most of the important criteria for amniotic insufflation (Table 5) suggesting
that modifying the gas to mitigate its effect on the fetus may be better than changing the gas altogether.
The small human series by Belfort et al. and Baschat et al. (summarised in Table 3 and Table 4) suggest
that amniotic insufflation with heated humidified CO, may improve the fetus’ ability to tolerate
insufflation.'® Heating CO; from 22°c to 40°c reduces its solubility by ~42% while humidification
lowers the partial pressure of CO; within the insufflated gas by 7% (Dalton’s Law)."” """ Together,
heating and humidifying the insufflated CO, may reduce fetal CO, absorption during insufflation and
allow the fetus to clear excess COs. Cleatly, preclinical studies in a large animal model are required to

confirm this hypothesis.

Table 5: The chemical properties of gasses used to distend body cavities

Carbon Eijrtﬁgi fied Helium Nitrous Oxide | Nitrogen Air Argon
Dioxide (COy) CO, (Hez) (N20) (N2) (Arz)
Solubility 171 ~=60* 0.97 130 2.3 2.92 5.6
(ml/100ml H,O) | (Very High) (High) (Low) (High) (Low) (Low) (Low)
Supp orts. No No No Yes No Yes No
Combustion
Cost Low Low High Low Low Low High
Suppresses
Other fetal Fetal . Evidence still High th§rmal placental Redgces
hypercapnia . conductivity — | DNA N/A N/A cardiac
Safety Concerns N required . . .
and acidosis burn risk synthesis. function.
Teratogenicity

Table 5: * - the solubility of CO; at 40°c is approximately 60ml/100ml water
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The potential effects of amniotic insufflation on the fetal membranes

Up to 85-100% of fetoscopic myelomeningocele repairs are complicated by iatrogenic PPROM
compared to only ®36% following open fetal surgery.” > '* Although the mechanisms of PPROM are
poorly understood, this difference suggests that factors specific to fetoscopy are damaging the fetal
membranes during surgery making them more likely to rupture early post-operatively. The following
summarises the normal structure and rupture physiology of the fetal membranes and suggests how
amniotic insufflation may be contributing to high rates of iatrogenic PPROM. A more comprehensive

review of how fetoscopy may be increasing the risk of iatrogenic PPROM can be found in Appendix 1.

Human fetal membrane structure

The fetal membranes surround the fetus during pregnancy and play a critical role in maintaining the
pregnancy to term (shown in Figure 11). The innermost membrane, the amnion, provides the majority
of structural integrity.""" This membrane is formed 10-14 days post fertilization, when mesoderm cells
migrate from between the layers of the bilaminar embryo to fuse with the ectoderm lining of the amniotic
cavity.'” The ectoderm gives rise to the cuboidal amniotic epithelium which is closest to the fetus and
held in place by a basement membrane composed of collagens (Type I and III) and glycoproteins
(laminin, nidogen, and fibronectin).'’*""* The amniotic mesoderm forms a layer of compact Type I and
I collagen beneath the basement membrane that provides the amnion with its tensile strength.''> "> 11
This compact layer is produced and maintained by fibroblasts in an adjacent layer of loose collagen also
derived from the mesoderm, known as the fibroblast layer.'”>'"” The human amnion is almost completely

avascular, sourcing nutrients and exchanging wastes with the amniotic fluid.""> '

The amnion is separated from the outer chorionic membrane by a space known as the intermediate or
spongy layer (shown in Figure 11).">""* This space is liquid filled until 12-15 weeks’ gestation when the
expanding amnion loosely adheres to the chorion. The collagen adhesions and hydrated proteoglycans
within the intermediate layer allow the amnion to slide independently over the chorion which increases

the membranes tensile strength.m’ 113, 114

The chorion surrounds the amnion. This membrane is formed by fusion of the mesoderm with the outer
cells of the embryo known as the trophoblasts.""* The chorionic mesoderm differentiates to become a
layer of loose reticular collagen and chorionic fibroblasts that faces the amnion.'” This collagen is
supplied by a network of fetal blood vessels arising from the allantois and its outer surface is lined by the
trophoblasts. The outer surface of the chorion is covered by a layer of maternal cells known as the
decidua, that were once the endometrium ovetlying the implanted embryo. The decidua is rich with
maternal blood vessels and immune cells and fuses with the chorion during early gestation forming the

choriodecidua.'
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Figure 11: Anatomy and histology of the fetal membranes
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Figure 11: The fetal membranes are made of 3 layers. The innermost amnion, the chorion and decidua. The amnion is composed of a single layer of
amniotic epithelium and underlying stroma. The chorionic stroma faces inward and sits on a layer of trophoblasts derived from the placenta. The decidua is

in two parts; the decidual epithelium and underlying decidual glands. — original image
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Mechanisms of fetal membrane rupture

—> Term fetal membrane rupture
During pregnancy there is little change in the composition of the fetal membranes. However, from 37-
38 weeks gestation the fetal membranes ovetlying the cervix progressively thin and weaken."'*""” This
allows the descending fetus and contracting uterus to stretch and eventually rupture the membranes
which plays an important role in promoting the onset of labour. The final failing of the membranes is
characterised by membrane separation which then promotes rupture of the choriodecidua and amnion

in turn.'"!

The progressive membrane weakening that precedes term rupture is thought to be mediated by a family
of collagen degrading enzymes known as matrix metalloproteases (MMPs) and their endogenous tissue
inhibitors (TIMPs)."*'* During late gestation, amniotic epithelial cells and chorionic trophoblasts
increase the proportion of activated MMPs, particularly MMP-9, within the membrane while reducing
TIMPs.'” This causes degradation of structural membrane collagens and basement membrane proteins
which reduces the membrane’s tensile strength.'' '"* 1! These focal changes overlying the cervix have
been well described as the “zone of high morphological change” and can be clearly seen histologically in

both human explants and animal models.'?*

There have been significant efforts to understand the factors that normally induce MMP weakening of

the fetal membranes during late gestation. Although a common pathway is yet to be identified, a series

126, 132-140 141,142 111(),143—145 1106, 146, 147

of genetic , epigenetic , physica , inflammatory and hormonal ' factors have

been proposed and are summarised in Figure 12."*

—> Preterm fetal membrane rupture
Spontaneous fetal membrane rupture before 37 weeks gestation (spontaneous PPROM) occurs in 1-4%
of all human pregnancies.'* "™ The clinical factors associated with spontaneous PPROM can be broadly
grouped into those that cause preterm weakening of membrane collagen or abnormal collagen synthesis

(summarised in Figure 12).

Membrane weakening

Damage or inflaimmation within the fetal membranes can prematurely upregulate fetal membrane
weakening and predispose preterm rupture. Unlike the focal weakening that occurs over the cervix at
term, preterm weakening is often generalized and the site of rupture occurs away from cervix."”" '

Bacterial infection of the membranes (chorioamnionitis) is associated with =30% of spontaneous

PPROM cases.'*” 153 15* Proteins specific to bacterial cells known as pathogen associated molecular
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patterns (PAMPs) are recognised by toll-like receptors on membrane fibroblasts and resident
macrophages. These cells then release inflammatory cytokines including TNF-alpha that recruit immune
cells to the membranes and directly increase the synthesis and activity of MMPs."'® *>'%* Increased MMP
activity causes disorganisation and weakening of membrane collagen and increases the risk of membrane

159, 161

rupture. Some bacteria normally present in vaginal flora including group B Streptococdi,

Staphylococcus Aureus, Trichomonas Vaginalis and the organisms responsible for bacterial vaginosis

also secrete their own MMPs which may also contribute to membrane weakening."'®

While the fetal membranes tolerate the progressive stretch caused by the growing fetus, excessive stretch,
such as in multi-gestation pregnancies or polyhydramnios, also increases the risk of spontaneous
PPROM." In addition to physically over distending membrane collagen, excessive stretch is thought to
damage the cells of the fetal membranes triggering the release of damage associated molecular patterns
(DAMPs).!'® #1419 T jke PAMPs in the context of infection, this family of proteins causes the release
of inflammatory cytokines from the cells of the membrane and upregulates MMP weakening.'” Other
causes of membrane injury such as trauma, antenatal haemorrhage and exposure to bacterial toxins also

trigger the release of DAMPs and thus increase the risk of spontaneous PPROM. ' 14510

Abnormal collagen synthesis

Maternal Vitamin C and Copper deficiencies during eatly pregnancy are strongly associated
spontaneous PPROM.'"" Vitamin C is essential for normal collagen synthesis while Copper is an
important cofactor for lysyl-oxidase enzymes that give compact membrane collagen its tensile strength.
Tobacco smoking during pregnancy is also an independent risk factor for spontaneous PPROM likely
due to its ability to lower maternal Vitamin C and Copper levels.”” Fetuses affected by connective tissue
disorders such as Ehlers-Danlos syndrome also have weakened membrane collagen that is predisposed

to rupture early."”
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Figure 12: The physiological mechanisms of term membrane rupture and spontaneous PPROM
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Figure 12: Fetal membrane weakening and rupture: The final failing of the membranes occurs in three phases — 1. The amnion and chorion separate which

decreases the tensile strength of the membrane. 2. The decidua (not shown) and chorion rupture causing the amnion to stretch. 3. The amnion ruptures. —

original image
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Potential effects of amniotic insufflation fetal membrane rupture
Based on the factors known to increase the risk of term and preterm membrane rupture, membrane
stretch and tissue damage from exposure to CO, may both contribute to higher rates of iatrogenic

PPROM after amniotic insufflation.

—> Fetal membrane distension

As described above, excessive membrane distension activates MMPs, weakens membrane collagen and
is linked with both term and preterm membrane rupture.”” Membrane distension during amniotic
insufflation may trigger similar weakening mechanisms and increase the risk of iatrogenic PPROM. The
small series by Belfort et al. (summarised in Table 3) suggested that using lower mean amniotic
insufflation pressures (12 vs 15 mmHg) may reduce the risk of membrane rupture.* ' """ While these
trends may represent a protective effect of reducing membrane distension, differences in surgical

protocol between these cohorts could also explain these differences.

—> Exposure of the amniotic epithelinm fo gas
The preliminary fetoscopic myelomeningocele repairs summarised in Table 3 also suggest that distending
the fetal membranes with unconditioned (cold, dry) CO, increases the risk of iatrogenic PPROM while
the used of heated, humidified CO, mitigates these changes.* '*'" Other fields of endoscopy have
demonstrated peritoneal and pleural damage following exposure to cold, dry COz insufflation.'”*"”* While
the peritoneum, pleura and amniotic epithelium are anatomically different, they are all liquid lined
epithelium and potentially susceptible to damage when exposed to CO; for prolonged periods.
Membrane damage is known to upregulate MMPs, weaken membrane collagen and increase the risk of
membrane rupture.''® ' While the results from small human studies suggest that similar changes may
occur during cold, dry amniotic insufflation and can be avoided using heated humidified CO., pre-clinical

studies are clearly required to confirm these hypotheses.
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Conclusion and rationale for this thesis

This review has established that surgically covering fetal myelomeningocele at mid gestation improves
both spinal cord and brain function for the infant at birth. While open fetal surgery is currently the gold
standard, these procedures carry significant risks for the mother. Fetoscopic myelomeningocele repair
has recently been proposed as a minimally invasive alternative however, there are concerns that
amniotic insufflation used during fetoscopy causes fetal hypercapnic acidosis and iatrogenic PPROM.
Heating and humidifying the insufflated CO, has been suggested as a potential solution to both fetal
and membrane disturbances however, these hypotheses lack physiological and histological data from

preclinical studies. Therefore, the global aim of this thesis is;

To investigate the effects of amniotic insufflation with unconditioned (cold, dry) or heated,

humidified CO: on the fetus and fetal membranes in sheep.
Experimental chapters 1 and 2 investigate the physiological effects of amniotic insufflation on fetal and

placental physiology while chapter 3 investigates the histological effects of amniotic insufflation on the

fetal membranes.
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Experimental chapter 1:
The effect of amniotic insufflation on the fetus

Between 1994 and 2000, four sheep studies demonstrated that fetal lambs exposed to 30-60 minutes of
amniotic insufflation at 3-15 mmHg developed progtessive hypercapnia and acidosis.”'* In my
preceding literature review, I provided evidence to suggest that these changes could impair fetal cardiac
function during surgery and have detrimental effects on the developing brain. It is also important to
note that these sheep studies used lower insufflation pressures and shorter insufflation durations than
those being used in humans (=15mmHg for 180 minutes). As a result, it is possible these sheep studies
underestimated the effects of amniotic insufflation on the human fetus. Additionally, these sheep
studies used unconditioned (cold, dry) CO; for insufflation which does not reflect current clinical
practice. In this experimental chapter, we extended the findings of the earlier sheep insufflation studies
and investigated how insufflation parameters used in humans effect the physiology of fetal lambs.
Using sheep to replicate insufflation allowed us to measure fetal cardiovascular and blood gas changes

in real time during insufflation which is currently not feasible in humans.

Experimental chapter 1.1:

Isolating the fetal effects of increasing amniotic pressures

In the first study of this experimental chapter, we investigated the effects of increasing amniotic
pressures during insufflation on fetal and maternal physiology. We insufflated the uterus of pregnant
ewes with cold, dry CO, for 20 minutes at 0, 5, 15 and 25mmHg. These pressures were chosen to cover
the range of pressures reported in human case series.” '*'” During insufflation we periodically sampled
fetal blood gasses and continuously recorded uterine blood flows and fetal cardiovascular parameters.
We compared these insufflated lambs to a control group of lambs that underwent the same

instrumentation and monitoring without amniotic insufflation.

Fetal lambs exposed to cold, dry amniotic insufflation developed progressive hypercapnia and acidosis
over the 100 minute insufflation period. Additionally, higher pressures (i.e. 15-25mmHg) significantly
reduced uterine blood flow. We suggest these results provide clinicians with a physiological rationale to
minimise insufflation pressures during fetoscopic myelomeningocele repair. This manuscript, entitled,
“The effects of partial amniotic carbon dioxide insufflation in an ovine model” was published in

Prenatal Diagnosis and Therapy in 2018. I performed this study in conjunction with Dr Sasha Skinner

68



who was included as the first author on this manuscript for the purposes of publication. I worked
closely with Dr Skinner on the animal experiments and tissue processing, performed all of the
histological analysis and helped prepare the final manuscript for publication. A formatted version of the

published manuscript is included below.
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Abstract:
Objective: We aim to assess the effect of partial amniotic carbon dioxide insufflation (PACI) at

increasing pressures on fetal acid-base, fetal-placental perfusion, and fetal membrane morphology in an

ovine model.

Method: Pregnant ewes and fetuses were instrumented under isoflurane anesthesia at 105 days
gestation (term 145 days) to monitor utero-placental blood flow, fetal and maternal blood pressure,
heart rate, and blood gas status. One group (n = 6) was exposed to PACI (unheated dry CO2),
involving 10 mm Hg stepwise increases in insufflation pressure (5 to 25 mm Hg), for 80 minutes
followed by 20 minutes of desufflation. Un-insufflated controls (n = 5) were monitored for

100 minutes. At post-mortem, fetal membranes were collected for histological analysis.

Results PACI at 25 mm Hg caused severe fetal hypercapnia (PaCO2 = 143 £ 5 vs

54 £ 5 mm Hg, P < 0.001), acidosis (pH = 6.85 £ 0.02 vs 7.25 £ 0.02, P < 0.001), hypoxia

(8202 = 31 + 4% vs 57 £ 4%, P = 0.01), and reduced uterine artery flow (50 £ 15 vs

196 £ 13 mL/min/kg, P = 0.005) compared with controls. These effects were greater at higher PACI
pressures. PACI resulted in leukocyte infiltration in the amnion (1.77 X 10—5 * 0.61 X 10—5 vs

0.38 X 10—5 + 0.19 X 10—5 cells/pm2, P = 0.04) and chorionic membranes

(2.94 X 10—5 £ 0.67 X 10—5 vs 0.84 X 10—5 £ 0.42 X 105 cells/um2, P = 0.01).

Conclusion: Higher PACI pressures results in larger disturbances in fetal acid-base, uterine blood flow,
and fetal membrane inflammation in sheep. Differences between human and sheep utero-placental

structure should be considered.
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Introduction

Minimally invasive or fetoscopic alternatives to open fetal surgery are now possible for several fetal

anomalies, aiming to reduce associated morbidity and mortality."”

One of the challenges of fetoscopic
surgery is the amniotic fluid environment limiting visibility, ease of hemostasis, fetal immobilization,
and instrument maneuverability. This surgical environment is challenging for complex procedures
involving dissection, control of hemostasis, and suturing. Partial amniotic carbon dioxide insufflation
(PACI) involves draining part of the amniotic fluid and insufflating the uterus with carbon

dioxide.” Gaseous distension improves visualization, increases working space, and allows easier control
of bleeding.”®"” PACI is curtrently used mainly to enable fetoscopic myelomeningocele (MMC) repair.
Fetoscopic access aims to reduce the uterine incision dimensions and hence lower uterine dehiscence

rates to avoid significant maternal morbidity associated with open fetal surgery.* '+ 178> 176150

The safety of PACI has been debated for many years as eatly animal experiments demonstrate
progressive fetal hypercapnia and acidosis during PACL”"> However, the relevance of these studies
remains unclear in the context of current clinical practice, particularly as recent clinical observations
show no obvious evidence of adverse short-term fetal outcomes attributed to PACI, %178 178

"% Additionally, while initially preterm prematute rupture of membranes (PPROM) rates following
PACI for fetoscopic MMC patch repair were very high®'*'" (84-100%), more recent experience using

heated-humidified PACI in an exteriorized uterus with surgical closure of the access site suggests this to

be less of a problem."’

No animal studies have investigated the effect of altering PACI pressures, duration, humidity, or the
effect of PACI on fetal membrane ultrastructure. Indeed, these are all parameters of relevance to fetal
safety and PPROM rates. Further investigation into the fetal and uterine effects of PACI is therefore
appropriate to guide its ongoing clinical application. Our aim was to assess the real-time effects of
PACI on fetal and maternal acid-base status, hemodynamics, and utero-placental perfusion at
increasing PACI pressures in an ovine model. We also evaluated the effect of PACI on fetal membrane

histology.
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Methods

All animal experiments were approved by the Monash Medical Centre animal ethics committee and
were conducted in accordance with the National Health and Medical Research Council

(NHMRC) Australian code of practice for the cate and use of animals for scientific purposes.'™

Fetal and maternal instrumentation

Eleven pregnant date-mated Merino-Border Leicester ewes at 103 to 105 days (term 145 days) gestation
of either singleton or twin fetuses were anesthetized using intravenous sodium thiopentone (Pentothal,
Boehringer Ingelheim, Australia) bolus induction with 2% to 2.5% inhaled isofluorane (Isoflow, Abbot
Pty Ltd, Australia) in room air/oxygen maintenance. We performed midline laparotomy and
hysterotomy. The fetus was instrumented (one fetus only if twin gestation) with umbilical and carotid
artery flow probes (3 mm ultrasonic flow probe, Transonic Systems, USA), jugular vein and carotid
artery catheters (polyvinyl catheters, ID 0.86 mm, OD 1.52 mm, Dural Plastics, Australia) and an
esophageal temperature probe. Two amniotic catheter, one for pressure monitoring and another for
draining, and CO; insufflation tubing were introduced into the uterine cavity. The hysterotomy site was
sutured closed in three layers, ensuring an airtight seal around exteriorized catheters and flow probes. A
flow probe was placed on the uterine artery prior to laparotomy incision closure. Maternal carotid and
jugular catheters (ID 2.6 mm, OD 4.2 mm, Dural Plastics Australia) were inserted. A pneumotac
(Respiratory Flow Head 300 L, ADInstruments, Bella Vista, NSW, Australia) was connected in between
the maternal endotracheal tube and the ventilation circuit to monitor maternal tidal volume. LabChart
(LabChart v8, ADInstruments, Australia) was used to electronically record fetal carotid and umbilical
artery flow, fetal and maternal carotid artery pressure and fetal temperature, intrauterine pressure and
uterine artery flow. Fetal heart rate was derived from the fetal carotid artery flow waveform, and fetal
systolic and diastolic blood pressures were derived from the fetal carotid artery pressure waveform.
Maternal heart rate was derived from the uterine artery flow waveform, and maternal systolic and
diastolic pressures were derived from maternal carotid pressure waveform. The maternal, fetal, and

uterine instrumentation setup is summarized in Figure 13.

Maternal ventilation settings were adjusted to obtain a target maternal PaCO; of 35 to 40 mm Hg on
carotid blood gas, end tidal CO; was noted and maintained =5 mm Hg throughout the experiment.
After approximately 10 minutes to allow physiological recordings to stabilize, baseline recordings were

taken for 5 minutes, and baseline fetal and maternal blood samples were collected.
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Carbon dioxide uterine insufflation

Amniotic fluid was drained and baseline intrauterine pressure was recorded. Ewes were then randomly
allocated to be exposed to PACI (experimental group, n = 6) or not (controls, n = 5). In the
experimental group, the uterus was insufflated with unheated (21-22°C) dry CO; as it expands out of its
storage in the liquid phase in medical gas bottles. Insufflation lasted for 80 minutes, and pressures were
progressively increased every 20 minutes from 0 to 5, 15, 25 and then reduced to 15 mm Hg. These
insufflation pressures were chosen to reflect PACI pressures used clinically in fetoscopic MMC repair
ranging from 9 to 30 mm Hg.* A duration of 20 minutes at each insufflation pressure was used in an
attempt to minimize any accumulating adverse physiological effects of prolonged general

anesthesia.'™ After desufflation, normal saline at body temperature was introduced to the utetine cavity
to replace drained amniotic fluid. Physiological recording as well as blood gas sampling continued for a
further 20 minutes after desufflation. In controls, amniotic fluid was drained, and fetuses were
monitored for 100 minutes with warmed normal saline replacing the drained amniotic fluid for the final
20 minutes. In both groups, maternal and fetal carotid artery blood gas samples were taken every

10 minutes. The experimental timeline is summarized in Figure 13.

After the experiment, ewes and fetuses were euthanized with pentobarbitone 100 mg/kg IV, and the
fetus (both fetuses in cases of twin gestation) underwent post mortem examination to assess for gross
evidence of fetal injury and tissue hemorrhage and record fetal total body and individual major organ
weights (heart, lung, liver, spleen, kidney, and brain). In each ewe, 3 X 3 cm segments of the fetal
membranes were collected from sites remote from the hysterotomy site, secured to foam to ensure later

orientation, fixed in formalin, and embedded in paraffin.

Histological analysis

Inflammation in the amnion and chorion was quantified using CD45 immunostaining. Three tissue
sections (5 pum) per animal were mounted on glass slides and deparaffinized using Xylele and
rehydrated. Antigen retrieval was performed by incubation with 0.01 M sodium citrate buffer (pH 6)
(DAKO #8§81699). Endogenous peroxidases and nonspecific antigen binding were blocked using Dako
blocking solutions (#52023, #X0909). The primary antibody was mouse anti-CD45 antibody (BioRad,
#MCA2220GA) diluted 1:500 in Dako antibody diluent (#S0809). Secondary antibody was goat anti-
mouse antibody (Dako #K4001). Immunostaining was visualized by incubation with 3,3'-
diaminobenzidine (DAB) (#K3468) and counterstained with Hematoxylin. CD45 positive cells in the
amnion and chorion membranes were counted in five randomly selected, nonoverlapping fields of view
using a light microscope (40X; BX-4, Olympus, Oberkochen, Germany), digital camera (Olympus

America Inc), and Image] software (National Institutes of Health, USA).
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Data analysis

LabChart data were analyzed offline by averaging 20-second data epochs taken immediately after
changes in PACI pressure and every 5 minutes thereafter. Blood flow recordings were adjusted for fetal
weight. Data were tested for normality using a Shapiro Wilk test. Baseline data were compared using a
student t test for normally distributed data and a Mann—Whitney test for data not normally distributed
(Prism v6, GraphPad Software Inc/SigmaPlot v13.0, Systat Software Inc). Physiological data were
compared using a two-way repeated measure analysis of variance with Holm-Sidak post hoc analysis to
account for multiple comparisons. All data are presented as mean and standard error of the mean

(SEM). P values < 0.05 were considered statistically significant.
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Figure 13: Experimental timeline
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Figure 13: Experimental timeline, maternal, fetal, and uterine instrumentation. Summary of the experimental timeline for group (I): CO, insufflation and
group (II): controls. Timing of maternal and fetal carotid artery blood gas sampling is shown with (*¥) denoting timing of baseline samples. Maternal, fetal,
and uterine instrumentation is pictorially depicted. Fetal temperature was recorded with an esophageal temperature probe. Fetal carotid and umbilical artery
flow probes allowed continuous monitoring of blood flow. Maternal and fetal carotid artery and jugular vein catheters allowed regular blood gas analysis and
continuous blood pressure recordings. Maternal tidal volume was measured using a pneumotac. PACI was administered and monitored using an amniotic

drainage catheter, insufflation tubing, and intra-amniotic pressure catheter. Uterine artery flow was monitored with a flow probe
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Results
Eleven ewes and their lambs (one fetus only in cases of twin pregnancy) were analyzed, six fetuses
exposed to PACI and five controls. Fetal weight, gestational age, baseline physiological recordings, and

blood gas samples were similar between the two groups (Table 6).

Uterine effects

Uterine artery flow decreased during PACI (n = 6) and increased in controls (n = 5). There were larger
reductions in uterine artery flow as PACI pressure was increased, down to 33% of baseline flow at

25 mm Hg (mean minimum —116.2 £ 14.8 vs +26.8 + 13.4 mL/min/kg, P < 0.001). Uterine artery
flow increased after PACI pressure was reduced and following desufflation, back to 83% of baseline

flow (Figure 14).

Fetal acid-base effects

Fetal PaCO; increased (mean maximum 142.7 = 5.3 mm Hg vs 54.1 £ 5.1 mm Hg, P < 0.001, at

25 mm Hg) and pH decreased (mean minimum 6.85 & 0.02 vs 7.25 & 0.02, P < 0.001) over time as
PACI pressures increased (Figure 14). Fetal PaO, was not significantly different from controls during
PACI. However, SaO; decreased (mean minimum 30.8 + 3.8% vs 56.5 + 3.6%, P = 0.01) as PACI
pressures increased, with a corresponding decrease in base excess and increase in lactate (Figure 14).
Fetal pH, PaCO,, Sa0O,, and base excess gradually improved after PACI pressures were reduced and
after desufflation (Figure 14). However, fetal lactate continued to rise 20 minutes after desufflation
(mean maximum of 8.43 + 0.6 mmol/L vs 3.98 £ 0.6 mmol/L, P = 0.001) (Figure 14). Fetal

bicarbonate and temperature were not statistically different from controls during PACI.

Fetal hemodynamic effects

Fetal heart rate increased compared with controls as PACI pressures increased (mean maximum

216 £ 4 vs 164 £ 4 bpm, P < 0.001, at 25 mm Hg) and remained higher than controls following
desufflation (Figure 14). Fetal carotid artery and umbilical artery blood flow did not change significantly
during PACI compared with controls overall. However, on closer analysis, fetuses exposed to PACI
could be separated into two distinct subgroups based on their response. In three fetuses, carotid artery
flow was maintained, and umbilical artery flow significantly increased compared with controls (Figure
14). In the other three fetal lambs exposed to PACI, carotid artery flow significantly decreased
compared with controls and umbilical artery flow tended to decrease. No other differences were found

between the two subgroups in any other measured parameters.
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Maternal acid-base effects

Maternal end tidal CO; remained stable and not different from controls during PACI. However,
maternal PaCO; increased (mean maximum 51.8 * 1.0 mm Hg vs 36.7 = 0.9 mm Hg, P < 0.001, at

25 mm Hg) and pH decreased (mean minimum 7.35 + 0.007 vs 7.47 = 0.007, P < 0.001) as PACI
pressures increased (Figure 16). Both maternal PaCO, and pH improved when PACI pressure was
reduced and after desufflation, yet remained different from controls (Figure 16). Maternal PaO, was not
significantly different to controls. However, maternal SaO, decreased significantly at PACI pressures of
25 mm Hg (94.7 £ 0.6% vs 98.2 £ 0.6%, P = 0.005) but was not different from controls after
desufflation (Figure 16). There was no significant difference in maternal lactate (Figure 16), base excess,

ot bicarbonate compared with controls.

Histology

Compared with controls, CD45 positive cell counts in the amnion (0.38 X 10—5 + 0.19 X 10—5 vs
1.77 X 10—5 £ 0.61 X 10—5 cells/um2, P = 0.04) and chotion (0.84 X 10—5 £ 0.42 X 10—5 vs

2.94 X 10—5 % 0.67 X 10-5 cells/pm2, P = 0.01) significantly increased following PACI (Figure 17).
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Table 6: Baseline fetal and maternal characteristics

PACI Controls P Value
Fetal Characteristics
Number 6 5
% Male 33% 50%
Gestational age (days) 104.5+£0.3 104.5+0.3 0.91
Weight (grams) 13951+63.3 1523%+19.9 0.17
Fetal Temperature (°C) 39.2+0.2 39.240.2 0.31
Fetal HR (bpm) 173.743.5 161.843.8 0.06
Fetal Carotid Artery Pressure (mmHg) 40.7+1.4 39.6£2.8 0.73
Fetal Carotid Artery Flow (ml/min/kg) 31.2+3.3 36.5%+1.5 0.49
Umbilical Artery Flow (ml/min/kg) 46.8117.0 49.1.0£13.0 0.66
Fetal pH 7.2510.02 7.2510.02 0.96
Fetal PaCO; (mmHg) 52.3+2.6 59.8+2.7 0.18
Fetal PaO; (mmHg) 21.4%19 22.620.7 0.58
Fetal SaO, (%) 49.616.3 56.8+4.3 0.39
Fetal Hemoglobin (g/dL) 10.810.3 11.410.4 0.30
Fetal Lactate (mmol/L) 3.3+0.3 2.6+0.3 0.14
Maternal Characteristics
Maternal HR (bpm) 89.715.5 83.818.5 0.59
Maternal Carotid Artery Pressure (mmHg) 64.2+4.5 61.6+4.2 0.51
Utetine Artery Flow (ml/min/kg) 173.0£23.1 133.31+34.1 0.93
Maternal pH 7.45£0.01 7.45%0.01 0.90
Maternal PaCO; (mmHg) 38.9+1.3 38.310.7 0.79
Maternal PaO, (mmHg) 182.2+38.3 162.0+16.9 0.79
Maternal SaO; (%) 96.9£0.6 97.310.6 0.57
Maternal Hemoglobin(g/dL) 8.710.6 9.210.5 0.57
Maternal Lactate (mmol/L) 1.0£0.1 0.810.1 0.57
Maternal end tidal CO2 (mmHg) 35.5%1.2 32.0£2.2 0.22
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Figure 14: Real-time physiological changes in fetal acid-base during PACI.
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Figure 14: PACI leads to significant fetal hypercapnia A, and acidosis B, greatest at higher PACI
pressures and persisting 20 min after desufflation. At high PACI pressures, fetal oxygen saturation
decreased but was not significantly different to controls following desufflation C. Fetal lactate
continued to increase throughout the experiment D. Pre and post drain denote timing of amniotic fluid
drainage. Data are presented as mean = SEM
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Figure 15: Real-time physiological changes in fetal heart rate, uterine, umbilical, and fetal
carotid artery flow during PACI.
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Figure 15: Uterine artery flow decreased as PACI pressures increased A. PACI leads to significant fetal
tachycardia B, that persisted 20 min after desufflation. In some fetuses (subgroup A, n = 3), fetal
umbilical artery increased during PACI C, and carotid artery flow was maintained D. Conversely in the
remaining fetuses (subgroup B, n = 3), fetal umbilical artery flow did not increase and tended to
decrease C, while carotid artery flow significantly decreased at high PACI pressures D. Pre and post
drain denote timing of amniotic fluid drainage. Data are presented as mean = SEM. P values < 0.05 (¥)
are in comparison with controls
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Maternal PaO, (mmHg)

Figure 16: Real-time physiological changes in maternal acid-base during PACI.

Figure 16: PACI leads to significant maternal hypercapnia A, and acidosis B, greatest at higher PACI
pressures and persisting 20 min after desufflation. At high PACI pressures, maternal oxygen saturation
decreased but was not significantly different to controls following desuftlation C. Maternal lactate was
not different to controls throughout the experiment D. Pre and post drain denote timing of amniotic

fluid drainage. Data are presented as mean + SEM
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Figure 17: CD45 immunostaining of the fetal membranes.
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Figure 17: CD45 immunostaining of the fetal membranes demonstrated significant immune cell
infiltration in the amnion A, and chorion B, of insufflated membranes C, compared with controls D.

Values are presented as mean = SEM

83



Discussion

Our study demonstrates that, in pregnant sheep, and using unconditioned CO,, increasing PACI
pressures are associated with significant reductions in uterine artery flow, severe fetal hypercapnia,
acidosis, reduced oxygen saturation, and tachycardia. Changes in maternal acid-base status during PACI
are minor. Furthermore, PACI was associated with histological signs of inflammation in the fetal

membranes.

Stepwise reductions in uterine artery flow with increasing PACI pressures likely results from mechanical
uterine distension and associated increased intra-abdominal pressure. In animal studies, increasing
intra-abdominal pressure increases peripheral vascular resistance, reducing cardiac venous return and
cardiac output, thereby reducing uterine artery flow.”” % '®1%* Additionally, uterine distension may
directly compress the uterine artery. Therefore, it is likely that insufflation using alternatives for

CO: (such as Helium) would have a similar mechanical effect.'>"*

In our study, PACI pressures of 25mmHg lead to significant fetal compromise. Although it is
important to assess the effects and safety of extremes of PACI pressures reported clinically (9-

30 mm Hg), pressures this high are generally avoided in clinical cases.® Likely more relevant are the
significant fetal changes already occurring at PACI pressures of 15mmHg, which is more reflective of

average PACI pressures reported in the clinical literature. '

It is unknown whether the effects of uterine distension will be similar in humans given the sheep uterus
appears more compliant and maybe more susceptible to overdistension. As such, for any given
pressure, the results we observed in sheep may overestimate the effects that can be expected in
humans." Indeed, studies assessing the feasibility of fetoscopic MMC patch repair in sheep models

57,185

reported lower PACI pressures of 7 to 12mmHg,.

In our study, the maternal abdominal wall was closed during insufflation, reflecting more likely the
percutaneous fetoscopic approach. However, more recent case series demonstrated better pregnancy
outcomes after laparotomy and uterine exteriorization prior to insufflation.'” Uterine exteriotization
likely reduces the resistance created by a closed abdominal wall, potentially reducing the insufflation
pressure required to achieve adequate uterine distension, thereby potentially also decreasing the

maternal and fetal effects of raised intra-abdominal pressure.

Our study emphasizes the importance of minimizing PACI pressures where possible. Kohl et al.

suggested using the “opening pressure” to optimize PACI pressures,” which is defined as the pressure
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at which gas begins to enter the amniotic cavity. We did not identify an opening pressure but found
that the relationship between uterine insufflation, with the associated adverse fetal responses, and

CO: flow was variable and unpredictable. As such we question whether this is the correct approach for
assessing insufflation pressures. However, in view of our findings, it is possible that maternal uterine
artery Doppler ultrasound may be considered for intraoperative monitoring of utero-placental function
during PACL* ' Further studies should compare the effects of uterine distension with inert gasses to

better delineate the effects of uterine distension on our findings.

We also observed that higher PACI pressures led to more severe fetal hypercapnia and acidosis
compared with previous animal studies using lower insufflation pressures.”'> We speculate that this may
not only be attributed to distention related diminished uterine perfusion but also to an increased
pressure gradient for CO, diffusion into fetal tissues. Indeed, increased tissue CO, absorption is a
known consequence of higher pneumoperitoneum insufflation pressures in adult laparoscopic
surgery.'®’ Additionally, Pelletier et al. observed that ovine fetuses developed hypercapnia and acidosis
following uterine insufflation with CO, but not with Helium or water. This suggests that CO, is an

important source of acid-base disturbances rather than purely uterine distension.

Limited fetal capacity to buffer excess CO likely also contributed to the severity of fetal hypercapnia.
During PACI, fetal bicarbonate did not change to buffer the large increase in fetal PaCO., supporting
previous studies showing bicarbonate is not excreted by the mid-gestation fetal kidneys and pootly
transported across the placenta.'™ "™ Carbonic anhydrases catalyze the reaction of CO, and water to
produce bicarbonate and hydrogen ions (H") and are expressed in fetal tissues with varying degrees of
functional activity.”""* It has been suggested that the very low levels of carbonic anhydrase enzyme in
fetal blood may limit fetal buffering capacity in states of severe hypercapnia. However, hypercapnia and
acidosis seen in fetuses exposed to PACI indicate high levels of substrate on either side of the buffering
equation (ie, CO; and H"), suggesting against an enzyme insufficiency. Rather, we speculate that fetal
susceptibility to hypercapnia and acidosis is increased by a reduced capacity for fetal H' plasma

buffering and excretion via the immature fetal kidneys." '*’

Additionally, fetal elimination of CO, predominantly relies on diffusion into the maternal compartment
and thus is limited by decreases in placental perfusion resulting from reduced uterine artery flow.
However, the human and sheep placentas have major differences. The ovine placenta is syn-
epitheliochorial, with additional tissue layers separating the maternal and fetal circulations compared the

human hemochorial placenta.'®'” The sheep placenta also consists of multiple distinct fetal cotyledons

distributed throughout the uterine wall that are joined by inter-cotelydonary fetal vessels; in contrast,
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the human placenta has a singular discoid structure. While gas diffusion and substrate delivery are

similar between the two placental structures,"

it is possible that “stretching” of inter-cotelydonary fetal
vessels makes the ovine placenta more susceptible to uterine distension. As such placental gaseous
exchange may be impaired more in sheep than in humans. This is consistent with a recent preliminary
case series of three fetuses undergoing fetoscopic MMC repair using PACI suggesting that fetal
hypercapnia in humans may not be as severe as desctibed in animal models.'® However, in that study,

umbilical vein blood samples were collected at an undefined interval after desufflation and so any

intraoperative acid-base disturbances may have been missed as CO is highly soluble.

Fetal blood oxygen levels were reduced at high PACI pressures with significant reductions in fetal
Sa0., despite stable fetal PaO, levels, which likely caused some tissue hypoxia as indicated by reduced
base excess and increased fetal lactate.”” This finding may be explained by a pH-induced right shift in
the oxygen-hemoglobin dissociation curve causing decreased affinity of fetal hemoglobin for oxygen.'”
"’ While Saiki et al. reported no change in fetal lactate during PACI, lower insufflation pressures in
their study (10 mmHg vs up to 25 mmHg) with less severe fetal hypercapnia would expectedly result in

smaller reductions in fetal hemoglobin oxygen affinity."

Significant fetal tachycardia was observed at PACI pressures greater than 15 mm Hg, correlating with
abrupt changes in fetal acid-base status and uterine blood flow. Clinically, in the absence of invasive
fetal monitoring, noninvasive fetal heart rate monitoring and the identification of fetal tachycardia may
be a useful indicator of severe physiological disturbance during PACI. However, our study cannot rule

out fetal risk during PACI even before a tachycardic response is triggered.

In contrast to gross physiological disturbances in the fetus, PACI caused smaller increases in maternal
PaCO; and reductions in pH. This discrepancy likely reflects a much lower capacity for fetal
CO: clearance across the placenta compared with maternal CO; clearance via the lungs. Importantly,

this highlights an inability to predict fetal acid-base status and well-being using maternal monitoring.

Clinically, high PPROM rates remain a major clinical concern for fetoscopic procedures using PACI. *
14 179,180,200 Nembrane weakening that precedes spontaneous membrane rupture is induced by immune

16201 Acute leukocyte infiltration was clearly demonstrated

cell infiltration of the amnion and chorion.
in our study following PACI exposure. Indeed, this might be a mechanism that contributes to high
iatrogenic PPROM rates observed following PACI exposure clinically. Animal studies of

CO; pneumoperitoneum demonstrate localized acidosis of peritoneal blood vessels and increased

inflammatory cytokines.””>*” Additionally, increasing pneumoperitoneum insufflation pressures
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stretches the peritoneum, limiting peritoneal capillary blood flow, leading to localized hypoxemia and
tissue inflammation.*”” We speculate that as fetal membranes in the lamb are also supplied by small
capillaries that are distended during PACI, similar biochemical and mechanical effects may mediate

observed fetal membrane inflammation,?* 2%

Interestingly, rates of PPROM were lower in a small clinical series of fetoscopic MMC repairs that used
PACI with heated-humidified CO.."” Studies in animals and humans suggest that heated-humidified
CO; pneumoperitoneum mitigates tissue damage and inflammation compared with unheated

dry CO,."?" Other factors that may contribute to lower PPROM rates in that study include uterine
exteriorization through a laparotomy incision and surgical closure of the uterine access

site.'” Nevertheless, further preclinical research is necessary to identify the potential benefits of using
heated-humidified PACI to mitigate fetal membrane inflammation hence lower PPROM risk and to
examine whether there are any fetal benefits. The greater uterine quiescence in sheep compared with
humans limits the relevance of the ovine model to directly assess PPROM risk following PACL."*

7 Primates more accurately reflect the human uterine and placental structure; however, this species is

financially limiting, and their use is under a moratorium in many places.””

While our study focused on assessing the real-time effects of PACI, it is unclear whether our acute
observations would translate to poorer outcomes in humans at birth. In fact, in most clinical studies,
fetuses seem to tolerate PACI, as no adverse events that are directly attributable to CO; insufflation
have been reported. Our study is limited by the inherent limitations of the ovine model already
discussed above and was not designed to thoroughly assess the risk of neurological deficits at birth. A
previous study in sheep however found no obvious neurological impairment or evidence of gross brain

injury at low PACI pressures for short durations.”

Conclusion

In conclusion, fetal sheep exposed to high PACI pressures experienced more hypercapnia, acidosis, and
hypoxia than previously thought, likely exacerbated by significant reductions in uterine artery flow. In
this study, we sought to explore the effects of increasing uterine pressures to understand the ontogeny
of adverse fetal effects during PACI. While in this context, the sheep model has limitations in its
translation to humans, understanding the physiological consequences of PACI is an important step in
defining target ranges where PACI can be safely used. Meanwhile, in the absence of safe PACI pressure
targets, or effective physiological indicators of uterine insufflation levels, efforts should continue to

minimize PACI pressures were possible.
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Experimental chapter 1.2:
Investigating the fetal effects of clinically relevant insufflation

durations and CO, condition

Experimental chapter 1.1 demonstrated that increasing the amniotic pressure from 0 to 25mmHg over
100 minutes reduced uterine blood flow which correlated with worsening fetal hypercapnia and
acidosis. However, unlike this first study, human fetuses undergoing fetoscopic myelomeningocele
repair would be exposed to longer insufflation periods (180-250 minutes) at relatively stable pressures
(mean 15mmHg). Additionally, preliminary human case series used heated and humidified CO, for
amniotic insufflation.'®"” Therefore, in chapter 1.2 we investigated the fetal effects of amniotic
insufflation using clinically relevant insufflation pressures (15mmHg), durations (180 minutes) and CO;

conditions (40°C, 95-100% humidity).

Like experimental chapter 1.1, we replicated amniotic insufflation in pregnant ewes. One group of
instrumented fetal lambs were exposed to amniotic insufflation with cold, dry CO, at 15mmHg for 180
minutes. We compared fetal cardiovascular and blood gas changes in this group to a second group that

underwent insufflation with heated, humidified CO, using the same pressures and durations.

As per chapter 1.1, fetal lambs exposed to cold, dry insufflation developed progressive hypercapnia,
acidosis and cardiovascular impairment however, these changes became more severe over the longer
insufflation duration. Fetal lambs that underwent amniotic insufflation with heated, humidified CO,
developed significantly less hypercapnia and acidosis than lambs exposed to cold, dry CO, insufflation.
These findings suggested that, despite disruptions to uterine blood flow that result from increased
amniotic pressure, heated, humidified amniotic insufflation improved the fetus’ ability to tolerate the
procedure. This study entitled, “Physiological effects of partial amniotic carbon dioxide
insufflation with cold, dry vs heated, humidified gas in a sheep model,” was published in
Ultrasound in Obstetrics and Gynaecology in 2018. A formatted version of the manuscript is included

below.
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Abstract:

Objective: Partial amniotic carbon dioxide (CO: ) insufflation (PACI) is used to improve visualization
and facilitate complex fetoscopic surgery. However, there are concerns about fetal hypercapnic acidosis
and postoperative fetal membrane inflammation. We assessed whether using heated and humidified,
rather than cold and dry, CO; might reduce the impact of PACI on the fetus and fetal membranes in

sheep.

Methods: Twelve fetal lambs of 105days’ gestational age (term = 145 days) were exteriorized partially,
via a midline laparotomy and hysterotomy, and arterial catheters and flow probes were inserted
surgically. The 10 surviving fetuses were returned to the uterus, which was then closed and insufflated
with cold, dry (22°C at 0 — 5% humidity, n = 5) or heated, humidified (40°C at 100% humidity, n = 5)
CO; at 15 mmHg for 180min. Fetal membranes were collected immediately after insufflation for
histological analysis. Physiological data and membrane leukocyte counts, suggestive of membrane

inflammation, were compared between the two groups.

Results: After 180 min of insufflation, fetal survival was 0% in the group which underwent PACI with
cold, dry CO», and 60% (n = 3) in the group which received heated, humidified gas. While all
insufflated fetuses became progressively hypercapnic (PaCO;, > 68 mmHg), this was considerably less
pronounced in those in which heated, humidified gas was used: after 120min of insufflation, compared
with those receiving cold, dry gas (n=3), fetuses undergoing heated, humidified PACI (n = 5) had lower
arterial partial pressure of CO; (meantstandard error of the mean, 82.7£9.1mmHg for heated,
humidified CO; vs 170.5 £ 28.5 for cold, dry CO, during PACI, P < 0.01), lower lactate levels (1.4 &
0.4 vs 8.5+ 0.9 mmol/L, P < 0.01) and higher pH (pH, 7.10£0.04 vs 6.7510.04, P<0.01). There was
also a non-significant trend for fetal carotid artery pressure to be higher following PACI with heated,
humidified compared with cold, dry CO, (30.5 * 1.3 vs 8.7 £ 5.5 mmHg, P = 0.22). Additionally, the
median (interquartile range) number of leukocytes in the chorion was significantly lower in the group
undergoing PACI with heated, humidified CO, compared with the group receiving cold, dry CO, (0.7
X 10-5 (0.5 X 10-5) vs 3.2 X 10-5 (1.8 X 10-5) cells per square micron, P = 0.02).

Conclusions: PACI with cold, dry CO; causes hypercapnia, acidosis, hypotension and fetal membrane
inflammation in fetal sheep, raising potential concerns for its use in humans. It seems that using heated,
humidified CO; for insufflation partially mitigates these effects and this may be a suitable alternative for
reducing the risk of fetal acid — base disturbances during, and fetal membrane inflammation following,

complex fetoscopic surgery.
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Introduction:

Open fetal surgery is considered the gold standard for antenatal repair of myelomeningocele, following
the results of the Management of Myelomeningocele Study.” However, significant maternal morbidity
associated with open fetal surgery and implications for future pregnancies has driven the development
of less invasive, fetoscopic approaches.”® ™ Unfortunately, the feasibility of complex fetoscopic surgery
is hampered by limited space, poor visibility within the cloudy amniotic fluid and surgical instruments
that do not work in a fluid environment.® Partial drainage of the amniotic fluid and gaseous distention
of the uterus with carbon dioxide (CO») overcomes these challenges.” CO» gas seems a logical choice,
given its low risk of causing gas embolism, extensive use for endoscopic surgery in adults and infants

and the fact that is has virtually no known adverse effects.'®

However, potential adverse effects of partial amniotic CO, insufflation (PACI) on fetal development
have been suggested, and its use remains controversial. These safety concerns are based on
observations in animal experiments demonstrating fetal hypercapnic acidosis.”"* Yet, human clinical
case series have reported no adverse effects of PACI during surgery and immediately after delivery.>'*
1781 Tnvasive fetal monitoring during human fetal surgery is not easy and human data are scarce. In a
recent case series'® (n = 3), umbilical venous blood gasses were sampled before and after fetoscopic
myelomeningocele repair using PACI. Reassuringly, this study observed only very mild changes in fetal
acid—base balance in two of the cases. Interestingly, these changes were absent in the third case, which
used heated, humidified CO, for insufflation. There are no animal studies investigating the

physiological effects on the fetus of PACI with heated, humidified gas.

Additionally, lower rates of postoperative preterm rupture of membranes (PROM) have been observed
at fetoscopic centers which use heated, humidified CO, for PACI, compared with others that use cold,
dry CO: (23% vs 75 — 85%)> """ | although procedural differences may explain this in part. We
hypothesized that the use of cold, dry CO, for PACI triggers an inflammatory process in the
choriodecidua and precipitates PROM by dehydrating the membranes.''®'* Our aim in this study,
therefore, was to investigate in sheep the effects of using heated and humidified, rather than dry and
cold, CO; for PACI, with clinically relevant insufflation pressures and durations, on the fetal acid—base

balance and cardiovascular function, and on fetal membrane inflammation.
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Methods:

Surgery

The experimental method was approved by the Monash Medical Centre Animal Ethics Committee and
followed a series of experiments in our laboratory to optimize the surgical protocol. Twelve pregnant
Merino-Border Leicester ewes between 105- and 108-days’ gestation were anesthetized with an
intravenous bolus of sodium thiopentone (Pentothal, Boehringer Ingelheim, Warriewood, NSW,
Australia). Ewes were ventilated via an endotracheal tube and general anesthesia was maintained with 2
— 2.5% inhaled isoflurane (Isoflow, Abbot Pty Ltd, North Chicago, IL, USA) in air/oxygen. End-tidal
CO; was measured using a SurgiVet vital signs machine (SurgiVet® Advisor®, Smiths Medial, Dublin,
OH, USA). A temperature probe was placed in the ewe’s esophagus and a polyvinyl catheter (internal
diameter, 2.6mm; Dural Plastics, Sydney, NSW, Australia) was inserted into the carotid artery. Arterial
blood gasses were sampled at 10-min intervals to adjust the ewe’s ventilation rate and tidal volume to

maintain the maternal partial pressure of CO, (PaCO,) between 35 and 45 mmHg.

The fetus was partially exteriorized via a midline laparotomy and hysterotomy, and we surgically
inserted a carotid artery and jugular vein catheter (internal diameter, 0.86 mm), umbilical vein flow
probe (Transonic Systems, Ithaca, NY, USA) and esophageal temperature probe. Insufflation tubing
and an amniotic drainage catheter were inserted through the uterine wall into the amniotic sac. All
catheters and flow probes were exteriorized and the hysterotomy incision closed in three layers to
maintain an airtight seal of the uterus for insufflation. A flow probe was also placed around a large
branch of the uterine artery supplying the pregnant horn. The uterus was then returned to the maternal
abdomen and the laparotomy incision closed to allow insufflation of the uterus within the abdominal

cavity as performed clinically in percutaneous approaches.

Maternal (temperature, carotid artery pressure, heart rate and uterine artery flow) and fetal
(temperature, carotid artery pressure, umbilical vein flow and heart rate) parameters were recorded
continuously using the LabChart and PowerLab data acquisition system (ADInstruments, Bella Vista,
NSW, Australia). Two fetuses did not survive the initial surgery and were excluded, leaving 10 fetuses

for insufflation.

Partial amniotic CO; insufflation

After surgery, the ewe and fetus were allowed to stabilize for 10 min before baseline physiological
recordings were taken and blood gasses sampled (time = 0). The amniotic fluid was drained and ewes
were allocated arbitrarily to PACI with cold, dry (22 °C at 0-5% humidity, n = 5) or heated, humidified

(40 °C at 100% humidity, n = 5) CO,. The intra-amniotic pressure was increased to 15mmHg with an
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insufflator (40L High-Performance Insufflator, Stryker South Pacific, St Leonards, NSW, Australia)
over a 5-min period, and this pressure was maintained for 180 minutes. The insufflation pressure and
duration were selected based on averages obtained from human case series involving insufflation of the
uterus within the abdomen.*' """ In ewes receiving heated, humidified CO,, the gas was passed
through a laparoscopic humidification system (MR860, Fisher and Paykel Healthcare, Auckland, New

Zealand) before it entered the uterus.

Fetal blood gas analysis was performed every 10 minutes for the first 30 minutes and every 30 minutes
thereafter. The uterus was desufflated after 180 minutes and monitoring continued for a further 20
minutes. Both ewe and fetus were then euthanized using intravenous pentobarbitone (Lethobarb,
Virbac Pty Ltd, Peakhurst, Australia) and post mortem examination was conducted to collect sections

of fetal membrane.

Fetal membrane collection and histology

From each ewe, two arbitrarily selected regions of insufflated fetal membrane some distance from the
hysterotomy incision were dissected away, immersion-fixed in 10% formalin and embedded in paraffin
for histological analysis. Two 5-um tissue sections were cut from each region, immunostained for
CD45-positive cells (leukocytes) and counterstained with Mayer’s hematoxylin, as described
previously.”” The number of CD45-positive cells in the amnion and in the chotion were counted by a
single observer (B.J.A.), who was blinded to the insufflation group. Counts were performed using
Image] software (National Institutes of Health, Bethesda, Maryland, USA), in five arbitrarily selected,
non-overlapping fields of view at 40X magnification (BX-41 Laboratory Microscope, Olympus America
Inc., Center Valley, PA, USA). Each cell count was adjusted for membrane thickness and the average in

the amnion and chorion of each ewe calculated.

Data and statistical analysis

Fetal carotid arterial pressure was adjusted for amniotic pressure and umbilical vein blood flow was
adjusted for fetal weight. Maternal uterine artery blood flow is expressed as percentage change from
baseline. Blood gas and physiological data were normally distributed. These are presented as mean *
standard error of mean (SEM) and compared at matched timepoints using mixed analysis of variance
(ANOVA) with Holm-Sidak post-hoc analysis. Cell counts were not normally distributed. These are
presented as median (interquartile range (IQR)) and compared using the Mann — Whitney U-test.
Statistics were processed and graphed using GraphPad Prism (Prism V7, GraphPad Software Inc., La
Jolla, CA, USA). P < 0.05 was considered statistically significant.
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Results:

Five ewes were insufflated with cold, dry CO; and five with heated, humidified CO,. Blood gas and
physiological recordings at baseline and after 120 min of insufflation are given for the fetuses in Table 7
and for the ewes in Table 8. 120min was chosen for comparison because of poor survival in the cold,

dry CO; group beyond this point.

Fetal effects

All five fetuses in the group receiving cold, dry CO; developed severe acid-base disturbances and died
before the end of the 180-min insufflation period, two before and three after 120 minutes (range, 63 —
139). Only two of five died in the group receiving heated, humidified CO, (120 and 180 minutes). One
of the heated, humidified CO, group died suddenly following a maternal anesthetic complication, while
the other became progressively hypercapnic and acidotic in the same way as the cold, dry CO, animals.
This second fetus had a much greater reduction from baseline in uterine artery blood flow compared
with the other fetuses in the group, which seemingly limited its ability to tolerate acid — base

disturbances (data not shown).

While all insufflated fetuses became progressively hypercapnic (PaCO, > 68 mmHg), after 120 min, the
PaCO; was significantly higher in fetuses insufflated with cold, dry CO, compared with those receiving
heated, humidified CO, (mean £ SEM, 170.5 £ 28.5 vs 82.7 £ 9.1 mmHg, P < 0.01) (Table 7, Figure
182). Additionally, fetal lactate levels were higher (8.5 £ 0.9 vs 1.4 + 0.4 mmol/L, P < 0.01) (Figure
18b) and arterial pH was lower (pH 6.75 + 0.04 vs 7.10 + 0.04, P < 0.01) (Figure 18¢) in those
undergoing PACI with cold, dry CO, at this timepoint. Serum bicarbonate was similar and remained
stable in both groups (Figure 18d). After 120 min, there was a non-significant trend for fetal carotid
artery pressure (Figure 18¢) and umbilical vein flow (Figure 18f) to be higher in fetuses insufflated with
heated, humidified compared with cold, dry CO.. Fetal esophageal temperatures remained stable and

were similar between groups.

Maternal effects

There was no significant difference in the ventilation rates (Table 8, Figure 19a) required to maintain
maternal PaCO2 at 35 — 45 mmHg (Figure 19b). Maternal arterial pH (Figure 19¢), PaO2, SaO2,
temperature and carotid artery pressure were not significantly different between experimental groups at
any timepoint. In both groups, uterine artery flow decreased by 30 — 40% immediately after PACI

commenced (Figure 19d).

Fetal membrane effects

More CD45-positive cells (leukocytes) were present in chorionic membranes exposed to cold, dry CO»
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during PACI than in those exposed to heated, humidified CO, (median (IQR), 3.2 X 10-5 (1.8 X 10-5)
vs 0.7 X 10-5 (0.5 X 10-5) cells per square micron, P = 0.02) (Figure 20a). A similar trend was
observed in the amniotic membranes, although the difference did not reach signifi- cance (2.4 X 10-5
(1.9 X 10-5) vs 0.2 X 10-5 (0.58 X 10-5) cells per square micron, P = 0.12) (Figure 20b).
Representative images of fetal membranes insufflated with cold, dry CO; and with heated, humidified

CO: during PACI are shown in Figure 20c and Figure 20d, respectively.
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Table 7: Fetal blood gas and hemodynamic parameters during partial amniotic carbon dioxide

(CO) insufflation (PACI) with cold, dry CO; or with heated, humidified CO,.

Baseline After 120 min insufflation

Cold-dry ht?nfi?itiefi q P value Cold-dry hlfririiltief?e d P value
Vi 5 5 - 3 5 -
Gestational age (days) 105.8 = 0.6 105 £ 0.3 0.28 - - -
Carotid artery blood gas
pHT 7.21 £ 0.04 7.24 +0.02 0.99 6.75 £ 0.04 7.10 + 0.04 <0.01
PaCO; (mmHg)t 634+ 44 674+25 0.99 170.5 + 28.5 82.7+9.1 <0.01
PaO; (mmHg)t 224122 26.6 £ 0.6 0.02 12.0 £ 0.05 31612 <0.01
Sa0; (%) 525+27 61.0+83 0.98 95120 59.9 + 4.0 <0.01
Bicarbonate (mmol/L) 224+12 26.6 £ 0.6 0.07 246138 224110 0.96
Lactate (mmol/L) 3.9+0.8 2.8+ 0.3 0.90 85109 14+04 <0.01
Physiology
Carotid attery pressure (mmHg) 36.1 £2.5 33.0 1.5 >0.99 87x55 305+1.3 0.22
Heatt rate (bpm) 155+ 11 144+ 6 > 0.99 65171 161.2 £ 3.7 <0.01
Umbilical vein flow 1385+ 8.7 127.6 + 26 >0.99 7.4 %07 124.6 + 26 0.25
(mL/kg/min)
Temperature (°C) 39.71+03 39.8+0.2 >0.99 39.6 £ 0.2 402+ 0.3 >0.99

Table 7: Data are presented as mean ¥ standard error of the mean. Baseline values recorded
immediately before insufflation (time = 0 min). *Mixed ANOVA with Holm-Sidak post-hoc analysis; P

< 0.05 considered statistically significant. TPresented as body temperature-corrected values. PaCO»,
arterial partial pressure of carbon dioxide; PaO2, arterial partial pressure of oxygen; SaO2, arterial

hemoglobin oxygen saturation.
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Figure 18: Fetal blood gas and hemodynamic parameters during partial amniotic carbon
dioxide (CO; ) insufflation (PACI) with cold, dry CO: or with heated, humidified CO..
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Figure 18: Fetal blood gas and hemodynamic parameters during partial amniotic carbon dioxide (CO»)
insufflation (PACI) with cold, dry CO; (M, n = 5) or with heated, humidified CO2 (A, n = 5). Blood
gasses were sampled every 10 min for first 30 min and every 30 min thereafter during 180-min period
of insufflation, as well as 10 min before and 20 min after this period. Physiological data were recorded
every 5 min. Arterial partial pressure of CO; (PaCO») (a) and lactate (b) were significantly higher and
pH (c) significantly lower with cold, dry CO, compared with heated, humidified CO,. Fetal arterial
bicarbonate (d) remained stable. Fetal carotid artery pressure (e) and umbilical vein flow (f) decreased
progressively during PACI with cold, dry CO» and remained stable with heated, humidified CO,. Data
are presented as mean T standard error of the mean. indicates removal of case from analysis due to
fetal death, at 63 and 98 min in cold, dry CO, group and at 120 and 130 min in heated, humidified CO:
group. *P < 0.05 vs PACI with cold, dry CO..
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Table 8: Maternal blood gas and hemodynamic parameters during partial amniotic carbon

dioxide (CO2) insufflation (PACI) with cold, dry CO2 or with heated, humidified CO

Baseline After 120 min insufflation

Cold-dry leaed P value Cold-dry leaed P value
Carotid artery blood gas
pHT 7.40 £ 0.02 7.42 £ 0.04 >0.99 7.37 £0.03 7.38 £0.03 >0.99
PaCO, (mmHg) t 422+13 422119 >0.99 43.6+ 1.7 412121 >0.99
PaO; (mmHg) T 199.8 £ 45.7 190.0 £ 15.3 >0.99 114.4 £ 47 157.5 + 30 >0.99
SaOz (%) 95.0%£35 98.11+0.7 >0.99 90.6 £ 7.1 963+ 1.4 0.97
Bicarbonate (mmol/L) 241+13 23.6+15 >0.99 223+ 1.7 22.6+1.2 >0.99
Lactate (mmol/L) 14102 1.1£03 >0.99 0.97 £ 0.1 1.1+0.3 >0.99
Physiology
Uterine artery flow (%0 change 0 0 >0.99 347+ 24 22412 >0.99
from baseline)
Carotid attety pressure (mmHg) 66.1+1.1 722162 >0.99 48.8 £ 1.0 704+ 9.3 0.62
Heart Rate (beats/min) 93.6 £9.0 102.1 £8.6 >0.67 955 +7.8 107.3 £3.9 0.14
Amniotic pressure (mmHg) 2.6%20 3.0+ 19 >0.99 15.6 £ 0.6 155+ 0.4 >0.99
Temperature (°C) 38.7+0.2 38.71+0.2 >0.99 382+ 0.3 38.9£0.3 >0.99
Ventilation rate (breaths/min) 115+ 1.0 114+12 >0.99 140+ 12 13.0+ 1.1 >0.99

Table 8: Data are presented as mean T standard error of the mean. Baseline values recorded
immediately before insufflation (time = 0 min). *Comparison at each timepoint using mixed ANOVA
with Holm-Sidak post-hoc analysis; P < 0.05 considered statistically significant. TPresented as body
temperature-corrected values. PaCOy, arterial partial pressure of carbon dioxide; PaO,, arterial partial
pressure of oxygen; SaO,, arterial hemoglobin oxygen saturation.
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Figure 19: Maternal blood gas and hemodynamic parameters during partial amniotic carbon
dioxide (CO,) insufflation (PACI) with cold, dry CO: or with heated, humidified CO,
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Figure 19: Maternal blood gas and hemodynamic parameters during partial amniotic carbon dioxide
(COy) insufflation (PACI) with cold, dry CO, (%, n = 5) or with heated, humidified CO, (A, n =5).
Maternal ventilation rate was recorded every 20 min, blood gasses sampled every 10 min and
physiological data recorded every 5 min. Maternal ventilation rate (a) required to maintain arterial

partial pressure of CO, (PaCO ) between 35 and 45 mmHg (b) was similar in ewes receiving cold, dry

CO; and those receiving heated, humidified CO, . Maternal arterial pH (c) also remained stable.
Maternal uterine artery blood flow (d) reduced to a similar degree in both groups during PACI. Data
are presented as mean T standard error of the mean. indicates removal of case from analysis due to

fetal death, at 63 and 98 min in cold, dry CO, group and at 120 and 130 min in heated, humidified CO:

group. There were no significant differences in PACI with cold, dry CO; vs heated, humidified CO..
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Figure 20: CD45-positive cell counts (leukocytes, indicative of inflammation) of insufflated
fetal membranes
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Figure 20: CD45-positive cell counts (leukocytes, indicative of inflammation) of insufflated fetal
membranes. Significantly more CD45-positive cells were seen in chorion (a) from fetuses undergoing
partial amniotic carbon dioxide (CO,) insufflation (PACI) with cold, dry CO, (®) compared with those
insufflated with heated, humidified CO, (A). A similar trend was observed for amnion (b) but this did

not reach significance. Data are presented as median (interquartile range). *P < 0.05 vs PACI with cold,

dry CO:;. (c,d) Representative images of immunostained tissue sections from fetal membranes that were
insufflated during PACI with cold, dry CO,(c) or with heated, humidified CO, (d). Scale bars represent

50 pm.
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Discussion:

In this study, we assessed, using clinically relevant insufflation parameters, the effects on fetal lambs
and membranes of PACI with cold, dry and with heated, humidified CO,. Our results show that the
disturbance to fetal physiology and membrane inflammation caused by PACI can be partially mitigated
by using heated, humidified rather than cold, dry CO,. Our findings with cold, dry CO»are consistent
with those of previous sheep models of PACI, which showed a similar degree of fetal hypercapnia and
acidosis over 30 — 60 min of insufflation.”'"* Additionally, our study shows that prolonged exposure (up
to 120min) to cold, dry CO, during PACI causes progressive acid — base disturbances that have a

significant effect on fetal physiology in sheep.

There are several mechanisms which might help to explain why fetuses insufflated with heated,
humidified CO;had significantly lower PaCO;after 120min than had those exposed to cold, dry CO..
Heating CO;gas from 22°C to 40°C reduces its solubility by nearly 40%. Additionally, humidification
would have reduced the intra-amniotic partial pressure of CO, (from 775 to %720 mmHg), due to the
contribution of water vapor pressure.'” "' *"" Collectively, these may have reduced the absorption of

CO:z in fetuses exposed to heated, humidified gas.

It is also possible that the low temperature of cold, dry gas during PACI may have reduced clearance of
CO; from the fetal compartment. Reducing the temperature of umbilical vessels from body temperature
to 22°C may cause vessel vasoconstriction and reduce umbilical blood flow.”"" Indeed, we observed
reductions in umbilical venous flow in fetuses undergoing PACI with cold, dry gas, and the associated
reduction in placental perfusion likely reduced COs clearance, adding to the fetal hypercapnia. Heating
the gas may have avoided these changes, potentially explaining the improved placental CO, clearance

and therefore the lower fetal PaCO;observed in the group in which this was done.

Finally, fetal carbonic anhydrase is most biologically active between 35 and 45°C and has < 50% activity

at temperatures below 25°C.*?

Carbonic anhydrase catalyzes the reversible reaction that reforms CO»
(along with water) from bicarbonate and hydrogen ions in fetal umbilical vessels, allowing it to diffuse
into the maternal blood at the placenta.” PACI with cold, dry CO2may cool the blood moving through
the small placental blood vessels and reduce the ability of the fetus to eliminate CO;via the mother.
PACI with heated, humidified CO,may optimize the activity of carbonic anhydrase and improve fetal
COzelimination. While fetal and maternal temperatures in our experiment were similar between the two
groups, our results were recorded from esophageal temperature probes and not at the placental surface

where CO,exchange takes place. Future experiments should investigate how heated, humidified CO;

affects placental clearance of COand the activity of placental carbonic anhydrase.
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Severe hypercapnia and acidosis reduce cardiac contractility directly.*'>*'* We observed progressive
reduction in carotid artery pressure in fetuses exposed to cold, dry CO»during PACI, all of which
ultimately died. Cleatly, this physiological disturbance was more severe than that observed in human
fetuses, which generally remain stable and survive fetoscopic surgery. Several researchers have
suggested that this difference is due to mechanical reductions in uterine blood flow that occur during
overdistension of the compliant sheep uterus.'* "™ Indeed, we observed a 30 — 40% reduction in
uterine artery blood flow during both PACI with cold, dry gas and that with heated, humidified gas.
Importantly, however, changes in uterine artery blood flow were not different between the group
receiving cold, dry gas and that receiving heated, humidified gas, indicating that this reduction in
uteroplacental perfusion alone could not explain the metabolic differences observed between the two

groups.

The non-significant rise in fetal PaO, during PACI with heated, humidified CO.is consistent with
findings of previous sheep studies of PACI and likely reflects a rightward shift in the fetal
oxyhemoglobin dissociation curve during mild hypercapnic acidosis.'”'* It is unclear why the fetal PaO,
was slightly lower at baseline in the group undergoing PACI with cold, dry CO»; however,

the progressive reduction in fetal PaO;in this group was likely due to reduced fetal perfusion of the

placenta as severe hypercapnic acidosis progressed and cardiovascular function declined.

The etiology of PROM or iatrogenic membrane rupture is not entirely understood, although fetal
membrane rupture has been hypothesized to be preceded by a progressive weakening of membrane
integrity.''> " This weakening is believed to be caused by inflaimmation in the chotriodecidua and
recruitment of leukocytes (CD45-positive cells). We found significantly more immune cells present in
chorionic membranes exposed to cold, dry CO, during PACI compared with those exposed to heated,
humidified CO,. This suggests that PACI induced an inflammatory response that was partially
mitigated by using heated, humidified gas. We speculate that cold, dry CO, mediates fetal membrane
inflammation by cooling and dehydrating the surface of the amnion. These changes have been seen in
the human peritoneum following abdominal insufflation with CO,and can be reduced by heating and
humidifying the gas.">'” While the petitoneum and fetal membranes are different anatomically, both
membranes are exposed to only liquids normally and likely have little capacity to cope with
dehydration. As such, it is not surprising that the fetal membranes became inflamed in response to
dehydration and that this could be reduced markedly by humidifying the COto 100%. Although these
changes have not been correlated directly with an increased risk of membrane rupture, this may be one
of the reasons that relatively low rates of postoperative PROM were observed in recent clinical series
using heated, humidified CO; for PACL"" Future animal studies of PACI should build on our findings
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and examine membrane markers of cellular injury, apoptosis and collagen degradation known to

correlate with membrane rupture.*”

Our sheep model of PACI has limitations in predicting the effects of PACI in humans. The
cotyledonary arrangement of the sheep placenta increases the surface area for fetal CO,. Also, the
potentially more compliant sheep uterus predisposes to reduction in uterine blood flow during
insufflation. These differences may explain the greater fetal acid—base disturbances in sheep compared
with humans, as confirmed by three human cases in which only modest acid—base changes were
observed in the fetal umbilical vein.'® It should be noted, however, that our arterial blood gasses were
sampled during insufflation, which would be more reflective of the fetal status intraoperatively
compared with sampling in human cases after desufflation, when intraoperative changes may have
resolved. Future animal studies should compare the effects of PACI with cold, dry and with heated,

humidified CO;on the developing fetal brain.

In summary, we examined the effects of PACI with cold, dry and with heated, humidified CO;on fetal
sheep physiology and fetal membranes. Our results support observations in humans suggesting that
heating and humidifying the gas used during PACI can mitigate fetal acid—base disturbances caused by
cold, dry insufflation and reduce fetal membrane inflammation, which may play a role in reducing
postoperative PROM. Further studies are required to identify the mechanisms by which heating and

humidifying the gas conveys these benefits.
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Experimental chapter 2:

The effect of amniotic insufflation on the placenta

Experimental chapter 1 demonstrated that heating and humidifying the insufflated CO, partially
mitigated the development of fetal hypercapnia and acidosis over 180 minutes using amniotic pressures
of 15mmHg. While these findings aligned with trends in small human case series using heated,
humidified insufflation, the mechanisms involved remained unclear which limited any further efforts to
refine the insufflation technique. Therefore, we performed a third physiological study in pregnant ewes
investigating CO; elimination from the fetal placental compartment during insufflation. We
hypothesized that fetal hypercapnia and acidosis during cold, dry insufflation were due to
vasoconstriction of placental blood vessels that reduced fetal CO, elimination. We believed that heating
and humidifying the CO, was relieving this vasoconstriction and conveyed fetal acid base benefits by

maintaining fetal CO, elimination.

Using our pregnant ewe model, we sampled paired arterial and venous blood gasses from the umbilical
and uterine circulations during insufflation with cold, dry or heated and humidified CO,. We then used
these paired blood gas measurements to calculate blood CO; content and, along with measurements of
umbilical and uterine blood flow, calculated the rate of CO; clearance across the placenta. These data

also allowed us to calculate the rate of fetal CO, absorption from within the uterus.

Like we observed in experimental chapter 1.2, fetal lambs that underwent amniotic insufflation with
heated, humidified CO, developed significantly less hypercapnia and acidosis than lambs exposed to
cold, dry insufflation. However, amniotic insufflation reduced fetal CO, clearance across the placenta
independent of insufflation temperature and humidity. We determined that instead of conveying fetal
acid base benefits by improving fetal CO, clearance as we hypothesised, heated, humidified insufflation
resulted in reduced fetal CO; absorption from the uterus. We believe these findings provide human
fetal surgery centres with a physiological rationale to used heated, humidified insufflation during
fetoscopic myelomeningocele repair. This study entitled, “Placental gas exchange during amniotic
carbon dioxide insufflation in sheep” was published in Ultrasound in Obstetrics and Gynaecology in

2019. A formatted version of this manuscript is included below.
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Abstract:

Objectives: Insufflation of the amniotic cavity with carbon dioxide (COy) is used clinically to improve
visibility during complex fetoscopic surgery. Insufflation with heated, humidified CO; has recently been
shown to reduce fetal hypercapnia and acidosis in sheep, but the underlying mechanisms are unclear.
We have investigated whether differences in placental CO, and oxygen (O,) exchange could explain

these findings.

Methods: Fetal lambs at 105 days gestation were instrumented with an umbilical artery and vein
catheter and common umbilical vein flow probe. Arterial and venous catheters and flow probes were
also inserted into the maternal uterine circulation. Six ewes were insufflated with cold, dry CO, (22°C,
0-5% humidity) and seven with heated, humidified CO; (40°C, 95-100% humidity) at 15mmHg for 180
minutes. Blood flow recordings and paired arterial and venous blood gasses were sampled from uterine
and umbilical vessels. Rates of placental CO; and O, exchange were calculated. Data are presented as

meantTSEM.

Results: At 120 minutes of insufflation, fetuses insufflated with heated, humidified CO, had lower
arterial COs levels and higher pH compared to those insufflated with cold, dry gas. Insufflation
significantly decreased placental gas exchange in both groups as measured by rates of both (i) fetal CO:

clearance and O uptake and (ii) maternal O, delivery and CO; uptake from the fetal compartment.

Conclusions: Lower arterial CO, and higher pH levels in fetuses insufflated with heated, humidified
CO; compared to cold, dry CO-, could not be explained by differences in placental gas exchange.
Amniotic insufflation caused reductions in ovine placental gas exchange independent of CO,

temperature and humidity.
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Introduction:

Detection of congenital anomalies, such as myelomeningocele, during mid-gestation ultrasound
provides a window of opportunity for surgical intervention to reduce infant morbidity and improve
their long-term outcomes.” To reduce the impact of antenatal surgery on the mother, many of these
surgeries are performed under video guidance through ports in the uterine wall (fetoscopy).”” ™'
These complex fetoscopic procedures require gaseous distension of the amniotic space with carbon

dioxide (partial amniotic carbon dioxide insufflation — PACI) to see clearly and manipulate the fetus

during surgery.”

Carbon dioxide (COy) is a logical gas for insufflation due to its relatively low costs and extensive
experience in laparoscopic surgery with minimal adverse effects. Additionally, its high solubility allows
gas from the amniotic space to dissolve into fetal and maternal blood rather than forming gas emboli
which are potentially fatal.”’ However, this additional dissolved CO, must be removed from maternal
and fetal blood to avoid lowering blood pH (acidosis). Adults easily eliminate excess CO; from the
lungs, however the fetal lungs play no role in gas exchange.”” Instead, excess CO is eliminated from
the fetal compartment in the placenta where it enters the maternal circulation and is cleared from the
mother’s lungs (Figure 1).>'" As fetal placental gas exchange is less efficient than maternal respiratory
CO; elimination, the fetus may be vulnerable to accumulating CO; during insufflation, which is

. . . . O_ [y
consistent with several animal studies.”'>*!%2"?

We have recently shown that using heated humidified CO, for insufflation (heated, humidified PACI)
greatly reduces fetal CO; levels and partially mitigates both the associated acidosis and increased blood
lactate levels.”® While these findings are consistent with trends in small human case series, the
mechanisms explaining the fetal benefits remain unclear. Understanding these mechanisms will allow
refinement of insufflation parameters to further minimise the fetal effects of PACI during a time of

significant physiological stress.

We hypothesised that cold, dry PACI impairs fetal CO, elimination by reducing umbilical blood flow
and placental gas exchange. On the other hand, we hypothesised that heated, humidified PACI
mitigates the decrease in umbilical blood flow and, thereby explains lower fetal CO; and higher pH
levels. Our aim was therefore, to compare rates of placental gas exchange during cold, dry and heated,

humidified PACI in sheep.
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Methods:

Surgical Instrumentation:

The experimental protocol was approved by the Monash Medical Centre Animal Ethics Committee and
followed a similar protocol as previously described.”'>*" Thirteen pregnant Metino-Border Leicester
ewes (103-106 days gestation) were anaesthetized with Sodium Thiopentone (i.v. Pentothal, Boehringer
Ingelheim, Warriewood, NSW, Australia) and intubated with an endotracheal tube. General anaesthesia
was maintained with 1.5-2% inhaled isoflurane (Isoflow, Abbot Pty Ltd, North Chicago, IL, USA) in
air/oxygen. The ewe’s ventilation rate and tidal volume were continuously adjusted to maintain arterial
CO:z levels between 35-45mmHg. Polyvinyl catheters (Internal Diameter (ID) 2.6mm, Dural Plastics,
Sydney, NSW, Australia) were inserted into the ewe’s carotid artery and jugular vein. Ewes were

administered a continuous infusion of saline solution throughout the experiment via the jugular vein.

Fetuses were partially exteriorised via a midline laparotomy and hysterotomy incision made near the tip
of the pregnant uterine horn. During instrumentation the exteriorised fetus and uterus were covered
with warmed Hartmans solution to prevent heat loss and vessel constriction. A flow probe (Transonic
Systems, Ithaca, NY, USA, Size 4) was placed around the fetal common umbilical vein and a
temperature probe inserted into the fetal oesophagus. Fetuses were then returned to the amniotic space
and a cotyledon close to the placental origin of the umbilical cord was identified. Heparinised saline-
filled polyvinyl catheters (internal diameter, 0.86 mm) where introduced into large branches of the
cotyledonary artery and vein and the tips advanced into the common umbilical artery and vein, within
the cord (Figure 21). Insufflation tubing, a second temperature probe and an amniotic drainage catheter
were inserted through the uterine wall into the amniotic sac. All catheters, temperature probes and flow
probes were exteriorised and the hysterotomy incision closed in three layers to maintain an airtight seal

of the uterus for insufflation as previously described.”'®*"”

A flow probe was placed around a large branch of the uterine artery supplying the pregnant horn and a
polyvinyl catheter (internal diameter, 0.86 mm) introduced into the common uterine vein. The uterus
was then returned to the maternal abdomen and the laparotomy incision closed to allow uterine

insufflation within the abdominal cavity as previously performed in sheep and clinically in humans.®*

220

Partial Amniotic CO; Insufflation:

Paired maternal (carotid artery and uterine vein) and fetal (umbilical artery and vein) blood gases were
sampled immediately after surgery and then after a 10-minute stabilisation period (post-operative and
baseline samples). Maternal (ventilation rate, amniotic temperature, heart rate and uterine artery flow)

and fetal (temperature, umbilical artery and vein pressure and common umbilical vein flow)
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physiological parameters were continuously recorded using LabChart and PowerLab data acquisition

system (ADInstruments, Bella Vista, NSW, Australia).

The amniotic fluid was drained and ewes were arbitrarily allocated to cold, dry (22°C, 0-5% humidity)
ot heated, humidified (40°C, 100% humidity) PACI. Intra-amniotic pressures were increased with an
insufflator (40L High- Performance Insufflator, Stryker South Pacific, Australia) over five minutes to
15mmHg and maintained for 180 minutes with a flow rate of 0.5L per minute. This pressure and
duration were chosen to replicate averages from human case series and our previous ovine study
showing a benefit to heated, humidified PACL>'**** In ewes receiving heated, humidified PACI, the
gas was passed through a laparoscopic humidification system (MR860, Fisher and Paykel Healthcare,

Auckland, New-Zealand) before entering the uterus.

During insufflation, paired maternal blood gases were sampled every ten minutes. Paired fetal gases
were sampled every 10 minutes for the first 30 minutes and every 30 minutes thereafter. The uterus was
desufflated after 180 minutes in surviving fetuses and monitoring continued for a further 20 minutes.
Both the ewe and fetus were then euthanized using intravenous Pentobarbitone (Lethobarb, Virbac Pty

Ltd, Peakhurst, Australia) and post mortem examination conducted.

Data analysis and statistics:
Maternal and fetal physiological parameters were assessed every five minutes by determining the mean
of each parameter over twenty second epochs. Umbilical vein blood flow was adjusted for fetal

bodyweight.

Total blood CO; and O: content was calculated from each blood gas sample to account for differences
in bound and dissolved gas in arterial and venous blood (Table 9, equations 1 and 2).*"**
Uteroplacental production of CO; and the rate of CO; elimination from the umbilical circulation (fetal
CO:; clearance) and uptake by maternal uterine blood (maternal CO, uptake) was calculated using
equations 3-5 respectively. Similarly, the rate of O, loss from the uterine circulation (maternal O,
delivery) and uptake by fetal umbilical blood (fetal O uptake) was calculated using equations 6 and 7.

These equations have been used extensively to calculate rates of placental gas exchange in sheep.”**

Values are presented as mean T standard error of mean (SEM). Blood gas and physiological data were
normally distributed and compared at matched time points using a repeated-measures mixed analysis of
variance (ANOVA) with Sidak post hoc analysis. Analysis of variance was also used to compare each

time point to baseline values within each group. Linear regression and correlation analysis were used to
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assess the relationship between umbilical vein blood flow and fetal placental gas exchange as well as

uterine artery blood flow and maternal placental gas exchange.

Table 9: Calculations of blood gas content and placental gas exchange

Name

Equation

1. Total Blood CO; Content
(mmol/L)22

— PC02 X 10(0.91><pH—6.99)

2. Total Blood O; Content
(mmol/L)2!

_Hb x Sa0,

X 0.62
100 06

3. Uteroplacental CO,
production22e

= (UtV PCO, — UtA PCO,) + (UmV PCO, — UmA PCO,)

4. Fetal Placental CO,
Clearance
(mmol/L/ kg /min)223-225

_ (UmV flow x 0.95) (UmATCO, — UmV TCO,)
- UmA PCO, — UtA PCO,

5. Maternal Placental CO,
Uptake (mmol/L/min)23-225

_ (UtA flow x 0.84) (UtV TCO, — UtATCO,)
B UmA PCO, — UtA PCO,

6. Maternal Placental O,
Delivery (mmol/L /min)2>

225

_ (UtA flow x 0.84) (UtATO, — UtV TO,)
- UtA PO, — UmA PO,

7. Fetal Placental O, Uptake
(mmol/L/ kg /min)223-225

_ (UmV flow x0.95) (UV TO, — UmATO,)
- UtA PO, — UmA PO,

Table 9: PCO, — partial pressure of carbon dioxide, PO, — partial pressure of oxygen, SaO, — arterial

haemoglobin oxygen saturation, TCO, — total carbon dioxide content, TO; — total blood oxygen

content, UmA — umbilical artery, UmV — umbilical vein, UtA — uterine artery (maternal carotid artery

blood samples have been used provide these values), UtV — uterine vein.
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Figure 21: Gas exchange in the placenta and instrumentation of the fetal and maternal

placental compartments
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Figure 21: Fetal blood is cleared of carbon dioxide (CO») and re-oxygenated by diffusion of dissolved

gasses between the fetal and maternal compartments of the placenta. To measure rates of placental gas

exchange in sheep the fetus was instrumented with an umbilical artery and vein catheter, umbilical vein

flow probe and oesophageal temperature probe. The ewe was instrumented with a carotid artery

catheter, uterine vein catheter and uterine artery flow probe. A temperature probe was also inserted

into the amniotic space. — original image
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Results:

Of the thirteen pregnant ewes undergoing surgery and amniotic insufflation, six were insufflated with
cold, dry CO; and seven with heated, humidified CO.. Fetal weight and baseline blood gasses values,
physiological parameters and placental gas exchange data were similar between groups. Fetal survival
over 180 minutes of insufflation was 33% (2/6) with cold, dry CO; and 71% (5/7) with heated,
humidified CO; (Figure 22a.). 120 minutes was chosen as the timepoint for comparison because of

limited survival in the cold, dry group beyond this point.

Fetal Effects

Opver 120 minutes of cold, dry or heated, humidified PACI, the partial pressure of CO> in the umbilical
artery (PaCO»), CO, content in the umbilical vein and blood lactate level increased while the pH
decreased from baseline (Figure 22b-e.). However, compared to cold, dry PACI at 120 minutes, fetuses
insufflated with heated, humidified CO; had lower PaCO, (99.5 £14.6 vs.167.0 £5.0 mmHg, P<0.01,
Figure 22b.) and blood lactate (3.2 1.1 vs. 7.2 £2.1mmol/L, P<0.01, Figure 22d.) and higher atterial
pH (pH 7.02 £0.08 vs. 6.78 +0.10, P<0.01, Figure 22e.). Within both insufflation groups, umbilical
artery oxygen saturation decreased from baseline while the PaO, remained stable (Figure 22f-g). During
cold, dry PACI, uteroplacental production of CO; increased from baseline and was higher than the

heated, humidified group after 120 minutes (Figure 22h).

During both cold, dry and heated, humidified PACI, fetal temperature remained unchanged (Figure
23a.) while umbilical artery and vein pressure increased from baseline immediately after starting
insufflation (Figure 23b-c.). Pressures remained elevated in the umbilical vein and gradually returned to
baseline in the umbilical artery over 120-minutes. In both groups, the rate of umbilical vein blood flow,
placental CO; clearance and O, uptake decreased from baseline in response to insuftlation (Figure 23d-
f.). As there were no differences between groups, umbilical blood flow and fetal placental gas exchange
data was pooled for linear regression analysis. This showed that rates of fetal CO, clearance (r=0.43,
P=<0.01, Figure 23¢.) and O, uptake (r=0.64, P=<0.01, Figure 23h.) were positively correlated with

umbilical vein blood flow.

Maternal Effects
No changes in amniotic temperature were observed during heated, humidified or cold, dry PACI
(Figure 24a.). Maternal ventilation rates required to maintain maternal PaCO; between 35 and 45mmHg

were also similar between groups throughout the experiment (Figure 24b-c.).

Rates of uterine artery blood flow, CO; uptake and O, loss from the uterine circulation decreased in

both groups over 120 minutes of insufflation (Figure 24d-f). As there were no differences between
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groups, uterine blood flow and maternal placental gas exchange data were pooled for linear regression
analysis. This showed that both maternal CO; uptake (r=0.44, P<0.01, Figure 24¢.) and O, delivery
(r=0.57, P<0.01, Figure 24h.) were positively correlated with uterine artery blood flow.
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Figure 22: Fetal survival and blood gas changes
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Figure 22: After 120 minutes, heated, humidified (A ) amniotic insufflation resulted in higher fetal
survival (a.), lower arterial CO, (b.) and lactate (c.) levels and higher arterial pH (d.) compared to cold,
dry (w) insufflation. Umbilical vein CO; content increased in both groups (e.). Arterial oxygen
saturation decreased (f.) and dissolved oxygen remained stable (g.) from baseline in both groups. At 120
minutes uteroplacental production of CO» (h.) had increased during cold dry insufflation and was
higher than the heated humidified group. Pre insufflation recordings were recorded immediately after
surgery (post-surgery) and immediately before drainage of the amniotic fluid and insufflating the uterus
(baseline). Data are presented as mean = SEM. (¥) represents p<<0.05 vs. heated, humidified CO.. (1)
and (|) represent a significant (P<0.05) increase or decrease compared to baseline values within each

group.
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Figure 23: Fetal physiology and placental gas exchange
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Figure 23: Fetal temperature (a.) remained stable from baseline during cold, dry () and heated,

humidified (A ) insufflation. Umbilical artery (b.) and vein (c.) pressure increased while umbilical vein

blood flow (d.), fetal CO clearance (e.) and fetal O, uptake (f.) decreased in both groups independent

of CO; temperature and humidity. Umbilical vein blood flow negatively correlated with fetal CO»

clearance (g.) and oxygen uptake (h.). Pre insufflation recordings were recorded immediately after

surgery (post-surgery) and immediately before drainage of the amniotic fluid and insufflating the uterus
(baseline). Data are presented as mean = SEM. (¥) represents p<<0.05 vs. heated, humidified CO.. (1)
and (|) represent a significant (P<0.05) increase or decrease compared to baseline values within each

group.
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Figure 24: Maternal physiology and placental gas exchange
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Figure 24: Amniotic temperature (a.), maternal ventilation rate (b.) and arterial CO; levels (c.) were the

same during cold, dry (W) and heated, humidified (A ) insufflation and remained stable from baseline.

Uterine artery blood flow (d.), maternal placental CO; uptake (e.) and placental O, delivery (f.)

decreased in both groups independent of CO, temperature and humidity. Uterine artery blood flow

negatively correlated with maternal CO; clearance (g.) and oxygen uptake (h.) Pre insufflation

recordings were recorded immediately after surgery (post-surgery) and immediately before drainage of

the amniotic fluid and insufflating the uterus (baseline). Data are presented as mean = SEM. (*)
represents p<0.05 vs. heated, humidified CO». (1) and (]) represent a significant (P<0.05) increase or

decrease compared to baseline values within each group.
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Discussion:

This study investigated the effects of amniotic insufflation with cold, dry or heated, humidified CO; on
fetal physiology and placental gas exchange. Fetal PaCO, and blood lactate progressively increased and
arterial pH decreased during cold, dry PACI. These acid base changes were partially mitigated when the
insufflated CO, was heated and humidified. Interestingly, we found that the reductions in fetal (CO,
clearance and O uptake) and maternal (CO; uptake and O, delivery) placental gas exchange induced by
insufflation were similar in both groups. Fetal and maternal placental gas exchange positively correlated

with umbilical and uterine blood flow respectively.

These results confirm previous observations that the fetal hypercapnia and acidosis caused by cold, dry
PACI can be mostly mitigated by heating and humidifying the CO..”'>*'**" Like others, we also
observed a rapid and sustained reduction in fetal arterial oxygen saturation (within 10mins) which was
associated with a non-significant rise in fetal PaO,.">*" This was likely due to a pH-induced decrease in
the affinity of fetal haemoglobin for oxygen.”® The slightly lower baseline fetal PaO, and pH values
measured in this study, compared to our previous study, are simply due to the collection of fetal arterial

blood from a post-ductal artery (umbilical artery) instead of a pre-ductal (carotid artery).**

We suggest that reductions in placental gas exchange during insufflation were caused by the 15mmHg
increase in amniotic pressure. As ovine umbilical venous pressure is normally less than 15mmHg,
insufflating the amniotic space would have compressed these vessels, potentially causing them to
collapse. As a result, the pressure within these vessels must increase during insufflation to re-expand
the vessels and restore some blood flow. This would explain why we observed an immediate and
sustained increase in umbilical venous pressure during insufflation and an associated reduction in
umbilical venous blood flow. Our data and the work of others has shown that umbilical blood flow is
essential to maintain diffusion of dissolved gasses between the fetal and maternal compartments.” As
insufflation pressures were the same in both groups, this explains why reductions in umbilical blood
flow and placental gas exchange were independent of CO, temperature and humidity. We observed
similar pressure related changes in the umbilical artery which would have further reduced placental gas
exchange. However, umbilical artery pressure progressively returned to baseline likely as a result of

local nitric oxide mediated vasodilation in response to downstream compression.”” "

These results provide a physiological explanation for ultrasound and histological findings in human
fetuses undergoing PACI suggestive of increased placental vascular resistance and fetal under-perfusion
of the placenta.”*” These results also add to existing experimental evidence suggesting that lower

insufflation pressures below human fetal umbilical venous pressure (3-7mmHg) may improve the fetus’
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ability to tolerate PACL>"** As such, ongoing efforts to lower insufflation pressures during human

surgery by partially exteriorising the uterus appear justified.'”*"”

Increasing amniotic pressure was also associated with lower uterine artery blood flow. Similar
reductions in uterine blood flow have been observed in human pregnancies with increased amniotic
pressure from polyhydramnios.”” Lower utetine artery blood flow appeared to decrease maternal CO,
uptake from the fetal compartment which likely contribute to progressive fetal hypercapnia. In both
humans and sheep there is normally significant reserve in uteroplacental perfusion to avoid fetal blood
gas changes during fluctuations in placental blood flow.”>** However, this reserve may be reduced in

the context of PACI where fetal placental gas exchange is also compromised by high amniotic pressure.

Contrary to our hypothesis we found no differences in umbilical venous blood flow or placental gas
exchange to explain the fetal benefits of heated, humidified PACI. This suggests that cold, dry CO did
not induce umbilical vessel vasospasm like 7z vitro studies using temperatures <28°C.”'""*7 Although the
entry temperature of the insufflated CO; was very different (22°C vs 40°C) intra-amniotic temperatures
were similar between groups. This finding could have been an artefact caused by the temperature probe
laying against the warm uterine wall during insufflation in both groups. However, we consider it more
likely that the insufflation gas was progressively heated as it entered the mother, particulatly as the

insufflation gas flow rate was relatively low (0.5L/minute).

Instead of conveying acid base benefits by improving placental gas exchange, heated, humidified CO:
may slow fetal CO, absorption from the amniotic space. This is consistent with less CO; entering the
fetal blood from the fetal membranes and placenta and the trend for lower umbilical vein CO; content
during heated, humidified PACI. Heating CO, gas from 22 to 40°c nearly halves its solubility and would
reduce fetal absorption, but as indicated above, this effect may only be short lived once inside the
uterus. Humidification lowers the partial pressure of CO, within the insufflated gas due to the
contribution of water vapour pressure (Dalton’s Law).""” """ At 40°C, water vapour pressure is
~55mmHg which will reduce the PCO, of heated, humidified gas from ~740 to ~685mmHg at normal
atmospheric pressures. While this 7% reduction would also reduce fetal CO; absorption during heated,
humidified PACI, we do not believe it completely explains the fetal acid base benefits. We hypothesize
that cold, dry PACI damages the fetal membranes, which increases the rate of fetal CO; absorption.
Indeed, we have previously shown that PACI with cold, dry CO; increases neutrophil recruitment into

the fetal membranes.*'®

Although monitoring human fetuses during insufflation is technically challenging, human fetuses clearly

tolerate PACI better than sheep fetuses. Rates of human fetal survival are high and, reassuringly, post-
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surgical follow up has not been able to identify neurological sequelae attributable to intra-operative

§ 14,16,17,220. 238,23 O the other hand, fetal sheep cleatly develop severe hypercapnic acidosis that

acidosis.
impacts survival. These differences could be attributed to the cotyledonary arrangement of the sheep
placenta which may increase the surface area for fetal CO,absorption during PACI or the thinner,
more compliant sheep myometrium which may over-stretch and occlude uterine arteries when
insufflated. Additionally, the partially keratinized skin of the 103-106-day sheep fetus may more readily
absorb CO; from the uterus compared the 24-26-week human fetus.**”**' While these differences
suggest that human fetuses are not experiencing the same severity of fetoplacental disturbances, the

principals of fetal CO; absorption and reduced placental gas exchange during PACI cannot ignored and

should provide the rationale for future human studies aiming to confirm the fetal safety of PACI.

This study showed that PACI reduced placental gas exchange in sheep, independent of CO,
temperature and humidity. Interestingly, the fetal benefits of heated, humidified PACI could not be
explained by differences in placental gas exchange. We speculate that reduced fetal CO; absorption

from the uterus is therefore the most likely mechanism to explain these benefits.

Acknowledgements:

This work is supported by the Victorian Government’s Operational Infrastructure Support Program

and also received funding from Monash Health (Emerging researcher fellowship, Dr Sasha Skinner).

119



Experimental chapter 3:

The effect of amniotic insufflation on the fetal membranes

As discussed in my literature review, human fetal surgery centres using cold, dry amniotic insufflation
report markedly higher rates of iatrogenic PPROM (85-100%) compared to centres using heated,
humidified CO2 (10%).> """ While these are small studies, these findings suggest that cold, dry CO
insufflation may damage the fetal membranes and precipitate iatrogenic PPROM, whereas heated,

humidified CO, may partially mitigate this injury and reduce the risk of preterm membrane rupture.

In experimental chapters 1 we collected sections of the fetal membranes exposed to the CO, during
insufflation. Preliminary histological analysis published in these manuscripts demonstrated that cold,
dry insufflation increased inflammatory cell counts, which was partially mitigated by using heated,
humidified CO,. While these studies suggested that heated, humidified insufflation may protect the fetal
membranes, the underlying mechanisms of injury remained unclear. We, therefore, decided to
undertake a more detailed analysis of molecular and histological markers of damage and inflammation
in sheep fetal membranes collected from experimental chapter 2. We collected fetal membrane sections
from the anterior region of the uterus directly exposed to either cold, dry or heated, humidified COs.
Additionally, we collected fetal membranes from non-operated, twin pregnancies to use as non-

insufflated controls.

Amniotic insufflation with cold, dry CO, increased molecular and histological markers of fetal
membrane damage and inflammation relative to non-insufflated controls. These markers were either
completely or partially mitigated in fetal membranes exposed to heated, humidified amniotic
insufflation. While we were not able to demonstrate that differences in membrane damage and
inflammation translated to an increased risk of iatrogenic PPROM, we believe that they provide an
important starting point for future preclinical studies aimed at reducing iatrogenic PPROM after
fetoscopic myelomeningocele repair. The manuscript entitled, “The effects of cold, dry and heated,
humidified amniotic insufflation on sheep fetal membranes” has been submitted to Placenta and a

formatted copy is included below.
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Abstract:

Introduction: Uterine distension with pressurised carbon dioxide (CO») (amniotic insufflation) is used
clinically to improve visibility during keyhole fetal surgery. However, there are concerns that amniotic
insufflation with unconditioned (cold, dry) CO, damages the fetal membranes which leads to post-
operative preterm prelabour rupture of membranes (iatrogenic PPROM). We assessed whether heating

and humidifying the insufflated CO, could reduce fetal membrane damage in sheep.

Methods: Thirteen pregnant ewes at 103-106 days gestation underwent amniotic insufflation with cold,
dry (22°C, 0-5% humidity, n=06) or heated, humidified (40°C, 95-100% humidity, n=7) CO; at 15mmHg
for 180 minutes. Twelve non-insufflated amniotic sacs acted as controls. Fetal membrane sections were
collected after insufflation and analysed for molecular and histological markers of cell damage (caspase
3 and high mobility group box 1 [HMGBT]), inflammation (intetleukin 1-alpha [IL.7-alphal, IL.§ and
vascular cell adhesion molecule [VCAM)]) and collagen weakening (matrix metalloprotease 9 [MMPY)).

Results: Exposure to cold, dry COsincreased mRNA levels of caspase 3, HMGBT1, 11.1-alpha, ILS,
"CAM and MMP9 and increased amniotic epithelial caspase 3 and HMGBI1 cell counts relative to
controls. Exposure to heated, humidified CO, also increased ILS levels relative to controls however,
HMGBT, IL.7-alpha and 1"CAM mRNA levels and amniotic epithelial HMGB1 cell counts were

significantly lower than the cold, dry group.

Discussion: Amniotic insufflation with cold, dry CO, damaged the amniotic epithelium and induced
fetal membrane inflammation. Heated, humidified insufflation partially mitigated this damage and
inflammation in sheep and may prove an important step in reducing the risk of iatrogenic PPROM

following keyhole fetal surgery.

122



Introduction:

Keyhole fetal surgery (fetoscopy) at mid gestation is used clinically to treat fetuses with
myelomeningocele.* ' During surgety, the uterus and fetal membranes are distended with pressurised
carbon dioxide (CO»), a technique known as amniotic insufflation, and the fetal spine is repaired under
video-guidance.® While this approach protects the fetal spinal cord, up to 85-100% of these surgeries
are complicated by post-operative preterm prelabour rupture of the membranes (iatrogenic PPROM).*
' Tatrogenic PPROM (iPPROM) increases the risk of lung hypoplasia, chotioamnionitis and preterm
birth, all of which have significant implications for the fetus and newborn, and potentially offset the

benefits of fetal surgery.m

Recently, studies using heated and humidified CO; for amniotic insufflation have reported much lower
iPPROM rates (10-29%).""** Although these were small studies with several differences in surgical
technique, lower iPPROM rates with heated, humidified CO; suggests that insufflation with
unconditioned (cold, dry) CO, damages the fetal membranes and increases the risk of iPPROM,

whereas heated, humidified insufflation may mitigate these effects.”*

Our recent sheep study demonstrated that fetal membranes exposed to heated, humidified insufflation
had lower inflammatory cell counts than membranes exposed to cold, dry CO..** While these lower
cell counts may indicate reduced membrane injury while using heated, humidified COs, the cause of
these changes remain unclear. We, therefore, assessed molecular and histological markers of damage
and inflammation in sheep fetal membranes exposed to amniotic insufflation with cold, dry or heated,

humidified CO..
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Methods:

Animals and tissue collection:

All experimental protocols were approved by the Monash Medical Centre Animal Ethics Committee
and carried out in accordance to the National Institute of Health guide for the care and use of
laboratory animals.”* Fetal membranes were collected from a series of insufflation experiments
previously reported.”® Pregnant, Metino-Border Leicester ewes (n=13) were anaesthetized using
Sodium Thiopentone (i.v. Pentothal, Boehringer Ingelheim, Warriewood, NSW, Australia) and 2—-2.5%
inhaled isoflurane (Isoflow, Abbot Pty Ltd, North Chicago, IL, USA) in ait/oxygen between 103 and
106 days gestation. Fetuses were partially exteriorised through a laparotomy and hysterotomy made
near the tip of the pregnant uterine horn. Fetuses were surgically instrumented for physiological
monitoring as previously reported and returned to the amniotic sac.** The fetal membranes and
hysterotomy were carefully sutured ensuring an air tight seal for insufflation. Amniotic drainage and
insufflation catheters were inserted through the uterine wall into the amniotic space adjacent to the
hysterotomy. Fetal monitoring and insufflation catheters were then exteriorised from the maternal

abdomen and the laparotomy was sutured.

Amniotic fluid was drained and fetuses were randomly allocated to cold, dry (22°C, 0-5% humidity) or
heated, humidified (40°C, 100% humidity) amniotic insufflation. If ewes were carrying twins, the
second fetus and amniotic sac were used as a non-instrumented, non-insufflated control. For both
insufflated groups, amniotic sac pressures were increased using an insufflator (40L High- Performance
Insufflator, Stryker South Pacific, Australia) over five minutes to 15mmHg and maintained for 180
minutes using a flow rate of 0.5L per minute. These parameters were chosen to replicate averages from
human case studies and previous insufflation studies in sheep.®> '*'""*** For fetuses undergoing heated,
humidified insufflation, the CO, was passed through a laparoscopic humidification system before

entering the uterus (MR860, Fisher and Paykel Healthcare, Auckland, New-Zealand).

In surviving fetuses, amniotic insufflation was ceased and CO; released from the uterus after 180
minutes. Amniotic fluid was returned to the uterus for 20 minutes before ewes and fetuses were
cuthanized with intravenous Pentobarbitone (Lethobarb, Virbac Pty Ltd, Peakhurst, Australia). At post-
mortem, two 4x4cm sections of fetal membrane were collected from the anterior (exposed to CO») and
posterior (still covered with amniotic fluid during experiment) regions of the amniotic sac as shown in
figure 1. One anterior and one posterior section were snap frozen in liquid nitrogen and stored at -80°C
for molecular analysis. The other anterior and posterior sections were immersion-fixed in 10% formalin
and embedded in paraffin for histology. Only anterior sections of fetal membrane were collected from

control amniotic sacs. If the insufflated lamb did not survive the full 200 minutes experimental
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protocol, fetal membranes were collected immediately after fetal demise from both the insufflated and

control amniotic sacs.

Messenger RNA Quantification:

50mg of frozen fetal membrane from each amniotic sac was homogenized with trizol (Invitrogen, CA,
USA) and total RNA isolated using a Purelink isolation kit (Invitrogen, CA, USA). Messenger RNA
(mRNA) was reverse transcribed to single stranded complimentary DNA (cDNA) using the
SuperScript® 111 First-Strand Synthesis System (Invitrogen, CA, USA). Quantitative reverse
transcription-polymerase chain reaction was performed with the Fluidigm Access Array System
(Fluidigm Corporation, CA, USA) by the Monash Health Translation Precinct Medical Genomics
Facility. Commercially available, sheep-specific TagMan primers were for epithelial and basement
membrane proteins (occludin 1 [OCLNT], claudin 1 [CLLDNT], tight junction protein 2 [T]JPZ], T]P3
and basement membrane subunits COL7.47 and COL7.43), damage associated molecular patterns
(caspase 3, high mobility group box 1 [HMGBT], receptor for advanced glycation end products
[RAGE], eatly growth response 1 [EGRT], cysteine-rich angiogenic inducer 61 [CYR67] and connective
tissue growth factor [CTGF]), pro-inflammatory cytokines (interleukin 1 alpha [IL.7-alpha), I1.1-beta, 11.6,
I1.8, tumour necrosis factors [TINF] and nuclear factor kappa beta [[NFKB]), vascular adhesion
molecules (vascular cell adhesion molecule [["CAM] and intracellular adhesion molecule 1 [ICAMT])
and collagenases (matrix metalloprotease 9 [MMPY] and tissue inhibitor of MMPs 2 [TIMPZ]). Targeted
genes were chosen to be representative of their respective family of proteins and details of their specific
TagMan primers are presented in supplementary table 1. Housekeeping control primers were for

Ribosomal Protein S18 (RPS7S).

Threshold values (Ct values) for each sample were measured in triplicate and a control sample
containing no cDNA was included in each run. Minor differences in the amount of template added to
each reaction were adjusted by subtracting the Ct value for RPS18 from the Ct value for the gene of
interest (ACt). Messenger RNA levels for the genes of interest were normalized using the formula 2

and the results expressed as a fold change from control.

Histology and immunohistochemistry:

Paraffin embedded blocks of fixed chorioamnion were cut into 5um thick sections and stained with
haematoxylin and eosin (H&E) to assess the number of nuclei in the amniotic epithelium and
picrosirius red to assess changes in collagen content. For immunohistochemistry, antigen retrieval was
performed using citric acid buffer at pH 6.0 and endogenous peroxidase activity was blocked using
methyl alcohol/hydrogen peroxide. Non-specific antibody binding was blocked using 2% normal goat

serum (NGS) and sections were incubated at 4°C overnight in the presence of the following primary
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antibodies diluted in 2% NGS: Anti-Caspase 3 (1:50, cat#AF835, R&D Systems, USA), Anti-HMGB1
(1:250, cat# AB18256, Abcam, Cambridge, UK) and Anti-cluster determination 45 (CD45) (1:500,
cathMCA2220GA, BIORAD, CA, USA). Sections incubated in 2% NGS without the primary
antibody were used as negative controls (supplementary figure 1). All sections were washed and
incubated with the appropriate secondary antibodies diluted in 2% NGS for three hours before

antigen/antibody complexes were visualised using an avidin biotin complex reaction (Vector

Laboratories, CA, USA) and nickel-diaminobenzidine.

Positively stained cells were counted in the amnion or amniotic epithelium and chorion from three
randomly selected, non-overlapping, 40X fields of view (BX-41 Laboratory Microscope, Olympus
America Inc., Center Valley, PA, USA). All cell counts were performed by a blinded observer (BJA)
using Image] software (National Institutes of Health, Bethesda, Maryland, USA). Cell counts were
adjusted for membrane thickness or length where appropriate and averages calculated from each
animal. Collagen content of the amnion and chorion was calculated as the percentage of membrane

area stained with picrosirius red.

Data analysis:

Messenger RNA levels and histology data within each group were tested for normality using a Shapiro-
Wilk test in GraphPad Prism 8 software (GraphPad Software, California, USA). Parametric data were
compared using a one-way analysis of variance (ANOVA) and Tukey’s post-hoc test and presented as
mean T standard error of mean (SEM). Non-parametric data was compared using a Kruskal Wallis

analysis of variance and Dunn’s post-hoc test and presented as median * interquartile range (IQR).
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Figure 25: Amniotic insufflation and fetal membrane collection.
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Animals and tissue collection:

All experimental protocols were approved by the Monash Medical Centre Animal Ethics Committee
and carried out in accordance to the National Institute of Health guide for the care and use of
laboratory animals.”* Fetal membranes were collected from a series of insufflation experiments
previously reported.”*® Pregnant, Metino-Border Leicester ewes (n=13) were anaesthetized using
Sodium Thiopentone (i.v. Pentothal, Boehringer Ingelheim, Warriewood, NSW, Australia) and 2—-2.5%
inhaled isoflurane (Isoflow, Abbot Pty Ltd, North Chicago, IL, USA) in ait/oxygen between 103 and
106 days gestation. Fetuses were partially exteriorised through a laparotomy and hysterotomy made
near the tip of the pregnant uterine horn. Fetuses were surgically instrumented for physiological
monitoring as previously reported and returned to the amniotic sac.** The fetal membranes and
hysterotomy were carefully sutured ensuring an air tight seal for insufflation. Amniotic drainage and
insufflation catheters were inserted through the uterine wall into the amniotic space adjacent to the
hysterotomy. Fetal monitoring and insufflation catheters were then exteriorised from the maternal

abdomen and the laparotomy was sutured.

Amniotic fluid was drained and fetuses were randomly allocated to cold, dry (22°C, 0-5% humidity) or
heated, humidified (40°C, 100% humidity) amniotic insufflation. If ewes were carrying twins, the
second fetus and amniotic sac were used as a non-instrumented, non-insufflated control. For both

insufflated groups, amniotic sac pressures were increased using an insufflator (40L High- Performance
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Insufflator, Stryker South Pacific, Australia) over five minutes to 15mmHg and maintained for 180
minutes using a flow rate of 0.5L per minute. These parameters were chosen to replicate averages from
human case studies and previous insufflation studies in sheep.®>'*'""*** For fetuses undergoing heated,
humidified insufflation, the CO, was passed through a laparoscopic humidification system before

entering the uterus (MR860, Fisher and Paykel Healthcare, Auckland, New-Zealand).

In surviving fetuses, amniotic insufflation was ceased and CO; released from the uterus after 180
minutes. Amniotic fluid was returned to the uterus for 20 minutes before ewes and fetuses were
cuthanized with intravenous Pentobarbitone (Lethobarb, Virbac Pty Ltd, Peakhurst, Australia). At post-
mortem, two 4x4cm sections of fetal membrane were collected from the anterior (exposed to CO») and
posterior (still covered with amniotic fluid during experiment) regions of the amniotic sac as shown in
figure 1. One anterior and one posterior section were snap frozen in liquid nitrogen and stored at -80°C
for molecular analysis. The other anterior and posterior sections were immersion-fixed in 10% formalin
and embedded in paraffin for histology. Only anterior sections of fetal membrane were collected from
control amniotic sacs. If the insufflated lamb did not survive the full 200 minutes experimental
protocol, fetal membranes were collected immediately after fetal demise from both the insufflated and

control amniotic sacs.

Messenger RNA Quantification:

50mg of frozen fetal membrane from each amniotic sac was homogenized with trizol (Invitrogen, CA,
USA) and total RNA isolated using a Purelink isolation kit (Invitrogen, CA, USA). Messenger RNA
(mRNA) was reverse transcribed to single stranded complimentary DNA (cDNA) using the
SuperScript® 111 First-Strand Synthesis System (Invitrogen, CA, USA). Quantitative reverse
transcription-polymerase chain reaction was performed with the Fluidigm Access Array System
(Fluidigm Corporation, CA, USA) by the Monash Health Translation Precinct Medical Genomics
Facility. Commercially available, sheep-specific TagMan primers were for epithelial and basement
membrane proteins (occludin 1 [OCLNT], claudin 1 [CLLDNT], tight junction protein 2 [T]JPZ], T]P3
and basement membrane subunits COL7.47 and COL7.43), damage associated molecular patterns
(caspase 3, high mobility group box 1 [HMGBT], receptor for advanced glycation end products
[RAGE], eatly growth response 1 [EGRT], cysteine-rich angiogenic inducer 61 [CYR67] and connective
tissue growth factor [CTGF]), pro-inflammatory cytokines (interleukin 1 alpha [IL.7-alpha), I1.1-beta, 11.6,
I1.8, tumour necrosis factors [TINF] and nuclear factor kappa beta [[NFKB]), vascular adhesion
molecules (vascular cell adhesion molecule [['CAM] and intracellular adhesion molecule 1 [ICAMT])
and collagenases (matrix metalloprotease 9 [MMPY] and tissue inhibitor of MMPs 2 [TIMPZ]). Targeted

genes were chosen to be representative of their respective family of proteins and details of their specific
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TagMan primers are presented in supplementary table 1. Housekeeping control primers were for

Ribosomal Protein S18 (RPS7S).

Threshold values (Ct values) for each sample were measured in triplicate and a control sample
containing no cDNA was included in each run. Minor differences in the amount of template added to
each reaction were adjusted by subtracting the Ct value for RPS18 from the Ct value for the gene of
interest (ACt). Messenger RNA levels for the genes of interest were normalized using the formula 2

and the results expressed as a fold change from control.

Histology and immunohistochemistry:

Paraffin embedded blocks of fixed chorioamnion were cut into 5um thick sections and stained with
haematoxylin and eosin (H&E) to assess the number of nuclei in the amniotic epithelium and
picrosirius red to assess changes in collagen content. For immunohistochemistry, antigen retrieval was
performed using citric acid buffer at pH 6.0 and endogenous peroxidase activity was blocked using
methyl alcohol/hydrogen peroxide. Non-specific antibody binding was blocked using 2% normal goat
serum (NGS) and sections were incubated at 4°C overnight in the presence of the following primary
antibodies diluted in 2% NGS: Anti-Caspase 3 (1:50, cat#AF835, R&D Systems, USA), Anti-HMGB1
(1:250, cat# AB18256, Abcam, Cambridge, UK) and Anti-cluster determination 45 (CD45) (1:500,
cathMCA2220GA, BIORAD, CA, USA). Sections incubated in 2% NGS without the primary
antibody were used as negative controls (supplementary figure 1). All sections were washed and
incubated with the appropriate secondary antibodies diluted in 2% NGS for three hours before
antigen/antibody complexes were visualised using an avidin biotin complex reaction (Vector

Laboratories, CA, USA) and nickel-diaminobenzidine.

Positively stained cells were counted in the amnion or amniotic epithelium and chorion from three
randomly selected, non-overlapping, 40X fields of view (BX-41 Laboratory Microscope, Olympus
America Inc., Center Valley, PA, USA). All cell counts were performed by a blinded observer (BJA)
using Image] software (National Institutes of Health, Bethesda, Maryland, USA). Cell counts were
adjusted for membrane thickness or length where appropriate and averages calculated from each
animal. Collagen content of the amnion and chorion was calculated as the percentage of membrane

area stained with picrosirius red.

Data analysis:
Messenger RNA levels and histology data within each group were tested for normality using a Shapiro-
Wilk test in GraphPad Prism 8 software (GraphPad Software, California, USA). Parametric data wete

compared using a one-way analysis of variance (ANOVA) and Tukey’s post-hoc test and presented as
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mean T standard error of mean (SEM). Non-parametric data was compared using a Kruskal Wallis

analysis of variance and Dunn’s post-hoc test and presented as median * interquartile range (IQR).
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Figure 25: Pregnant ewes between 103-106 days gestation underwent amniotic insufflation with cold,
dry or heated, humidified CO; at 15mmHg for 180 minutes. Two fetal membrane were sections
collected from the anterior and posterior part of the amniotic sac. One anterior section and one
posterior section were snap frozen in liquid nitrogen and stored at -80°C for molecular analysis. The
other anterior and posterior section was immersion fixed in formalin and embedded in paraffin wax for

immunohistochemistry.
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Reason for

Gene name Gene symbol TaqMan Assay ID
assessment
Housekeeping gene Ribosomal protein S18 RPS18 024906333 _gl
Claudin 1 CLDNI1 0203217991_m1
Collagen 3A1 COL3A1 0204910910_m1
Tight junction and Collagen 1A1 COL1A1 0a01463861_gH
basement membrane
proteins Occludin 1 OCLN1 0a04728972_m1
Tight junction protein 2 TJP2 02a04816038_m]1
Tight junction protein 3 TJP3 02a04693836_g1
Caspase 3 Caspase 3 02a04817361_ml1
High mobility group box 1 HMGBI1 Ch04812286_s1
‘ Receptor for advanced RAGE Bt03231022_m1
Damage associated glycation end products
molecular patterns
Early growth response 1 EGRI1 02a03237885_m]1
Cysteine-rich angiogenic
inducer 61 CYRo1 0a04673852_g1
Connective tissue growth factor | CTGF 02a04659069_¢1
Interleukin 1 alpha IL1-alpha 0204658682_m1
Interleukin 1 beta II.1-beta 02a04656322_m1
Interleukin 6 116 02a04656315_m1
Markers of Interleukin 8 IL8 Bt03211906_m1
inflammation Tumour necrosis factor TNF 02a04656867_g1
Nclear factor kappa beta NFK-beta 0204837805_m1
Vascular cell adhesion molecule | VCAM 02a04918369_sH
Intracellular adhesion molecule | ICAM1 02a04658651_m1
Matkers of collagen Matrlx ~meftal.loprotease 9 MMP9 02a03215996_¢g1
metabolism Tissue inhibitor of matrix TIMP?2 0204655716 mil

metalloproteases 2

Supplementary table 1: Details of genes investigated using real time quantitative PCR by Fluidigm.

Gene names and symbols have been validated on the National Centre for Biotechnology Information

(NCBI) Gene Database. The TagMan assay ID for each commercially available probe is provided.

Target-specific sequences of TagMan assays are not available due to non-disclosure policies.
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Results:

Animals

Of the thirteen pregnant ewes available, six underwent insufflation with cold, dry CO; and seven with
heated, humidified COs. In twelve ewes bearing twins, the non-insufflated amniotic sacs were available
as controls. A full description of fetal blood gas and physiological changes in insufflated fetal lambs has

been previously described.”* In summary, fetal survival was 33% (2/6) after 180 minutes of cold, dry
insufflation and 71% (5/7) using heated, humidified CO..*** Mean insufflation duration was 122422
minutes using cold dry CO, and 16748 minutes using heated, humidified CO,. Mean experimental

duration for control lambs was 150+13 minutes.

Markers of membrane damage

Anterior fetal membranes directly exposed to cold, dry CO, during insufflation had significantly fewer
amniotic epithelial nuclei present on H&E compared to controls (Figure 26a). Additionally, the smooth
apical surface of the amniotic epithelium seen in the control and heated, humidified groups (Figure 26b
and d) appeared disrupted and desiccated in membranes exposed to cold, dry CO; (Figure 26c¢).
Similarly, the nuclear envelope immediately adjacent to the apical surface of amniotic epithelial cells
also appeared disrupted. Insufflated fetal membranes collected from the posterior amniotic sac showed
no differences in epithelial nuclei count compared to controls (Figure 26a). We, therefore, focussed our
analysis of insufflated fetal membranes on anterior sections of the amniotic sac directly exposed to CO:

during insufflation.

Fetal membranes exposed to cold, dry CO; had significantly higher mRNA levels of epithelial proteins
CLLDNT and COL3AT1 (Figure 26e-f) and the DAMPs Caspase 3, HMGB1, EGR1, CYR67 and CIGF
compared to controls (Figure 27k-p). Immunohistochemistry identified increased Caspase 3 and
HMGBI cell counts in the amniotic epithelium of membranes exposed to cold, dry CO; relative to
controls (Figure 27a and Figure 27f). Chorionic HMGB1 cell counts were also significantly increased in

the cold, dry group compared to controls (Figure 27g).

Similar to fetal membranes exposed to cold, dry CO,, fetal membranes exposed to heated, humidified
CO: had significantly higher mRNA levels of CLDNT, EGRT and CTGF compared to controls (Figure
26e, Figure 27n and Figure 27p). However, the heated, humidified group had significantly lower mRNA
levels of the DAMPs HMGBT and CYR67 (Figure 271 and o) as well as amniotic epithelial HMGB1 cell
counts (Figure 27f) compared to membranes exposed to cold, dry CO». No differences in amniotic
epithelial or chorionic Caspase 3 cell counts were identified between the heated, humidified and cold,

dry groups (Figure 27a-b and Figure 27f-g).
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Markers of membrane inflammation

Fetal membranes exposed to cold, dry CO; had significantly higher mRNA levels of the pro-
inflammatory cytokines II.7-alpha, I1.1-beta, I1 6, IL.8, TNF and NFKB as well as the vascular adhesion
molecules IV'CAM and ICAMT7 compared to controls (Figure 28f-m). Membranes exposed to cold, dry
CO3 also had significantly higher CD45 cell counts relative to controls within the amnion (Figure 28a).
Fetal membranes exposed to heated, humidified CO, also had increased mRNA levels of I8, TNF,
NFKB and ICAMT relative to controls (Figure 28i-k and Figure 28m) however, had significantly lower
IL.7-alpha and VCAM mRNA levels (Figure 28]) as well as amniotic CD45 cell counts (Figure 28a)
compared to the cold, dry group.

Collagenase mRINA levels and membrane collagen content

Fetal membranes exposed to cold, dry CO; had significantly higher mRNA levels of MMP9 relative to
controls however, there were no differences in TIMP2 mRNA levels between these groups (Figure 29f-
2). Membranes exposed to heated humidified CO, showed no differences collagenase mRNA levels
compared to controls (Figure 29f-g). Picrosirius red staining identified no differences in total collagen

content between the cold, dry, heated, humidified or control groups (Figure 29a-b).
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Figure 26: The effect of cold, dry and heated, humidified amniotic insufflation on amniotic epithelial integrity.
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Figure 26: (a) Anterior fetal membranes (solid bars) exposed to cold, dry insufflation had significantly fewer amniotic epithelial nuclei compared to controls.
Posterior fetal membranes (checked bar) showed no differences in epithelial nuclei count to controls. (b-d) Representative 40x images of the amnion (am)
and chorion (ch) stained with haematoxylin and eosin. Scale bars represent 50um. (e-j) Cold, dry insufflation increased mRNA levels of CLLDNT and
COL3AT1 relative to controls. No differences in COL7.A47, OCLNT, TJP2 or T]P3 mRNA levels were identified between the cold, dry and control groups.
Only CLDN7 mRNA levels was increased relative to controls in the heated humidified group. Parametric data were compared using a one-way analysis of
variance and presented as mean * SEM. Non-parametric data were compared using a Kruskal Wallis analysis of variance and presented as median * IQR. *

- P<0.05 between indicated groups.
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Figure 27: The effect of cold, dry and heated, humidified amniotic insufflation on markers of fetal membrane damage.
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Figure 27: (a-b) Cold, dry insufflation increased caspase 3 cell counts in the amniotic epithelium but not the chorion relative to controls. (c-¢) Representative
40x images of the amnion (am) and chorion (ch) immuno-stained for caspase 3. Scale bars represent 50um. (f-g) Cold, dry insufflation increased HMGB1
cell counts in the amniotic epithelium and chorion relative to controls. Membranes insufflated with heated humidified CO; also had increased HMGB1 cell
counts relative to controls in the chorion however, had lower amniotic epithelial cell counts compared to the cold, dry group. (h-j) Representative 40x
images of the amnion and chorion immuno-stained for HMGB1. (k-p) Cold, dry insufflation significantly increased Caspase 3, HMGB1, EGR1, CYR61 and
136



CTGF mRNA levels relative to controls. Heated, humidified insufflation also increased EGR7 and CTGF mRNA levels relative to controls however, had

lower HMGB7 and CYR67 mRNA levels compared to the cold, dry group. Parametric data were compared using a one-way analysis of variance and
presented as mean = SEM. Non-parametric data were compared using a Kruskal Wallis analysis of variance and presented as median * IQR. * - P<0.05

between indicated groups.

137



Figure 28: The effect of cold, dry and heated, humidified amniotic insufflation on markers of fetal membrane inflammation.
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Figure 28: (a-b) Cold, dry insufflation increased CD45 cell counts in the amnion relative to the control and heated humidified groups. No significant

differences were seen in the chorion. (c-¢) Representative 40x images of the amnion (am) and chorion (ch) immuno-stained for CD45. Scale bars represent
50um. (f-m) Cold, dry insufflation increased mRNA levels of the pro-inflammatory cytokines II.7-alpha, IL.1-beta, 116, IL.8, TINF and NFKB as well as the
vascular adhesion molecules I"CAM and ICAM-7 relative to controls. Membranes exposed to heated, humidified CO» also had increased IL.7-beta, IL.8, TNF
and ICAMT7 mRNA levels relative to controls however, had significantly lower II.7-ajpha and 1V"CAM mRNA levels compared to the cold, dry group.
Parametric data were compared using a one-way analysis of variance and presented as mean = SEM. Non-parametric data were compared using a Kruskal
Wallis analysis of variance and presented as median = IQR. * - P<0.05 between indicated groups.
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Figure 29: The effect of cold, dry and heated, humidified amniotic insufflation on collagen content and collagenase mRINA levels.
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Figure 29: (a-b) No differences in collagen content were identified in the amnion or chorion using picrosirius red staining. (c-¢) Representative 40x images of
the amnion (am) and chorion (ch) stained with picrosirius red. Scale bars represent 50um. (f-h) Cold, dry insufflation increased mRNA levels of MMP9
relative to controls however, there no differences in TIMP2 mRNA levels between these groups. Membranes exposed to heated, humidified CO; showed no
differences collagenase mRNA levels compared to controls. Parametric data were compared using a one-way analysis of variance and presented as mean *
SEM. Non-parametric data were compared using a Kruskal Wallis analysis of variance and presented as median = IQR. * - P<0.05 between indicated
groups.
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Supplementary figure 1: Immunohistochemistry negative controls
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Supplementary figure 1: High mobility group box 1 (HMGB1) (a), Caspase 3 (b) and Cluster Determination 45 (CD45) (c) immunohistochemistry negative
controls. Fetal membrane sections incubated in 2% normal goat serum without the primary antibody were used as negative controls. Representative 40x
images of the amnion (am) and chorion (ch) for each negative control section are shown. Scale bars represent 50um.
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Discussion:

This is the first pre-clinical study to compare molecular and histological markers of fetal membrane
damage and inflammation following cold, dry and heated, humidified amniotic insufflation. Cold, dry
insufflation decreased amniotic epithelial nuclei counts compared to controls and increased molecular
and histological markers of membrane damage and inflammation. These changes were either
completely or partially mitigated in fetal membranes exposed to heated, humidified CO,. No

differences in membrane collagen content were identified between groups.

Our results are consistent with our previous sheep studies showing that cold, dry insufflation increases
fetal membrane CD45 cell counts compared to controls and that these changes can be partially
mitigated using heated, humidified CO: for insufflation.””*** Our data also supports studies on human
fetal membranes exposed to heated, humidified insufflation showing similar caspase 3 cell counts to
non-insufflated controls at term.*” Increased interleukin and DAMP mRNA levels as well as increased
HMGB! cell counts in our cold, dry group also resembles previous sheep studies replicating fetal
membrane damage and inflammation using lipo-polysaccharide, 2 model of intra-uterine infection.””**
However, in our study, HMGB1 positive cells cell were mainly seen in the amniotic epithelium rather

than surrounding membrane blood vessels.?’

Loss of amniotic epithelial nuclei and altered epithelial cell morphology, increased DAMP mRNA
levels and increased epithelial HMGB1 and Caspase 3 cell counts in our cold, dry group relative to
controls suggests that cold, dry CO, damaged the amniotic epithelium and initiated apoptosis.'> ' >
#4729 We suggest low insufflation temperature and humidity evaporated the fluid lining the amnion and
desiccated the apical surface of epithelial cells as seen in figure 2c. This epithelial injury during cold, dry
insufflation explains the increased mRNA levels of epithelial and basement membrane proteins, pro-
inflammatory cytokines and vascular adhesion molecules as well as increased amnion CD45 cell counts

. g
relative to controls.!™ 24724

Cold, dry CO; has previously been shown to damage the peritoneal and pleural epithelium following
abdominal and thoracic insufflation.'”*""* Additionally, low humidity ventilation gases damage the
tracheal epithelium and induce pulmonary inflammation in ventilated lambs.”"** While the fetal
membranes, peritoneum, pleura and tracheal epithelium are anatomically different, they are all
epithelium normally covered in fluid and appear to become damaged when exposed to low humidity

gasses for prolonged periods.

In humans, fetal membrane damage and inflammation increases membrane MMP activity which

progressively weakens amniotic collagen and eventually predisposes PPROM.'*® The molecular and
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histological markers of injury and inflammation we observed in our cold, dry group may therefore,
explain high rates of iPPROM at human fetal surgery centres using this insufflation technique.> '
Although we observed no changes in membrane collagen content following cold, dry insufflation, this
is not surprising as membranes were collected immediately after our experiment before changes to
collagen content had time to develop. However, we did observe significant increases in MMP9 mRNA
levels relative to controls. Furthermore, the structural arrangement of the collagen fibres appeared less
ordered in the cold, dry group, which supports the possibility of altered collagen metabolism within the
membranes. While we did not have access to polarised light microscopy to compare fibre birefringence
like similar studies, these collagen changes suggests that future preclinical studies are necessary to
determine whether the signs of acute injury translate to collagen disruption, weakening or loss several

days after insufflation."'®*"

Lower HMGBT, CYR61 and IL.7-alpha mRNA levels as well as amniotic HMGB1 and CD45 cell counts
in our heated, humidified, compared to cold, dry group provides further evidence that heated,
humidified insufflation partially mitigates fetal membrane damage and inflammation. These findings
potentially explain lower iPPROM rates in several small case series using heated, humidified
insufflation.'”** While these are promising correlations, larger human case series and preclinical
studies are clearly still required to confirm that the use of heated, humidified insufflation reduces fetal

membrane weakening and the risk of iPPROM in humans.

Increased chorionic HMGBI cell counts and mRNA levels of EGR7 and CTGF independent of CO,
temperature and humidity suggests that the mechanical stretch during amniotic insufflation may be an
additional factor causing membrane damage and predisposing iPPROM. This distension related injury
is comparable to what is observed in clinical situations associated with excessive fetal membrane
stretch, such as in multi-gestation pregnancies or polyhydramnios. These conditions are known to
increase markers of membrane damage and are important risk factors for PPROM." Additionally,
cohorts reporting mean amniotic insufflation pressures of ®15mmHg generally report higher iPPROM
rates than centres using ®10-12mmHg.> """ ** While this difference may represent increased
membrane damage and weakening with increased distension, differences in surgical protocols make it

difficult to determine the actual impact of insufflation pressures on iPPROM rates.

We acknowledge that the insufflation technique used in this study does not replicate the approach
described in recent human studies.'”® Rather than insufflating the uterus within the mothers
abdominal cavity, many clinical centres now partially exteriorise the uterus through a mini-
laparotomy.'”* Additionally, these centres now report slightly lower mean insufflation pressures (10-12
mmHg) than the 15mmHg used in this study.'”**** While we have previously demonstrated that
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lowering amniotic pressure have significant effects on uteroplacental blood flow, both insufflation
groups were performed using the same insufflation technique.””***?* Differences in membrane
damage and inflammation between our insufflation groups should therefore, be attributed to heating

and humidifying the CO..

We also acknowledge that sheep fetal membranes are considerably stronger and more vascular than
human fetal membranes which may underestimate how changes in membrane collagen content
translates to humans.'"” Given these biomechanical and anatomical differences, we focused our analysis
on early markers of membrane damage and inflammation which are consistent between sheep and
humans.” As such, we emphasize that future preclinical studies using human membrane explants are

necessary to confirm our findings.

This study has demonstrated that cold, dry amniotic insufflation damages the amniotic epithelium and
induces membrane inflaimmation in sheep. While we observed no changes in membrane collagen
content between groups, this damage is likely an important factor explaining the high rates of iPPROM
when using this type of gas for insufflation in a clinical setting.*'* Heating and humidifying the
insufflated CO, partially mitigated molecular and histological markers of membrane damage and
inflammation and may prove an important step toward reducing iPPROM after fetoscopic

myelomeningocele repair.
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General Discussion

The key findings of this thesis

In this thesis we have identified that amniotic insufflation with cold, dry CO, causes fetal hypercapnic
acidosis and fetal membrane damage in sheep. Excitingly, we are the first to provide preclinical
evidence that heating and humidifying the insufflated CO, partially mitigates both acid base and

membrane disturbances.

Fetal hypercapnia and acidosis

When we replicated amniotic insufflation parameters used clinically (cold, dry CO; at 15mmHg for 180
minutes) in sheep, fetal lambs developed progressive hypercapnia and acidosis that eventually impaired
their cardiovascular function. A summary of these changes is presented in Figure 30. We have
identified three components of the insufflation technique that can be altered to partially relieve these

disturbances — insufflation pressure, CO; temperature and humidity and insufflation duration.

Insufflation pressure

Increasing the amniotic pressure during insufflation compressed umbilical blood vessels, reduced fetal
placental CO; elimination and caused CO, to accumulate in fetal arterial blood. Uterine distension
during insufflation also compressed large branches of the uterine artery supplying the maternal
placental compartment. This compression reduced maternal CO; uptake in the placenta and also
contributed to fetal hypercapnia and acidosis. In experimental chapter 1.1 we demonstrated that lower
insufflation pressures (0 and 5mmHg) caused significantly less uterine artery compression and this

directly correlated with less fetal acid base disturbances and cardiovascular dysfunction.

CO; temperature and humidity

We also demonstrated that CO, temperature and humidity partially determined the amount fetal CO;
absorption from the amniotic sac during insufflation. At 20°C and 0-5% humidity, CO, readily diffused
from the amniotic space into exposed fetal blood vessels in the placenta and fetal tissues. As all
insufflated lambs had limited ability to clear CO, due to the high amniotic pressure, this absorbed CO,

progressively accumulated in the fetus and contributed to reduced arterial pH.

Heating (20 — 40°C) and humidifying (0-5 — 95-100% humidity) the insufflated CO, lowered the
solubility and partial pressure of CO, within the uterus and reduced fetal CO; absorption during

insufflation (shown in Figure 30). This reduced absorption partially mitigated fetal hypercapnia and
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acidosis seen during cold, dry insufflation and allowed fetal lambs to survive much longer insufflation

periods.

Insufflation duration

Prior to this thesis, studies replicating amniotic insufflation in sheep demonstrated fetal hypercapnia
and acidosis over 30-60 minutes of insufflation.”'* We demonstrated that fetal acid base disturbances
progressively worsen and eventually limit survival over longer insufflation durations that resemble

human myelomeningocele repair (100-180 minutes).> '

Fetal membrane injury

In addition to the effects on the fetus, we showed that cold, dry amniotic insufflation damaged the
apical surface of the amniotic epithelium exposed to CO; (shown in Figure 31). This damage increased
molecular and histological markers of apoptosis and inflammation relative to non-insufflated controls
and increased mRINA levels of matrix metalloproteases involved in fetal membrane weakening. Fetal
membranes exposed to heated, humidified CO; showed some molecular and histological evidence of

membrane damage however, this was significantly less than our cold, dry group.
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Figure 30: A summary of the fetal, placental and maternal effects of cold, dry and heated, humidified amniotic insufflation in sheep
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Figure 30: (Left image) — Carbon dioxide (CO») from within the uterus is absorbed by the fetus and must then be cleared from the fetal placental

compartment. (Right table) — a summary of fetal, placental and maternal data from experimental chapters (Ch) 1.1, 1.2 and 2.
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Figure 31: A summary of the fetal membrane effects of cold, dry and heated, humidified amniotic insufflation
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Figure 31: (Left) — Amniotic insufflation with cold, dry carbon dioxide (CO») disrupted the smooth apical surface of the amniotic epithelium (c) seen in the
heated, humidified (c) and control (a) groups. (Right) — Cold, dry insufflation increased molecular and histological markers of cell damage (d-g) and
inflaimmation (h-k) and increased matrix metalloprotease 9 (MMP9) mRNA levels (n). These changes were either completely or partially mitigated in
membranes exposed to heated humidified CO,. No changes in membrane collagen content were identified between groups (1 -m).
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Thesis limitations

Using sheep to replicate amniotic insufflation

When we replicated human insufflation parameters (cold, dry CO, at 15mmHg for 180 minutes) in
sheep, fetal lambs developed severe hypercapnic acidosis that caused cardiovascular disturbances and
death. However, thankfully, survival rates following human fetoscopic myelomeningocele repair are
high and post-surgical follow up studies have not detected neurological sequelae attributable to severe

8, 14, 10,

intra-operative acidosis. 17,220, 238,29 e suggest these differing outcomes are due to differences in

uterine and placental anatomy between sheep and humans.

Sheep have a thinner uterus than humans.

Although the compliance of the sheep and human uterus has not been directly compared, we suggest
the thinner sheep uterus is predisposed to over-distend and restrict uterine blood flow during
insufflation. In experimental chapter 1.1, stepwise increases in amniotic pressures from 0 to 25mmHg
caused stepwise reductions in uterine artery blood flow. Similarly, when we maintained insufflation
pressures at 15mmHg we observed a sustained 30-50% reduction in uterine blood flow. Even though
there is normally a large reserve in uterine blood flow to protect the sheep fetus from acid base
disturbances, we demonstrated that reduced uterine blood flow directly reduced fetal CO; clearance

and contributed to fetal hypercapnia during insufflation.’>**

Interestingly, a sheep study that insufflated the uterus with air from 5 to 30mmHg, only detected fetal
acid base disturbances at pressures above 15mmHg.*> As these fetal lambs could not be absorbing CO,
from the uterus, we suggest fetal acid base disturbances were mainly due to reduced fetal CO, clearance
at high amniotic pressures. We believe these results provide further support for our hypothesis that
fetal hypercapnia and acidosis at pressures less 15mmHg are caused by a combination of reduced fetal

CO: clearance and increased fetal CO, absorption from the uterus.

Although the human uterus may not to distend as much as the sheep uterus during insufflation,
reductions in uterine blood flow may still be occurring, albeit to a lesser degree.* ™ Ultrasound studies
have identified reduced uteroplacental blood flow in human pregnancies where the uterus is

2% We have shown that similar

overdistended due to increased amniotic fluid volume (polyhydramnios).
changes during amniotic insufflation may limit fetal CO, clearance and should provide the rationale to

monitor uterine artery blood flow during human fetoscopic myelomeningocele repair.

When planning the studies presented in experimental chapters 1.2 and 2 we were aware that using high

insufflation pressures (15mmHg) may exaggerate acid base disturbances in our fetal lambs. However,
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we considered it likely that, in addition to the physical effects of uterine distension, the fetus was also
absorbing CO, from the uterus via diffusion. As the partial pressure of CO, within the uterus would be
an important force driving this diffusion, we thought it essential to replicate insufflation pressures used
in humans at the time. Additionally, our physiological studies were aiming to identify if heated,
humidified insufflation could mitigate fetal acid base disturbances observed in chapter 1.1 using cold,
dry CO,. We chose insufflation pressures known to be associated with fetal acid base disturbances in
sheep so that any differences we identified could be attributed to heating and humidifying the gas.
Future animal insufflation studies should investigate the effects of using lower insufflation pressures (8-

12mmHg) that more accurately reflect current human case series.' ' *#

Sheep have a cotyledonary placenta.

The cotyledonary arrangement of the sheep placenta (shown in Figure 32) may also lead to increased
tetal CO, absorption during insufflation compared to humans. Humans have a single discoid placenta
on one side of the uterus that provides a relatively small amount of vasculature to the fetal
membranes.”® On the other hand, the sheep placenta is composed of multiple, smaller placental
structures (cotyledons) evenly distributed around the uterus (shown in Figure 32). Cotyledons are
interconnected by a large network of fetal blood vessels that pass within the collagen of the amnion and
chorion.”” When the sheep amniotic cavity is distended with CO,, this membrane vasculature may
provide a greater surface area for CO, absorption compared to humans, resulting in a greater fetal

hypercapnia and acidosis.

Fetal lambs developed a mixed acidosis over prolonged insufflation periods

In experimental chapters 1 and 2, 60-120 minutes of cold, dry amniotic insufflation decreased fetal
arterial oxygen saturation and base excess and increased arterial lactate. These blood gas changes
suggest that fetal acidosis during prolonged insufflation was partially due to fetal tissue hypoxia. Several
groups have suggested these findings are caused by uterine overdistension during insufflation in sheep
and that the resulting high blood lactate, rather than fetal CO, absorption, is the major contributor to
fetal acidosis.> ' '*'"** While we did identify that amniotic insufflation reduces uterine blood flow in
sheep, we suggest that fetal metabolic disturbances occur as a result of progressive CO; absorption and

hypercapnia.

In experimental chapter 2, we showed that amniotic insufflation caused immediate fetal CO,
absorption and acidosis while fetal PaO; and blood lactate levels remained within normal limits. As
fetal hypercapnia and acidosis progressively worsened over 60-120 minutes, we observed a reduction in
arterial oxygen saturation and a non-significant rise in PaO, (Figure 22). We suggest these changes

represent a pH-induced decrease in the affinity of fetal haemoglobin for oxygen (the Bohr Effect)
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rather than acute hypoxia induced by uterine overdistension.”” This progression from fetal hypercapnic
to mixed (hypercapnic and metabolic) acidosis also explains the rapid decrease in fetal pH between 60

and 120 minutes of cold, dry insufflation.

As described above, it is unlikely that the majority of human fetuses undergoing amniotic insufflation
develop severe hypercapnia that eventually leads to mixed acidosis and cardiovascular dysfunction.
However, in addition to isolating the effects of different insufflation parameters, we believe this thesis

has established the spectrum of disturbances possible during fetoscopy.

Would a different animal model provide a more accurate representation of human insufflation?
Differences in uterine and placental anatomy between sheep and humans suggest that using a different
animal model to replicate amniotic insufflation may better predict the effects of CO; insufflation on
human fetuses. However, no animal model perfectly models human physiology and other species that
are commonly used in scientific research have other limitations which are arguably greater when

conducting this type of research.

Rabbits and rodents have a discoid placenta like humans however, their small size prevents invasive

physiological monitoring and fetal blood gas sampling (summarised in Table 10).**

Pregnant pigs have
similar uterine thickness to humans however, their placenta occupies the entire internal surface of the
uterus (a diffuse arrangement) and would provide an even greater surface area for fetal CO, absorption
than sheep.”**" Non-human primates could provide a more accurate model of the human uterus and

placenta however, these are a logistically, financially and ethically limited resource.”’

Sheep have been used extensively to study fetal and placental physiology as their large size allows
invasive fetal and maternal monitoring and, despite differences in placental arrangement, rates of

placental gas exchange have been shown to be equivalent to humans.'”®

While sheep appear be the best
animal models we have to study amniotic insufflation, we must interpret the results generated from
these studies carefully. Clearly, differences in uterine and placental anatomy suggest that human fetuses
do not experience the same severity of acid base or haemodynamic disturbances as those seen in our
fetal lambs. However, the mechanisms of fetal CO; absorption and reduced placental gas exchange

during insufflation we have identified cannot be ignored and should provide the rationale for future

human studies aiming to confirm the safety of amniotic insufflation for the human fetus.
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Table 10: Uteroplacental anatomy in domestic species.

Non-human

Sheep &

Humans Primates Gonats Pig Rabbits Rodents
Placental Discoid Discoid Cotyledonary Diffuse Discoid Discoid
arrangement?
Uterine thickness
compared to - Similar2st Thinner Similar2s9. 260 Thinner2 Similar263

humans

Figure 32: Arrangement of the sheep and human placenta

Figure 32: The human has a single discoid placenta located on one side of the uterus. The sheep

placenta is composed of multiple cotyledons, interconnected by a series of small blood vessels that run

between the fetal membranes (Cotyledonary vessels).
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The effects of hypercapnia and acidosis on the fetal brain

The potential hypercapnia and acidosis to cause fetal brain injury during insufflation was one of the
major concerns that led our group to investigate the physiological effects of amniotic insufflation.
When planning experimental chapters 1 and 2 we aimed to compare histological changes in the brains
of fetal lambs exposed to cold, dry and heated, humidified insufflation at clinically relevant insufflation
pressures and durations. However, during these physiological studies we observed severe fetal
hypercapnia, acidosis, cardiovascular dysfunction and limited survival that was not being observed in

parallel human case studies.

Despite these differences in fetal outcomes, we collected the brains of our fetal lambs after immediately
after insufflation and performed a preliminary histological analysis using Acid Fuchsin Cresyl Violate
staining. As we anticipated, the brains of fetal lambs exposed to cold, dry CO; were severely damaged.
We observed significant regions of neural apoptosis in the cerebral cortices, loss of vascular integrity in
the periventricular white matter and clustering of inflammatory cells around cerebral blood vessels
(shown in Figure 33). These histological changes would be expected to correlate with limited survival
and severe functional impairment in human infants after birth. Although the brains of fetal lambs
exposed to heated, humidified CO, showed considerably less injury (data not shown), we believed that
the extent of fetal hypercapnia, acidosis and cardiovascular dysfunction significantly limited the clinical

relevance of making such comparisons.

We suggest that future studies build on our findings to identify if the acid base benefits of heated,
humidified insufflation do translate to improved brain histopathology. These studies should expose un-
instrumented fetal lambs to 180 minutes of insufflation using cold, dry or heated, humidified
insufflation to isolate the effects of the procedure on the brain. Amniotic pressures should either reflect
more recent human case series (8-12mmHg) or cause an equivalent reduction in uterine blood flow to
human mothers undergoing amniotic insufflation. Pregnancies should be allowed to continue after
insufflation to allow any brain injury to become evident and the brains assessed using a combination of

tetal MRI and histological analyses.
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Figure 33: Representative Acid Fuchsin Cresyl Violate stained sections of fetal brain from
lambs exposed to cold, dry amniotic insufflation.

Figure 33: Pyknotic nuclei (A) could be seen throughout the cerebral cortex of fetal lambs exposed to
cold, dry amniotic insufflation (a,b). Extravasation of red blood cells (c) and small bleeds (d) could also
be identified in the periventricular white matter while immune cells could be identified surrounding

larger cerebral blood vessels (e,f). Scale bars represent 100 um
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Translating the findings of this thesis into clinical recommendations

In this thesis, we have demonstrated that higher amniotic pressures, the use of cold, dry CO; and
longer insufflation durations all worsened fetal hypercapnia and acidosis during insufflation in sheep.
We have also shown that fetal membrane damaged caused by cold, dry CO; can be partially mitigated
using heated, humidified CO,. We believe these physiological mechanisms should guide the way

amniotic insufflation is performed in humans.

1. Amniotic insufflation pressures should be minimised.
Two amniotic insufflation techniques are currently used in humans. Some centres use a completely
percutaneous approach where the uterus is insufflated within the mother’s abdominal cavity while
others use a laparotomy incision and insufflate the uterus exteriorised from the abdomen (shown in
Figure 8). Although only small number of cases have been published, centres that exteriorise the uterus
report lower mean insufflation pressures than centres using a completely percutaneous approach (8-12

14,16, 17, 86,

vs 15mmHg). 171264 \We have found that higher insufflation pressures restrict placental blood
flow, limit fetal CO; clearance and directly contribute to fetal hypercapnia and acidosis in sheep. Lower
insufflation pressures maintained uteroplacental blood flow and directly correlated with less fetal
disturbances. While these pressure related effects may be greater in sheep, our data supports

exteriorising the uterus during fetoscopy to permit the use of lower insufflation pressures.

2. The carbon dioxide gas should be heated and humidified.
We have shown that the CO, used to insufflate the uterus should be heated and humidified to reduce
tetal CO; absorption from the amniotic sac during insufflation. Human fetuses undergoing fetoscopic
myelomeningocele repair have a severe malformation of their central nervous system and varying
degtees of underlying brain injury."” Even small acid base disturbances intra-operatively may harm the
developing fetal brain and limit the benefits of fetoscopic myelomeningocele repair. While the acid base
benefits of heated, humidified insufflation may be more subtle in humans than sheep, any step toward
optimising the surgical conditions and alleviating the adverse effects of these invasive procedures will

be critical to improving surgical outcomes.

We also showed that cold, dry amniotic insufflation damages the amniotic epithelium and induces
membrane inflammation in sheep. While we observed no changes in membrane collagen content to
suggest this injury makes the membranes more likely to rupture eatly, this injury correlates with high
rates of iatrogenic PPROM at human centres using a similar approach.*'* Heating and humidifying the
insufflated CO, partially mitigated molecular and histological markers of membrane damage and

inflammation and may prove an important step toward reducing iPPROM after fetoscopic
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myelomeningocele repair. These potential benefits were recently recognized at the International

Fetoscopic Myelomeningocele Repair Consortium where there was a general consensus that all centres

should be using heated, humified CO,.*

3. The duration of amniotic insufflation should be minimised.
In this thesis we have shown that the hypercapnia and acidosis resulting from amniotic CO»
insufflation was time dependent and likely occurred due to gradual accumulation of CO; within the
fetal compartment. This suggests that minimizing fetal exposure to amniotic insufflation may be of
considerable importance. While there have been significant efforts to shorten operative durations, we
suggest amniotic CO; insufflation could be restricted to complex parts of myelomeningocele repair that
require additional space and visibility for surgery. Less complex parts of the procedure could be

performed using fluid distension of the uterus which has shown to be safe in animal models.?
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Future directions:

Should human amniotic insufflation continue without proven safety in animals?
Yes, but carefully.

In 1982 the International Fetal Medicine and Surgery Society IFMSS) strongly encouraged that the
safety of a fetal intervention should be demonstrated in animals before being performed in humans.*’
However, this did not happen for amniotic CO; insufflation. As summarised in my literature review,
when fetoscopic myelomeningocele repair was first proposed, four sheep studies clearly demonstrated
that amniotic insufflation caused progressive fetal hypercapnia and acidosis.”"* These studies suggested
that insufflation should not be used in humans until the technique could be shown to be safe in
animals.”"* However, several authors suggested that these acid base disturbances would not be seen in
humans due to limitations of using sheep for insufflation.* '* Therefore, despite the lack of proven

safety in animals, amniotic insufflation was adopted into human clinical practice.* '

Opver 200 cases of fetoscopic myelomeningocele repair using amniotic insufflation have been reported
since the technique was revisited in 2014 and detailed post-surgical follow up has not been able to
identify neurological sequelae attributable to severe intra-operative acidosis.” "' 1>2*"2% 2 \While these
outcomes are reassuring and suggest that amniotic insufflation can continue in humans, as we still do
not know why humans are less susceptible than sheep, this needs to be done carefully and perhaps be
restricted to experienced fetoscopic centres. Indeed, it is possible these experienced centres utilise
practises that unknowingly confer additional benefits to human fetuses that may not be performed eatly

in the technical learning curve.

To identify the effects of insufflation on the human fetus, experienced fetoscopic centres should build
on the small case series (n=3) by Baschat et al. that collected human umbilical vein blood gasses via
cordocentesis before and after surgery (summarised in Table 4).'° However, new ways to measure fetal
CO; and pH need to be developed. Cordocentesis carries an =1.6% risk of fetal death which seems
unacceptable when performed twice during an already invasive procedure like fetoscopic
myelomeningocele repair.”>*"" Ideally, fetal arterial CO and pH could be measured continuously
during surgery via a patch or implant administered down one of the fetoscopic ports. In addition to
determining if amniotic insufflation causes fetal hypercapnia and acidosis in humans, continuous, non-
invasive fetal blood gas monitoring could be used as a tool to guide insufflation intra-operatively. Rising
tetal CO, may prompt surgeons to lower insufflation pressures in an effort to maintain fetal CO,

clearance in the placenta.

156



Additional insights into the effects of insufflation on the human fetus may be gained by comparing
neurodevelopmental outcomes and cognitive functioning of school aged children that underwent
tetoscopic myelomeningocele repair using cold, dry or heated, humidified insufflation. While
neurological outcomes may be better in the heated, humidified group due to their surgeries being
performed more recently with more refined surgical approach, regression analysis may be able to
determine if intraoperative acid base differences observed in our sheep studies translate to functional

differences for human infants.

In an ideal translational pathway, our sheep studies would have preceded the wider application of
amniotic insufflation in humans and minimised the number of cases performed using cold, dry CO,
and high insufflation pressures.”® However, such a linear translational pathway from animals to humans
is idealistic and rarely feasible. The fact that this thesis followed preliminary human fetoscopic
myelomeningocele repairs serves as an important example of bidirectional translation, where clinical
questions are taken back to pre-clinical models to better appreciate the underlying physiology.**® This
“bedside to bench” approach has allowed us to acknowledge the limitations of using sheep for
insufflation while still using these studies to provide relevant, physiological based recommendations to

refine the insufflation technique in humans.

However, bidirectional translation is a continuous process that requires ongoing collaboration between
clinical and pre-clinical colleagues. In 2018, the leading fetal surgery centres performing fetoscopic
myelomeningocele repair established an international consortium to foster collaborative research into
the technique.” In addition to sharing technical advancements and clinical outcomes, this forum would
be perfect to also host research centres with the expertise and facilities required to take clinical
questions back to pre-clinical models. Excitingly, proceedings from the first meeting of this consortium

described a general consensus that all centres should be using heated, humidified CO: for insufflation.*
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Conclusion

Amniotic CO; insufflation improves visibility during fetoscopic myelomeningocele repair and provides
surgeons with enough space for complex surgery. In a setting where preclinical data has not always
guided human clinical practice, this thesis provides human fetal surgery centres with three physiology-
based recommendations to performing amnion insufflation using a large animal model.
1- Amniotic insufflation pressures should be minimised to maintain fetal gas exchange in the
placenta.
2- The CO; gas should be heated and humidified to reduce fetal CO; absorption and to prevent
fetal membrane damage.

3- The duration of amniotic insufflation should be minimised to reduce fetal exposure to CO:
We hope these simple recommendations guide the way amniotic insufflation is performed in humans

and generate hypotheses for future clinical and preclinical studies aiming to improve the fetus’ ability to

tolerate fetoscopy and reduce the risk of iatrogenic PPROM post-operatively.
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Appendices:

Appendix 1: Why do the fetal membranes rupture early after fetoscopy?

A Review

Amberg BJ'?, Hodges R]"?, Rodgers KA'?, Crossley KJ'?, Hooper SB"*and Dekoninck PLJ"*’
1. The Department of Obstetrics and Gynaecology, School of Clinical Sciences, Monash University,

Melbourne, Victoria, Australia
2. The Ritchie Centre, Hudson Institute of Medical Research, Melbourne, Victoria, Australia
3. Department of Obstetrics and Gynaecology, Erasmus MC, University Medical Center, Rotterdam,

The Netherlands
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Abstract:

ITatrogenic preterm premature rupture of the fetal membranes (IPPROM) remains the Achilles’ heel of
keyhole fetal surgery (fetoscopy) despite significant efforts in preclinical models to develop new
therapies. This limited success is partially due to incomplete understanding why the fetal membranes
rupture early after fetoscopy and notable differences in membrane physiology between humans and
domestic species. In this review, we summarise aspects of fetoscopy that may contribute to iPPROM,
the previous efforts to develop new therapies and limitations of preclinical models commonly used in

fetal membrane research.
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Introduction

Keyhole fetal surgery (fetoscopy) is used to treat complicated monochorionic twin pregnancies or
fetuses with congenital abnormalities.** > These procedures are generally performed at mid gestation
using a camera and instruments inserted into the amniotic space through ports in the uterus and fetal
membranes.””” The ports can be positioned percutaneously ot the uterus can be partially exteriorised
and the ports inserted directly.*® More complex fetoscopic procedures require gaseous distension of the
amniotic cavity (amniotic insufflation) to improve visibility within the uterus and allow easier
manipulation of surgical instruments.® While fetoscopy aims to improve postnatal outcomes, post-
operative preterm premature rupture of the fetal membranes (iatrogenic PPROM) remains its Achilles’
heel. Iatrogenic PPROM (iPPROM) complicates =30% of fetoscopic procedures, but rates can be as
high as 85-100% following complex procedures using amniotic insufflation.” ' '** 7" #1272 Tatrogenic
PPROM increases the risk of lung hypoplasia due to prolonged oligohydramnios, chorioamnionitis and
preterm birth, all of which have significant implications for the fetus and potentially offset the benefits
of surgery.”” Although perinatal outcomes are generally improving after fetoscopy, the risk of iPPROM
means these procedures are only considered for the most severely affected fetuses, where the potential

advantages of surgery outweigh the significant risks.*>** >

Techniques to reduce iPPROM after fetoscopy have been investigated extensively in humans and pre-
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clinical models (summarised in Table 1)."* Efforts have mainly focused on minimising membrane

damage by reducing the number and diameter of fetoscopic ports and using plugs (gelatin or collagen),
glues, patches or sutures to seal the holes left in the membranes after surgery.'”>">*"" 2% More
recently, heated and humidified CO; gas has been used for amniotic insufflation to prevent the fetal
membranes dehydrating and becoming prone to rupture after surgery. %> % %2% Although many of
these techniques have been shown to protect the membranes from injury or prevent amniotic fluid
leakage (amniorrhexis) in pre-clinical models, there is limited evidence to show they reduce iPPROM in
humans.”> "2 This difficulty developing and translating strategies to reduce iPPROM is largely
due to limited understanding why the fetal membranes rupture eatly after fetoscopy. Herein, we
summarise the potential mechanisms and preventions of iPPROM after fetoscopy. In addition, we

provide an overview of pre-clinical models commonly used in fetal membrane research and describe

their relevance to human fetal membrane physiology.
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Main Text

Structure of the human fetal membranes

The fetal membranes surround the fetus during pregnancy and play a critical role in maintaining the

pregnancy to term (shown in Fig. 1).'"!

The innermost membrane, the amnion, provides the majority of
structural integrity.""' The amnion is formed 10-14 days post fertilization, when mesoderm cells migrate
from between the layers of the bilaminar embryo to fuse with the ectoderm lining of the amniotic
cavity.'”” The ectoderm gives rise to the cuboidal amniotic epithelium which lines the surface of the
amnion facing the fetus and is held in place by a basement membrane composed of collagens (Type 1
and I1I) and glycoproteins (laminin, nidogen, and fibronectin)."*''* The amniotic mesoderm forms a
layer of compact Type I and III collagen beneath the basement membrane that provides the amnion
with its tensile strength.''> "> This compact layer is produced and maintained by fibroblasts in an
adjacent layer of loose collagen also derived from the mesoderm, known as the fibroblast layer.'> ' The

human amnion is almost completely avascular, sourcing nutrients and exchanging wastes with the

amniotic fluid.""> "

The amnion is separated from the outer chorionic membrane by a space known as the intermediate or
spongy layer (shown in Fig. 1).">""* This space is liquid filled until 12-15 weeks’ gestation when the
expanding amnion adheres to the chorion. The loose collagen adhesions and hydrated proteoglycans
within the intermediate layer allow the amnion to slide independently over the chorion which increases

the membranes tensile strength.''> ">

The chorion surrounds the amnion and is formed by fusion of the mesoderm with the outer cells of the
embryo known as the trophoblasts.'”” The chorionic mesoderm differentiates to become a layer of
loose reticular collagen and fibroblasts that faces the amnion (shown in Fig. 1).""* This collagen is
supplied by a network of fetal blood vessels arising from the allantois and its outer surface is lined by
the trophoblasts. The outer surface of the chorion is covered by a layer of maternal cells known as the
decidua, that were once the endometrium overlying the implanted embryo. The decidua is rich with
maternal blood vessels and immune cells and fuses with the chorion during eatly gestation forming the

choriodecidua.'
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Fig. 1. The arrangement and structure of the human fetal membranes. The human fetal membranes are comprised of the amnion and choriodecidua. The
amnion is composed of a single layer of amniotic epithelium, basement membrane and underlying collagen. The chorionic collagen faces the amnion and sits

on a layer of trophoblasts derived from the placenta. The decidua fuses with the outer surface of the chorion to form the choriodecidua.
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Rupture of the fetal membranes at term

During pregnancy there is little change in the composition of the fetal membranes however, from 37-38
weeks gestation the membranes overlying the cervix thin and weaken.'"""” This localised weakening
makes the amnion and chorion more susceptible to rupture as the descending fetus and contracting
uterus progtessively stretch the membranes.” The final failing of the membranes plays an important

role in promoting the onset of labour and is characterised by membrane separation (chorioamniotic

separation) which then promotes rupture of the chotiodecidua and amnion in turn (shown in Fig. 2).'"!

The progressive membrane weakening that precedes term rupture is thought to be mediated by a family
of collagen degrading enzymes known as matrix metalloproteases (MMPs) and their endogenous tissue
inhibitors (TIMPs).'*'** During late gestation, amniotic epithelial cells and chorionic trophoblasts
increase the proportion of activated MMPs, particularly MMP-9, within the membrane while reducing
TIMPs.'” Increased MMP activity causes disruption and degradation of structural membrane collagens
which reduces the membrane’s tensile strength.''* " **"*! These changes ovetlying the cervix have

been described as the “zone of altered morphology” and can distinguished histologically in human

explants as swelling of membrane collagen and thinning of the chotionic trophoblasts and decidua.''*'**

Similar changes in fetal membrane collagen have been documented in animal models preceding

labour 114, 110, 140, 290, 291

There have been significant efforts to understand the factors that normally induce MMP-associated

weakening of the late gestation fetal membranes. Although a common pathway is yet to be identified,

126, 132—140)
>

various genetic (apoptosis of the amniotic epithelium and chorionic trophoblasts epigenetic

141, 142)

(changes in MMP and TIMP promotor genes , physical (increasing membrane stretch!'® %)

b

inflammatory (cytokines release by local immune cells and accumulating oxidative stress''®**'*) and

148, 149)

hormonal (increased relaxin levels factors have been suggested.
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Mid gestation amnion and choriodecidua:
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Fig. 2. Fetal membrane weakening and rupture. The amnion and choriodecidua progressively weaken
before they rupture both at term and preterm. The final failing of the membranes occurs in three
phases — 1. The amnion and chorion separate which decreases the tensile strength of the membrane. 2.

The decidua and chorion rupture causing the amnion to stretch. 3. The amnion ruptures.'"!
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Possible mechanisms of iatrogenic PPROM

While spontaneous PPROM is a complex, multifactorial pathology, many known risk factors damage
the fetal membranes and prematurely upregulate membrane weakening and rupture.”'*® Puncturing the
membranes with the fetoscopic port, distending the uterus with unconditioned CO» and diluting the
residual amniotic fluid during fetoscopy may all damage the fetal membranes intra-operatively and

increase the risk of iPPROM.

1. Post-operative chorioamniotic separation
Chorioamniotic separation is identified on ultrasound after 20-40% of fetoscopic procedures and
significantly increases the risk iPPROM." %> 222 This separation is thought to result from friction
between the fetoscopic port and fetal membranes which damages the loose collagen adhesions holding
the membranes together.””>*” As described above, chotioamniotic separation plays an important
biomechanical role in promoting term fetal membrane rupture and similar membrane weakening after

fetoscopy may predispose iPPROM.'"

2. Membrane apoptosis or damage at the port site

In addition to causing chorioamniotic separation, the fetoscopic ports may damage the cells
surrounding the insertion point. Histological studies have identified apoptosis in the amniotic
epithelium and chorionic trophoblasts surrounding the port sites as well as disorganisation of
membrane collagen.”” This injury is thought to be due to shearing forces between the fetoscopic port
and fetal membranes as the port is inserted or the instruments are manipulated during surgery.””
Although, apoptosis is an important trigger of MMPs the effect of this injury on the risk of iPPROM

after fetoscopy remains unclear,'* 71424

3. Membrane over-distension
While the fetal membranes tolerate the progressive stretch caused by the growing fetus, excessive
stretch, such as in multi-gestation pregnancies or polyhydramnios, triggers membrane weakening
increases the risk of spontaneous PPROM." Liquid or gaseous distension of the fetal membranes
during fetoscopy may trigger similar weakening mechanisms after surgery and increase the risk of
iPPROM. Human case series reporting mean amniotic insufflation pressures of =15mmHg report
higher iPPROM rates than centres using ~12mmHg.> '*'" """ While this difference may represent
increased membrane injury and weakening with increased distension during fetoscopy, differences in
surgical protocol between these cohorts such as the use of fetal membrane sutures and heated,

humidified CO for insufflation, could also explain the differences in iPPROM rates."’
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4. Membrane debydration and desiccation

The amniotic fluid plays an important role in hydrating amniotic collagen and maintains the
membrane’s tensile strength.””® Prolonged amnion exposure to gas i vitro dehydrates amniotic collagen
making it brittle and more likely to rupture.”’>** While this weakening is reversible i vitro when the
amnion is re-exposed to liquid, similar dehydration and weakening may occur during amniotic

insufflation, increasing the likelihood of iPPROM after fetoscopy.*”

In addition to dehydrating amniotic collagen, the low temperature (=22°c) and humidity (0-5%) of
insufflated CO, may damage the amniotic epithelium, upregulate MMPs and increase the risk of
iPPROM.*"? Preliminary sheep studies have shown that amniotic insufflation with unmodified (cold,
dry) CO; increases membrane inflammatory cell counts which may represent a response to amnion
damage.”"”** Other fields of endoscopy have demonstrated peritoneal and pleural desiccation following
exposure to cold, dry COz insufflation.””*"”® While the peritoneum, pleura and amniotic epithelium are
anatomically different, they are all liquid lined epithelium and appear to be susceptible to injury when

exposed to CO; for prolonged periods.

5. Diluting the amniotic fluid
The amniotic fluid is often replaced with warmed Ringer’s lactate either during fetoscopy or following
amniotic insufflation.'>*” As Ringer’s Lactate has a lower osmolarity than normal amniotic fluid,
surgeons rely on fetal secretions (urine, lung, nasal and salivary) and intramembranous reabsorption to

115,295-298 Complete replacement of the amniotic fluid

normalize amniotic fluid osmolarity after surgery.
after fetoscopy is expected to take up to 48 hours.'” Both 7 vitro and in vive studies have shown that
short term membrane exposure to low osmolarity solutions induces apoptosis in the amniotic
epithelium and may directly weaken amniotic collagen.”>*”” These changes are likely due to the rapid
movement of water from the dilute amniotic fluid into amniotic epithelial cells and between the
collagen fibrils. Apoptosis of the amniotic epithelium increases MMP activity which, in combination

with weakened collagen, may increase the risk of iPPROM after fetoscopy.™ "

Preventing iatrogenic PPROM

Efforts to prevent iPPROM after fetoscopy have mainly focused on minimising membrane damage
around the fetoscopic port and preventing chorioamniotic separation. However, more recently,
emphasis has been placed on protecting the amniotic epithelium during fetoscopy by heating and

humidifying the insufflated CO..
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Alternative port insertion techniques

The Seldinger technique was adopted from vascular procedures as a way of minimising local membrane
trauma and preventing chorioamniotic separation during fetoscopic port insertion.”*****”*" Instead of
directly puncturing the membranes with a large diameter trocar, the port hole is created sequentially
using a thin needle, guidewire and conical dilator. While the Seldinger technique has been shown to
reduce post-operative amniorrhexis in small human case series, larger cohort studies have not yet

identified any reduction in iPPROM rates.?’% 282 287

An oblique puncture technique has also been attempted to offset the holes left in the membranes after
surgery and prevent chorioamniotic separation. While this technique has shown some success in vitro,
it has not been adopted routinely into human fetoscopy.™ More recently, surgeons have sutured the
fetal membranes to the uterine wall during port insertion to prevent chorioamniotic separation.'” A
similar membrane plication technique has shown success in rabbits.””” While this technique was
associated with lower iPPROM rates in a small case series compared to similar procedures, larger

cohort studies are still required to confirm this potential benefit.!” %

Reducing the diameter of fetoscopic instruments

One large retrospective study identified that the maximum instrument diameter employed during
fetoscopy significantly predicted iPPROM.*" Although this suggests that reducing port diameters could
reduce the risk of iPPROM, similar retrospective studies have not identified this association nor a
clinical benefit reducing port diameters (i.e. from 10 to 8 French).”*" Other studies have suggested
that factors increasing membrane friction at the port site such as longer surgical durations, more
complex procedures, an anterior placenta and inserting instruments without a port may have a greater

impact on the risk of iPPROM than the size of the holes left in the membranes,'*® 200270

In addition to reducing port diameter, there have also been considerable efforts to reduce the number
of ports employed during fetoscopy.'” While procedutes using 2 or 3 ports generally report higher
iPPROM rates than single port procedures, surgical and pathology specific factors make it difficult to

isolate the effect of port number on the risk of iPPROM.2®

Fetal membrane plugs, glues and patches

148, 273-280 275, 278, 288, 302-308 278, 284-286

A variety of fetal membrane plugs | tissue sealants , adhesive patches and
membrane welding techniques™” have been developed in pre-clinical models to seal punctured or
ruptured fetal membranes (summarised in Table 1). Collagen/gelatin plugs are one of the few
techniques trialled in humans during fetoscopy however, there is limited evidence to suggest they

reduce the iPPROM compared to leaving the membranes unsealed.”®' Despite this limited success,
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new minimally invasive techniques to apply membrane sealing therapies continue to be developed and

show promise in vitro.’"

Heated and humidified amniotic insufflation

Sheep studies have shown that heating and humidifying the CO; used for amniotic insufflation reduces
inflammatory cell counts in the membranes compared to cold, dry CO..*** Several fetoscopic centres
have recently adopted heated and humidified amniotic insufflation and reported notably lower rates of
iPPROM in small case series."”*** Histological studies have also shown similar levels of membrane
injury between membranes exposed to heated, humidified CO. and non-insufflated controls.**
However, like many of the factors discussed above, the small number of published cases and variability

in surgical technique between centres make it difficult isolate the impact of heated and humidified CO,

on reducing the risk of iPPROM.
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Table 1: Potential mechanisms of iatrogenic PPROM and novel therapies

Potential mechanisms of

Novel therapies

Pre-clinical

Clinical studies

iatrogenic PPROM studies
Membrane plugs 273-280 281-283
Membrane patches 278, 284-286 -
1. Post-operative chorioamniotic
separation Membrane sutures 275 17, 86

Tissue sealants and glues

275, 278, 288, 302-
308

Oblique port entry 301 -
2. Membrane apoptosis or tissue Seldinger technique - 270, 282, 287
damage at the port site:
Reducing port number/diameter | - 17, 200, 270, 287
3. Membrane over-distension: Reducing insufflation pressures - 17
4. Membrane dehydration and Heated humidified amniotic 17, 86, 243 219, 243, 244

desiccation:

insufflation

5. Diluting the amniotic fluid:

Amniotic fluid substitute
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Pre-clinical models of iPPROM

Given the vulnerability of human fetuses undergoing fetoscopys, it is essential that studies investigating
the mechanisms of iPPROM and developing new therapies are performed in pre-clinical models.
Human fetal membrane explants, rodents, rabbits, sheep, pigs and non-human primates are the most
accessible models and have been used extensively for pregnancy related research (summarised in Table
2)."" However, there is considerable variability in fetal membrane structure and rupture physiology
amongst these models that researchers should be aware of when aiming to translate their findings to

human fetoscopy.

Spontaneous membrane rupture

Unlike pregnancy complications such as fetal growth restriction, researchers are yet to develop a pre-
clinical model of iPPROM. This is likely because spontaneous PPROM does not appear to occur
naturally in other species.'>""” Until recently, this has been attributed to the human’s evolution of an
upright posture that places unique downward forces on the cervical fetal membranes during
pregnancy.''” However, biomechanical studies have also shown that the human fetal membranes are
considerably weaker, and rupture more readily than those of many domestic species including sheep
and pigs.'"” These biomechanical differences mean that only human fetal membrane explants may
accurately combine cellular markers of weakening or damage with biomechanical changes that
predispose rupture. However, human explants can only be collected after delivery and the composition
of these tissues may not be representative of mid gestation fetal membranes undergoing fetoscopy.'> "

This highlights the need to understand the limitations of available animal models in fetal membrane

research.

Despite biomechanical differences, the inflammatory responses to injury and membrane weakening
cascades involving MMPs ate consistent amongst humans and most domestic species.'!* % 1427290291
This suggests that pre-clinical animal studies investigating iPPROM and potential therapies should
focus on the biology of membrane injury and weakening rather than changes in mechanical rupture

properties.'***"

Fetal membrane structure and integrity

There are also anatomical differences between human fetal membranes and those of domestic species.
Many mammals have an additional allantoic membrane present at term (summarised in Table 2)."">°"
Embryologically, the allantois is an out-pouching of the primordial urinary bladder that expands beside

the amnion and fuses with the chorion forming the chorioallantois. The allantois is temporary in

humans and absent by the time fetal surgery is performed at mid gestation."'>’"* However, in sheep and
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pigs, it persists throughout pregnancy as a large sac filled with fetal urine. A relatively smaller allantois is
also seen throughout pregnancy in rabbits.''>’"* Researchers should be aware of this difference so that
interventions, therapies and tissue collection in pre-clinical animal studies of iPPROM are performed
on combined sections of chorioamnion that are representative of human fetal membranes. The
allantois is easily distinguished from the amnion by the presence of clear, dark fetal urine within the
allantoic sac compared to the lighter, cloudy amniotic fluid that contains a mixture of urine, mucous,

115

lung liquid and skin cells.

The fetal membranes of many domestic species also contain considerably more blood vessels than
human fetal membranes. Membrane vasculature is largely dependent on the anatomical arrangement of
the placenta.”>”"* Primates (including humans), rabbits and rodents have a discoid placenta that
embeds on one side of the uterus (summarised in Table 2)."* The small number of blood vessels within
the chorion arise from the allantois and drain into the fetal sinus venosus. The placenta of sheep is
comprised of multiple smaller placental structures (cotyledons) randomly distributed within uterus.”*
Cotyledons are interconnected by a large network of fetal blood vessels running within the chorion,
which significantly increases membrane vasculature relative to humans.”” Increased vasculature is also
seen in the fetal membranes of pigs and guinea pigs where the placenta occupies the entire internal
surface of the uterus (a diffuse arrangement).”* Where possible, pre-clinical studies investigating
mechanisms of iPPROM or aiming to seal membrane defects should use regions away from dense

patches of vasculature.

Spontaneous healing

Unlike humans, the fetal membranes of rodents, rabbits and pigs show some ability to heal after being
punctured at mid gestation (summatised in Table 2).'* 727272831 Ty rodent and rabbit membranes,
the amniotic epithelium and fibroblasts proliferate around the puncture site and are able to close small
defects (<1cm) within 48-72 hours.'*?™> 27231 [ arger defects either heal over longer periods or
incompletely."** "> Spontaneous membrane healing in these animal models may exaggerate the efficacy

of new techniques aiming to prevent iPPROM in humans.

The fetal membranes of sheep and rhesus monkeys have shown limited healing capacity like humans
and may therefore, be more appropriate models to test techniques aiming to prevent membrane
injury.”” Sheep also have considerably longer gestations than other animal models and their large size
permits invasive monitoring of fetal physiology during pregnancy.”! These advantages are particulatly
important as membrane closure techniques should demonstrate efficacy sealing the membranes for

several weeks or months and be safe for the fetus when in contact with amniotic fluid.
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Table 2: Comparative anatomy and physiology of the fetal membranes in humans and domestic

species
Human Rodent Rabbit Sheep Pigs N(?n-human
Primates

Placental and fetal membrane anatomy
Placental Discoid Discoid Discoid Cotyledonary | Diffuse Bidiscoid
arrangement
Amnion Present Present Present Present Present Present
Chorion Fused with Fused with Fused with Fused with Fused with Fused with

oro decidua decidua decidua decidua decidua decidua
Allant.o1s at mid Absent Absent Small Large Large Absent
gestation
Fetal membrane physiology
Average
Gestational age 266 20-22 30 147 115 168
(days)
Number of fetuses | 1 5-9 5 1-2 10-14 1-2
Condition of . . Intact or

) Partially intact Intact or )

gestational sac at Ruptured partially Ruptured Ruptured

. ot ruptured ruptured ;
delivery intact
Naturally
occurring PPROM Yes No No No No No
Spontancous No Yes Yes No Yes No

membrane healing
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Conclusions

The etiology of iPPROM after fetoscopy is not entirely understood however, appears multifactorial.
Puncturing the membranes with the fetoscopic port, distending the uterus with unconditioned CO; and
diluting the residual amniotic fluid during fetoscopy potentially weakens the membranes prematurely
and increases the risk of iPPROM. Despite multiple attempts to develop novel preventions in pre-
clinical models, iPPROM remains a major concern that limits the benefits of fetoscopy. It is important
to consider that the structure and integrity of human fetal membranes are unique and thus promising
results from pre-clinical studies will not always translate into clinical improvements. However, careful
combination of large animal studies and human membrane explants may shed light on new ways to

reduce iPPROM in the future.
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Abstract:

Fetoscopic myelomeningocele (MMC) repair is rapidly developing as a minimally invasive alternative to
open fetal surgery. Although fetoscopic MMC repair is not currently available in Australia, recent
improvements in fetal and maternal outcomes overseas suggests that this may occur in the near future.
Unfortunately, there is significant variability in surgical technique and the optimal approach for new
centres to adopt remains unclear. This review describes the feasibility of establishing fetoscopic MMC

repair in Australia by summarising the surgical techniques of the published international programs.
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Introduction

Open fetal surgery is currently considered the gold standard management for fetal myelomeningocele
(MMC) following the results the Management of Myelomeningocele Study (MOMS).” While open fetal
surgery clearly improves lower limb function and reduces the need for ventriculoperitoneal shunting
after birth, the eatly gestation hysterotomy used to access the fetus has significant implications for the
mother including the risk of uterine rupture and the need to deliver all cases and future pregnancies via
caesarean section.””* This maternal morbidity has driven the development of a minimally invasive,
fetoscopic alternative. During fetoscopic MMC repair, the hysterotomy incision is avoided by

distending the uterus with pressurised CO; and repairing the fetal spine endoscopically.”

Fetoscopic MMC repair was first attempted in the late 1990’s however, was abandoned because of
technical difficulties and poor fetal outcomes.’* However, several large international centres have
recently revisited the technique and their published outcomes now closely resemble gold standard open

810, 17,86, 264,316 "T'his improvement has sparked interest from Australian fetal

tetal surgery (Figure 1).
therapy centres who may soon look to establish similar fetoscopic programs. Unfortunately, there is
significant variability in how fetoscopic MMC repair is performed and the optimal surgical approach for
new centres to adopt remains unclear. This review describes the feasibility of establishing fetoscopic

MMC repair in Australia by summarising the surgical techniques of the published international

programs.

Accessing the fetus:

Two techniques are used to access the fetus. Some centres use a completely percutaneous approach
where three to four 11-15 French (5.0-7.0mm) ports are inserted into the amniotic space through the

mothers abdominal and uterine wall.® 3¢

While this seems to be truly minimally invasive and achieves
the best cosmetic outcomes for the mother, several authors report difficulties posturing the fetus
fetoscopically, particularly when the mother is obese.” '* Additionally, dislodgement of a port from the
uterus can compromise in-utero visibility and is a common reason for procedures being abandoned or

converted to open repair.’

Other centres partially exteriorise the uterus through a small laparotomy and insert the fetoscopic ports
directly into the uterus.'*** This allows surgeons to use their hands to position the fetus and reduces
the risk of port dislodgement. Additionally, surgeons are able to use fewer (2-3), smaller diameter (3.3-
4.0mm, 9-12 French) fetoscopic ports which has been suggested to minimise injury to the fetal
membranes and potentially reduce the risk of post-operative preterm premature rupture of membranes

(PPROM) .17, 200, 264
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Repairing the fetal spine:

The optimal surgical technique to protect the fetal spinal cord from injury and prevent CSF leakage also
remains unclear.* During gold-standard open fetal surgery, the neural tissues adhered to the skin (the
neural placode) are incised, the placode is returned to the spinal canal and then the dura, myofascia and
skin are approximated in three separate layers.” Replicating this multi-layered neurosurgical repair
fetoscopically remains challenging. Some centres place a dural patch over the placode instead of
suturing the dura and then close the overlying skin. Unfortunately, these centres still report CSF leakage
and repair dehiscence in some babies after birth."” More recently, the feasibility of a closing the
myofascial and skin separately over a dural patch has been demonstrated in a small number of cases

with promising results.*”***

Other centres use a fetoscopic patch technique instead of a direct neurosurgical repair. Surgeons return
the neural placode to the spinal canal and then cover the placode with a collagen/teflon ot biocellulose
patch which is sutured into the surrounding skin.>'® Similar rates of repair dehiscence at birth and
requirement for ventriculoperitoneal shunting at 12 months suggests that neither patch or direct repair
is currently superior. While direct repair more closely resembles the technique used in gold-standard
open fetal surgery, patches may be advantageous to cover large MMCs (>15-20mm diameter) or

316

myeloschesis fetoscopically.”® Authors using the direct technique report some difficulties

approximating the tissues and often require large relaxing skin incisions in the fetal flanks to relieve

17,26

tension on sutures.!”?** These relaxing incisions often heal poorly and have poor cosmetic outcomes.*

Conversely, patches can be cut to size and incorporate an overlying skin substitute to avoid relaxing
incisions. Patch repairs are also shorter than direct repairs (%180 vs. #250 min) and may decrease fetal
expose to general anesthesia and amniotic insufflation, the impact of which is not completely

understood.

There is further variability in how surgical centres manage intra-operative complications. Most centres
convert the fetoscopic procedure to open repair while some discontinue the procedure (table 1).%'*'"
*** An Australian program would need to consider whether conversion to open fetal surgery would be
offered, and if so, how this may be supported by the surgeons from the Mater Mothers Hospital in

Brisbane who have initial experiences with open myelomeningocele repair (data not published).

Irrespective of the surgical technique chosen for a new Australian program, the fetal surgeons involved
must practice the technique in a large animal or simulated model before performing their first human

cases.” It is also widely accepted that preliminary human cases at new fetoscopic centres are performed
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in conjunction with experience surgeons from the leading centres performing fetoscopic MMC repair

listed in table 1.%¢

Amniotic insufflation:

All centres performing fetoscopic MMC repair distend the uterus with pressurised CO, gas to improve
endoscopic visibility and provide more space for surgery. Centres that use a completely percutaneous
approach report higher insufflation pressures than those that partially exteriorise the uterus through a
mini laparotomy (15 mmHg vs. 6-12 mmHg).» '*'" 2%+ This difference likely reflects the additional
pressure required to distend the mothers uterus against the abdominal wall. Centres using higher
insufflation pressures generally report higher rates of post-operative PPROM (table 1) which may be
associated with over-stretching the fetal membranes during insufflation. Additionally, sheep studies of
amniotic insufflation show that high insufflation pressures (15-25mmHg) reduce uteroplacental blood
flow and contribute to fetal acid base disturbances.” While these disturbances appear to be exaggerated
in sheep studies of insufflation they provide a physiologic rationale for a new Australian centre to adopt

an exteriorised uterus approach.

The International Fetoscopic Myelomeningocele Repair Consortium recently established that the
insufflated CO; should be heated and humidified in all cases.* Sheep studies of amniotic insufflation
have shown that heated humidified insufflation reduces fetal CO; absorption from the uterus and
mitigates fetal membrane inflammation after surgery.”'”*"* Although only a small number of human
cases have used heated humidified CO,, preliminary outcomes show trends towards improved fetal
outcomes and reduced rates of post-operative PPROM which may reflect these physiological benefits

from the sheep studies.'® '™

Monitoring the fetus

Monitoring the fetus within the insufflated uterus remains challenging for all centres. The presence of
gas within the uterus limits intra-operative fetal ultrasound to small sections of the umbilical cord
submerged in residual amniotic fluid or direct observation of umbilical cord pulsations using the
fetoscope.®*'* Some centres also use fetal echocardiograms to monitor the fetal heart.'” Unfortunately,
both ultrasound and echocardiography may not reliably predict fetal distress particularly as general
maternal-fetal anesthesia may blunt fetal heart rate changes.** Reassuringly, fetal ultrasound immediately
after surgery and longer term MRI follow up suggest that human fetuses tolerate fetoscopic MMC

repair well however, more accurate ways to monitor the fetus intra-operatively are still required."”*”’
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Maternal and fetal anaesthesia:

Maternal-fetal anesthesia during fetoscopic MMC repair aims to maintain uterine relaxation to allow the
uterus to be distended and to keep the fetus still during spinal repair. Until recently, both requirements
have been achieved using higher doses of inhaled general anesthetics than typically employed in most
surgical cases (2-3% minimum alveolar concentration (MAC)). However, concerns about inducing
maternal pulmonary oedema and the effect on the immature fetal brain have led to the development of
new techniques. One centre uses a combination of perioperative tocolysis (intravenous Atosiban),
intravenous mulscle relaxant (Cis-atracurium) and a continuous remifentantil infusion to lower the
required doses of inhaled anaesthetic (Desflurane, 0.5-0.7 MAC).* Other centres keep the fetus
immobile by directly administering fetal anesthesia (an opioid, anti-cholinergic and muscle relaxant)
intra-muscularly or via the umbilical vein (table1)."” One centre also uses an automated system to
carefully control maternal fluid and vasopressor support during surgery to reduce the risk of pulmonary

oedema.?

Maternal anaesthetic protocols should also target pregnancy specific maternal CO, levels. Maternal
arterial COs is lower during pregnancy (35-45 — 30-32mmHg) which facilitates fetal CO, clearance in
the placenta.”’” Maintaining maternal CO; between 30 and 32mmHg is particularly important during
tetoscopic MMC repair as sheep studies have shown that the fetus must clear additional CO, absorbed

from the uterus to prevent potentially harmful acid base disturbances.’’

Planned mode of delivery:

Unlike open fetal surgery that necessitates cesarean section, fetoscopic MMC repair allows women to
deliver the infant vaginally. However, two centres suggest that vaginal birth may disrupt the repaired
neural placode and plan cesarean section at 39 weeks’ gestation.”>'” No study has compared rates of
fetoscopic repair dehiscence after cesarean or vaginal delivery however, an analysis of unoperated
myelomeningoceles has shown that vaginal birth did not increase spinal cord trauma.”’ It therefore
seems safe to suggest that a new Australian centre should plan to delivery operated cases after 37 weeks

gestation via normal vaginal delivery.

The number of available cases

The number of parents opting for fetoscopic MMC repair in Australia is likely to be fewer than centres
in Europe or America. Approximately 180 Australian pregnancies are affected by MMC each year (5.68
in 10,000) of which 75% are terminated.” In the MOMS, =30% of MMC cases met the criteria for fetal
surgery and only 15% of these parents consented to undergo the procedure.” Although parents have

been shown to become more accepting of fetoscopic MMC repair over time, these figures suggest that
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~6 cases would be available for fetoscopic repair in Australia each year.”” This is less than most centres
who perform 10-20 cases each year (table 1) and suggests that an Australian fetoscopic program would
need to be run by a small number of surgeons out of a single specialized centre to focus expertise and
negotiate the technical learning curve.” All cases would need to be followed up in a specialist MMC
clinic until 30 months of age and the neurological and neurodevelopmental outcomes recorded in the

common registry established by the International Fetoscopic Myelomeningocele Repair Consortium.

An Australian fetoscopic program may also choose to update the selection criteria used overseas. Most
centres base patient selection on the MOMS trial (table 2) however secondary analysis of this cohort
suggests that fetuses with large ventricles on antenatal ultrasound (>15mm diameter) may not benefit
from fetal surgery.” Additionally, some groups have started repairing MMC defects at any spinal level,
at slightly later gestational ages (24-28 weeks).”'® While it is difficult to determine if these additional
cases benefit from fetal surgery, small case series using these criteria have shown similar rates of
perinatal mortality and procedural failure to centres using the original MOMS criteria.” Furthermore, all
centres need to carefully consider the inclusion of large, flat lesions (Myeloschisis - >20mm diameter)
which often require conversion to open repair and still require ventriculoperitoneal shunting after

birth. ¢

Conclusions:

Technical advancements and improved fetal outcomes following fetoscopic MMC repair suggests that
establishing an Australian program is feasible in the near future. This program would need to be run by
a small number of surgeons out of a single specialized centre to account for the small number of cases
expected each year. Although published protocols vary significantly, there seems to be several logistical
and physiological advantages in placing fetoscopic ports directly into a partially exteriorized uterus and
distending it with heated humidified CO,. The technique used to repair the open spine should aim to
emulate multi-layer closure used in gold standard open fetal surgery however, patch repairs may be
advantageous for larger defects. Additionally, anesthetists should use perioperative tocolysis to
minimize doses of inhaled anesthetics and use pregnancy specific maternal CO, ranges intra-

operatively.

Acknowledgements:

This work is supported by the Victorian Government’s Operational Infrastructure Support Program.

184



Tables:

Table 1: Current centres performing fetoscopic myelomeningocele repair

Centre

Centre for Fetal
Surgery &
Minimally

Invasive Therapy,

Albert Einstein
Hospital, Brazil

Texas Children’s
Hospital, USA

Johns Hopkins
Centre Fetal
Therapy, USA

Hospital
Universitari Vall
d’Hebron, Spain

anaesthetic

and vecuronium

and rocuronium

Germany
Most ¢ cohort 2014 2018 2017 2018 2018
recen IS
oSt fecent cono N=71 N=47 N=22 N=3 N=5
Spina Bifida —
8 | births per 10,000 5.6 14.2 32 32 1.04
% live births
3 Spina Bifida
o termination (% 59.1% Not Supported 4-30% 4-30% Not Specified
g cases)
13) - -
Estimated R
3 stimated Repairs 17 19 1 NA 5
pet year
Mean gestational
age at surgery 225 26+ 26%5 24-25 23%5-27+3
(Weeks™ days )
@ ) Percutaneous with | Percutaneous with | Percutaneous with
Q Technique Percutaneous Percutaneous . .. Ny
;3 exteriorized uterus | exteriorized uterus | extetiorized uterus
Port b d 2x3.7 +1
g o‘r fumberan 3-4 x 5mm ¥ o.rmm * 2 X 4mm 2-3 x 4mm 3 x 3.3mm
s diameter (mm) 5mm
5 Plicated Plicated
Uterine membrane membranes to membranes to Sutured with 2/0
No Closure No Closure . . . .
closure uterine wall with uterine wall with suture
2/0 Suture 2/0 Suture
Patch: Patch:
Ca E Tefl B? ¢ Il ! Direct Closure: Direct Closure: Direct Closure: Two
ollagen/Teflon oce se plus
9 Technique & e p‘u Single layer - Skin | Single layer - Skin | layer — Myofascia +
= plus closure closure overlying | . . g ’
2 : , . with Dura with Dura Skin
3 overlying skin skin
5 Mean O ti
S can Lperative 178 175 246 160 180
“g‘ time (minutes)
C ion t
onversion to Not offered 8.5% (4/47) Not offered 0% (0/3) 0% (0/5)
Open Repair
g Gas Carbon dioxide Carbon dioxide Carbon dioxide Carbon dioxide Carbon Dioxide
E Heated humidified No No Yes Yes Yes (Heated)
A tic fluid
2 rnr.no ¢ 0 200 — All 300 Yes — volume n.s. Yes — volume n.s.
= drained (ml)
Q : :
B= M fflat
2 can tnsutifation 153 15.6 120 8-10 6-9
pressure (mmHg)
Flow Rate (I./min) 7.0 1.8 0.5 0.8 0.5
Inhaled desflurane Int
ntraven
. Maternal | esoTMag | o aivfe fusﬂ Inhaled Inhaled
= aternal genera emifentan
= tlig " Intravenous Cis- P fol ’ sevoflurane (1-3% | sevoflurane (0.4- Not Specified
n T
g g anacsthetic atracurium and opo o MAC) 3% MAC)
o a0 . . Rocuronium
= g Remifentanil
.E S . Intramuscular Intramuscular Intramuscular
o = Direct fetal . . .
None None fentanyl, atropine | fentanyl, atropine | fentanyl, atropine

and vecuronium
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Pre/Intra-opetative

Indomethacin or

Nitro-glycerine +

. Atosiban None e Magnesium Yes - Drug n.s.
tocolysis nifedipine
Sulfate
= i I hacin (2 Atosi 2
Post opersjttlve ndomethacin (24 tosiban (24 Magnesium sulfate | Not Specified Not Specified
tocolysis hrs) hrs)
Planned mode of Cesarean section Cesarean section | Spontaneous Spontaneous )
: . . . . Not specified
Delivery at 39 weeks at 39 weeks vaginal delivery vaginal delivery
Observation of Observation of
umbilical cord umbilical cord . Intermittent )
L ) . Near Continuous Intermittent
Fetal monitoring pulsations + pulsations + . Doppler
. ) . ) echocardiogram Doppler Ultrasound
intermittent intermittent Ultrasound
Doppler Doppler
o End tidal CO, End tidal CO,
Maternal PaCO tained
a.ern.a AL maintaine maintained 35- Not Specified maintained 30-32 Not Specified
monitoring 35-40 mmHg
40 mmHg mmHg
Perinatal mortality 7% (5/71) 4.4% (2/45) 4.5% (1/22) NA 0% (0/5)
Mean gestational
* age at delivery 32+2 326 38+ NA 34+1
aé (weeks™ days)
S Preterm delivery
B 13.2% (9/71 15.6% (7/45 0% (0/22 NA 40% (2/5
8 <30 weeks 0 (9/71) /o (7/45) 0(0/22) 0 (2/5)
;“j Repait dehiscence 28% (20/71) 17% (8/47) 32% (7/22) NA 0% (0/5)
- Requirement for VP
shunting at 12 45% (32/71) 46.5% (20/43) 41% (9/22) NA 20% (1/5)
months
5 g | Pretem Ruptureof | g, 0 a5 75% (34/45) 23% (5/22) NA 60% (3/5)
g g Membranes 70 0 ! !
13)
= 55’ Oligohydramnios 13.7% (7/51) n.s. 14% (3/22) NA 0% (0/5)
=5 Pulmonary Oedema 2% (1/51) 0% (0/10) 9% (2/22) NA 0% (0/5)

VP shunting — Ventriculoperitoneal shunting, NA. — not applicable, MAC — minimum alveolar

concentration, PaCO, — arterial partial pressure of carbon dioxide
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