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Many of the anesthetic considerations for fetal procedures
and surgery are identical to those for nonobstetric surgery
during pregnancy, including concern for maternal safety,
avoidance of both teratogenic drugs and fetal asphyxia, and the
prevention of preterm labor and delivery. Anesthesia is
required for the mother and quite often the fetus to perform
many fetal procedures.

Fetal procedures and surgery can be divided into subgroups
according to their anesthetic requirements. For example:
procedures that only require a needle insertion into the uterus
but not into the fetus, such as intrauterine infusions; laser
surgical photocoagulation of the communicating placental
circulation for twin-twin transfusion syndrome (TTTS) and
radio-frequency umbilical cord ablation for managing twin
reversed arterial perfusion (TRAP), which are not really fetal
procedures, rather they are placental or cord procedures;
surgical procedures performed directly on the fetus; and the
EX-utero Intrapartum Treatment (EXIT) procedure. Anesthetic
considerations also depend on other factors, such as the
location of the placenta.

Unlike maternal surgery, for fetal procedures, the fetus is
not an innocent bystander for whom the least anesthetic
interference is used. Instead, the fetus can be the primary
patient and may benefit from anesthesia, with close monitoring
of the anesthetic effects to ensure well-being. Fetal asphyxia,
hypoxia, or distress can be most effectively recognized,
predicted, and avoided by fetal monitoring. Monitoring is also
crucial for assessing the fetal response to corrective maneuvers.
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nonobstetric surgery during pregnancy. These
include concern for maternal safety, avoidance of
teratogenic drugs and fetal asphyxia, and the
prevention of preterm delivery. The anesthe-
siologist must be familiar with the alterations in
physiology induced by pregnancy and their clini-
cal anesthetic implications. These basic considera-
tions are extremely important, and have been
reviewed previously.1 Fetal surgery is distin-
guished from other nonobstetric surgeries per-
formed during pregnancy by concern for fetal
anesthesia, increased concern for fetal monitoring,
concern for the greater likelihood of intra- or
postoperative preterm labor, and concern for the
protection of uteroplacental circulation to avoid
fetal asphyxia. Providing anesthesia for a hystero-
tomy and fetal intervention poses interesting
challenges since care needs to be provided to two
patients simultaneously, mother and fetus. Addi-
tionally, intense intraopertive uterine relaxation
(“surgical tocolysis’) is crucial.

Anesthesia is required for mother and often the
fetus to perform many of these procedures. Fetal
procedures and surgery can be divided into sub-
groups according to their anesthetic requirements
Procedures that only require needle insertion into
the uterus but not into the fetus, such as amniotic
fluid sampling, umbilical blood sampling, or in-
trauterine infusions are the least complicated fetal
procedures and require the least amount of
anesthesia. local anesthetic infiltration at the
needle insertion site on the maternal abdomen is
usually adequate, which can be supplemented
with light conscious sedation for an anxious mo-
ther. Laser surgical photocoagulation of communi-
cating placental circulation for twin-twin transfu-
sion syndrome (TTTS) and radio-frequency umbil-
ical cord ablation for managing twin reversed
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arterial perfusion (TRAP) are not fetal procedures,
rather they are placental or cord procedures, and
often require maternal anesthesia. Our experience
suggests regional (spinal or epidural) anesthesia is
sufficient if the placenta is posterior and access
can be achieved by a percutancous approach. In
fact, this has been performed with local infiltra-
tion and intravenous sedation. However, if the
placenta is anterior, access typically involves a
laparotomy and a manipulation of the uterus to
access its posterior wall. In these circumstances,
we have found general anesthesia more ideal, a
finding with which others agree.”

Surgical procedures performed directly on the
fetus range from the deployment of pig-tail cathe-
ters to procedures that require a hysterotomy,
such as an excision of a congenital cystic adenoma
malformation (CCAM) or meningomyelocele re-
pair. All of these procedures require anesthesia for
both mother and fetus, and intraoperative tocoly-
tic management. For the EX-utero Intrapartum
Treatment (EXIT) procedure, maternal anesthesia
and uterine relaxation are paramount for success.
For the minimally invasive fetoscopic procedures,
particularly those that do not involve surgery on
the fetus itself, such as those involving surgery on
the placenta (e.g. twin-twin transfusion syn-
drome), the goals and anesthetic requirements are
more basic. From primate experiments, preterm
labor and subsequent delivery is known to be
minimal for those animals that underwent pro-
cedures with minimal uterine manipulation com-
pared with those that underwent a hysterotomy.
Furthermore, halogenated anesthetic agents were
quite effective in halting the uterine electromyo-
graphic activity associated with increases in
intraamniotic pressure observed on emergence
from anesthesia, whereas ritodrine infusions or
indomethacin were not effective.’

Unlike maternal surgery, during fetal pro-
cedures, the fetus is not an innocent bystander for
whom we attempt the least anesthetic inter-
ference. Instead, the fetus can be the primary
patient and may benefit from anesthesia, with
close monitoring of anesthetic effects to ensure
well-being.

For many percutancous procedures, such as
fetal blood sampling, or intrauterine blood
transfusions, local anesthetic infiltration of the
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maternal abdominal wall or regional anesthesia
can be sufficient. When intravenous sedation and
anxiolysis are required, opioids and benzodia-
zepines can be safely administered. Supplemental
oxygen is routinely administered during pro-
cedures involving intravenous sedation and
“stand-by” readiness for rapid intervention is
always available for fetal distress (i.e., induction
of general anesthesia for emergency cesarean
section) if the fetus is at a viable gestational age.
Mothers fast overnight, receive an oral antacid
before the procedure, and are monitored in a
fashion suitable for general anesthetic administra-
tion. Incremental doses of intravenous midazolam
(0.5mg) and/or fentanyl (25mcg) and/or low-
dose propofol infusions are used to achieve the
desired level of conscious sedation.

More invasive fetal treatments that do not
involve a hysterotomy, such as minimally inva-
sive fetoscopy, placement of vesicoamniotic or
thoracoamniotic shunt catheters, or percutancous
endoscopic laser ablation of the placental vessels
involve procedures similar to those for intrau-
terine blood  transfusions.”” However, despite
sonographic guidance, larger sized needles or
catheters and multiple placement attempts may be
required. Adequate maternal anesthesia can be
obtained with local anesthetic infiltration of the
maternal abdomen, and the fetus may be sedated
via the placental transfer of drugs administered to
the mother (including opioids and benzodia-
zepines). However, infiltration of the maternal
abdomen with local anesthetic may be unsatis-
factory for maternal comfort when the needle
placement requires multiple attempts. We have
successfully used spinal, epidural, or general
anesthetic techniques as alternatives. In addition,
it is important to consider the potential for fetal
analgesic requirements and immobility.

Fetal sedation by placental transfer of mater-
nally administered medication does not ensure an
anesthetized or immobile fetus. Excessive fetal
activity may render the procedure technically
difficult, infeasible or unsafe for the fetus. Fetal
movement can be dangerous to the fetus because
displacement of a needle or catheter may lead to
bleeding, trauma, or compromise umbilical cir-
culation. When placental transfer of maternally
administered intravenous medication does not
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control fetal movement and/or analgesia, general
anesthesia can be used which will anesthetize
both mother and fetus. Additionally, fetal anes-
thesia and control of fetal movement can be safely
achieved by direct intramuscular or intravascular
administration of opioids and/or neuromuscular
blocking agents to the fetus. Pancuronium (0.05 to
0.1 mg/kg IV or 0.3 mg/kg IM) has been used for
fetal paralysis during intravascular transfu-
12 We have used either IV or IM pancuro-
nium (0.1-0.25 mg/kg) due to its longer duration
and vagolytic properties, which help maintain
fetal heart rate, or vecuronium, in comparable
doses, to achieve paralysis of a shorter duration;
approximately 1 to 2 hours.”” If regional anes-
thesia has been used for the mother, parenteral
opioid (fentanyl) is also administered to the fetus
in relatively large doses (25mcg/kg) to provide
analgesia and attenuate or abolish the autonomic
and stress responses for potentially painful proce-
dures on the fetus.

A variety of benefits and risks characterize the
techniques for anesthesia during fetal procedures.
The subjective phenomenon of pain, and the
necessity or benefit of fetal ‘amnesia’ for surgical
intervention has not been adequately assessed in
a human fetus. The question at what stage of
gestation is it possible for the human fetus to be
aware of its surroundings and, in particular to be
aware of pain remains unanswered. The answer
involves a knowledge of neural development and
integration of the sensory system in the
developing brain and its structures and functions
necessary for awareness. There was widespread
belief that the human neonate and fetus were not
capable of perceiving pain and that they pos-
sessed higher thresholds for nociceptive stimuli.
Some theorized that this higher threshold would
be adaptive for the pain associated with birth.

Evidence of the memories of pain in human
neonates is only anecdotal. However, detailed
hormonal studies in preterm neonates undergoing
surgery under minimal anesthesia revealed a
marked release of catecholamines, growth hor-
mone, glucagon, cortisol, aldosterone, and other
corticosteroids and the suppression of insulin
secretion.*1¢ Furthermore, these endocrine and
metabolic responses to stress are abolished by
administering anesthetics to preterm neonates.'”

sions.

In addition, surgical manipulation of an non-anes-
thetized fetus results in varying degrees of auto-
nomic nervous system stimulation, variations in
the heart rate, increased hormonal activity,18 and
increased motor activity, which can be ablated by
anesthesia. Later in gestation, a fetus will respond
to environmental stimuli such as noises, light,
music, pressure, touch, and cold.®? Information
regarding the development of perceptual mecha-
nisms of pain and the response of human preterm
neonates to pain provide a physiologic rationale
to support the philosophic rationale of providing
fetal anesthesia.” Pediatricians are well aware that
preterm babies respond to heel sticks, perhaps
with a level of response that is less than that of
full-term babies.

The fetal response to noxious stimuli may
represent reflex, rather than a conscious response
at earlier gestational ages. Before thalamic con-
nections exist to the cortex (beginning at about 22
weeks), it is doubtful that physiologic or phar-
macological responses to noxious stimuli by the
fetus involve consciousness. Further, in terms of
development, feedback mechanisms to dampen
the response to noxious stimuli are not fully
developed until after 40 weeks of gestation, and
some of the ways in which fetal nerve cells work
and the spinal cord pathways used may be quite
different than in adults. However, even a reflex
response to noxious stimuli may affect sensory
development. Perhaps the effect of trauma to the
developing nervous system should be avoided.
Consequently, along with the requirement for
fetal immobility during some procedures, fetal
‘amnesia’ may be an important goal of fetal
anesthesia.

For procedures involving a hysterotomy or
endoscopy (e.g., repair of congenital cystic adeno-
matoid malformations, diaphragmatic hernia
repair or tracheal balloon placement, selective
termination of an anencephalic, acardiac, mono-
chorionic twin, or treatment of twin-twin trans-
fusion syndromes) halogentated inhalation anes-
thetics are used to both produce maternal and
fetal anesthesia, as well as to provide the
necessary uterine relaxation for surgery. Prior to
inducing general anesthesia, we typically place a
lumbar epidural catheter. Except for non-par-
ticulate oral antacids, premedication or adjuvant
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anesthetic agents are routinely avoided for sup-
plementation of the inhalation agent. This facili-
tates administration of the maximum doses of the
halogenated agent, which may be required for
uterine relaxation. The dose of the halogenated
agent is limited by the stability of the maternal
cardiovascular system.

Avoidance of fetal asphyxia is best accom-
plished by assuring maternal oxygenation and
organ perfusion. During fetal surgery, along with
high concentrations of the inspired halogenated
agent, a maximal FIO2 is administered, and
adequate maternal blood pressure is maintained,
sometimes utilizing the appropriate vasopressors,
to ensure adequate uterine blood flow. Maintain-
ing a normal fetal temperature is also important.
With fetal exposure, hypothermia can develop
quickly. Therefore, we expose as little of the fetus
as possible, and use a system of continuous
irrigation with warmed lactated Ringer’s solution
to prevent fetal hypothermia. For endoscopic
techniques, a continuous infusion of a warmed
lactated Ringer’s solution not only provides
thermal stability for the fetus, but also improves
visibility for the surgeons. High volume infusate
must be comprised of lactated Ringer’s solution
(not normal saline), because there may be mater-
nal absorption of fluids and electrolytes. Further-
more, the volumes infused and withdrawn, and
intra-amniotic pressures must be carefully moni-
tored to avoid uterine overdistention.

The hysterotomy is made with a stapling de-
vise, to ensure uterine hemostatsis and seal the
membranes. The hysterotomy is closed using fi-
brin glue to a create water tight seal. Amniotic
fluid is restored with warm lactated Ringer’s
solution with a volume assessed by ultrasono-
graphy.

During closure of the hysterotomy, magnesium
sulfate therapy is administered, initially as a
bolus-loading dose (4 - 6 g over 20 min), which is
then sustained as a continuous infusion (2 g/hr).
After the initial bolus dose of magnesium sulfate
is administered, the halogenated agent is discon-
tinued and the epidural catheter is tested and
incrementally dosed with local anesthetics in
concentrations and volumes appropriate for sur-
gery, and parenteral opioids and nitrous oxide in
oxygen are administered. This regimen facilitates
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a tracheal extubation when the patient is fully
awake, capable of protecting her airway, com-
fortable, and avoids the coughing or straining
with extubation that may jeopardize the integrity
of the watertight uterine closure.

We provide postoperative analgesia with low
concentrations of epidural local anesthetic infu-
sions (with or without opioids) or use intravenous
patient-controlled analgesia (PCA) devices to
administer opioids. This may have an additional
benefit by reducing maternal stress. In the non-
human primate experiments, stress was a signi-
ficant factor in increasing the risk of uterine
activity after a hysterotomy and fetal surgery.’

The danger of teratogenic effects from anes-
thetic drugs poses a potential risk. In genetically
susceptible animal species, many of the commonly
used anesthetic drugs induce teratogenic effects at
specific stages of gestational development. How-
ever, in humans, no anesthetic agent appears to be
safer or more teratogenic. However, there have
been too few human studies to confirm that anes-
thetic agents are non-teratogenic, and it is unlikely
that such studies could ever be conducted to
provide statistically significant results.

Various procedures and techniques may affect
fetal physiologic functions. The relationship
between these procedures and altered fetal physi-
ology is not precisely understood. For example,
uterine incision, fetal manipulation, and anesthetic
management each may affect fetal and placental
circulation by several mechanisms, sometimes
producing fetal compromise. Increased uterine
activity, maternal hypotension, maternal hypo-
carbia, or hyperventilation may interfere with
uterine and umbilical blood flow. Fetal mani-
pulation may affect the umbilical blood flow by
direct compression or by inducing responses that
affect fetal circulation.

The fetal cardiovascular circulation is adapted
for use of the placenta as the organ for oxygen
uptake and carbon dioxide elimination. Therefore
it has a large placental blood flow and very small
pulmonary blood flow. It is also adapted for
existence in a low-oxygen environment and pro-
vides the cerebral circulation with blood that has
greater oxygen content than that perfusing the
lower body. Fetal cardiovascular circulation al-
lows for the mixing of blood between the right



Anesthesia for Fetal Procedures and Surgery 673

and left sides of the heart. Approximately one-
third of the relatively well-oxygenated inferior
vena caval blood (which includes the blood
returning from the placenta) is deflected by the
christa dividens in the right atrium and shunted
through the foramen ovale into the left atrium.
Two-thirds of the inferior vena caval blood passes
from the right atrium to the right ventricle.
Almost all poorly oxygenated superior vena caval
blood also passes from the right atrium to the
right ventricle. A conduit between the main
pulmonary artery and the aorta, the ductus
arteriosus, shunts approximately 90% of the right
ventricular output ejected into the pulmonary
artery. The left ventricular output, which includes
the relatively well oxygenated inferior vena caval
blood (deflected through the foramen ovale) and
a small amount of blood that perfuses the
pulmonary circulation, is ejected into the aorta
and perfuses the head and upper extremities.
Cardiac output has two main determinants:
heart rate and stroke volume. Fetal cardiac output,
measured in terms of the combined left and right
ventricular output, is directly related to the heart
rate,” which is probably the most important
determinant of fetal cardiac output. Stroke volume
is a function of preload, afterload and myocardial
contractility. Fetal myocardial contractility is
probably maximally stimulated, with a limited
capacity to increase stroke volume. Fetal myocar-
dial muscle strips are less compliant than those of
adult hearts and have a greater resting tension,
but a diminished response for increasing myo-
cardial tension when stimulated.” In fetal lambs,
augmentation of a preload has little effect on
increasing the cardiac output. Volume loading
increases the cardiac output by only 15 to 20%.**
To function properly, the fetal circulation
depends on a high venous return.”” Because the
heart rate is predominant in regulating the fetal
cardiac output, baroreceptor and chemoreceptor
responsiveness have important regulatory roles.
Baroreflex activity exists by midgestation and
increases in sensitivity as gestation advances.*
The chemoreflex activity from the aortic and
carotid chemoreceptors in fetal lambs has been
elicited and studied in utero.”*° However, most
of the information on the chemoreceptor role in
regulating circulation has been obtained from

anesthetized or short-term studies in fetal animals.
A method for selectively denervating the aortic
and carotid chemoreceptor and baroreceptor in
fetal lambs in utero was developed, which
facilitates an investigation of their roles in both
normal fetal cardiovascular regulation and fetal
response to stress.”

Because the fetus has a limited capacity to in-
crease cardiac output in response to stress, oxygen
delivery to the vital organs must be maintained by
redistributing the blood flow. Cerebral blood flow
in fetal lambs is twice that in the adults, although
both cerebral metabolic rates are similar.”** These
characteristics of fetal blood flow may represent a
protective advantage for the fetus.

Among the factors that may modulate cerebral
blood flow are cerebral metabolic rate, arterial
carbon dioxide tension (PaCQz), arterial oxygen
content, blood pressure, and autoregulation.”* In
fetal lambs, increases in cerebral metabolic rate or
PaCO; and decreases in arterial oxygen content
are associated with increased cerebral blood flow.
Cerebral blood flow autoregulation has been
demonstrated to preserve the cerebral blood flow
in the normoxic fetal lamb when the systemic
blood pressures range 20% above or below the
normal values. However, autoregulation in re-
sponse to hypotension may be incomplete, and
the mechanism of autoregulation may depend on
the arterial oxygen concentration.”

The effects of inhalation anesthetic agents on
the cardiovascular system of the fetus have been
investigated, yet much remains to be understood.
In fetal lambs, the concentration of halothane
required to prevent movement in response to
painful stimuli is much lower than that for adult
sheep or newborn lambs.” Although placental
transfer of inhaled agents occurs rapidly, fetal
levels of the halogenated agents remain lower
than the maternal levels for a significant period
after administering these agents to the mother.
Reports conflict on the fetal effects when the
mother has received halothane or isoflurane. In
one study, maternal anesthesia with 0.7%
halothane or 1% isoflurane (1 minimum alveolar
concentration [MAC] for sheep) caused a mild
decrease in the fetal blood pressure with no
change in the fetal pulse rate, oxygen level, or
acid-base status. However, anesthesia with halo-
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thane 1.5% or isoflurane 2% (i.e., ‘deep anesthe-
sia’) caused decreases in fetal blood pressure,
heart rate, oxygen saturation, and base access,
with progressive fetal acidosis.” Other studies
reported that maternal anesthesia with 1.5% halo-
thane caused a decrease in fetal arterial pressure
after a few minutes (primarily because of a de-
crease in peripheral vascular resistance), with no
change in the pulse rate, cardiac output, oxygen,
acid-base status, or blood flow to the fetal brain
or other major fetal organs.”* Yet, another study
demonstrated that maternal anesthesia with 2.0%
isoflurane produced no significant decline in the
fetal blood pressure, but did produce a decrease
in the fetal cardiac index and progressive fetal
acidosis.”

Deep inhalation anesthesia (2 MAC) may result
in progressive fetal acidosis, whereas light anes-
thesia (1 MAC), or brief fetal exposure to deep
anesthesia appears safe. Whether the adverse
responses result from direct impairment of fetal
myocardial contractility, redistribution of fetal
blood flow or changes in uterine perfusion is
uncertain. Furthermore, the applicability of these
studies is limited because the combined impact of
fetal anesthesia, intrauterine manipulation, and
fetal stress on maternal and fetal cardiovascular
stability and regional blood flow remains un-
known. Progressive fetal hypoxia may have re-
sulted from failure to maintain uterine blood flow
with administration of halogenated agents by
increasing the preload and providing appropriate
vasopressors. In fact, uterine perfusion may
increase with the administration of halogenated
agents if the blood pressure is maintained, as a
result of uterine vessel vasodilation.”

In non-anesthetized experimental animals, fetal
asphyxia induced by occlusion of the umbilical
circulation results in fetal bradycardia and hyper-
tension, with decreased cardiac output and
increased cerebral blood flow mediated partially
by the fetal alpha and beta-adrenergic systems.
78572 There are conflicting reports on the effects
of maternal halothane administration on the
asphyxiated fetus. In one study, maternal halo-
thane administration did not further compromise
fetal well-being. The blood pressure of the anes-
thetized fetus declined to values that were normal
compared with those of the awake, asphyxiated
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fetus. However, because the pulse rate increased,
the cardiac output remained unchanged. Oxyge-
nation did not deteriorate and the cerebral blood
flow remained elevated.*” In another study,
halothane administered to the mother of a se-
verely acidotic fetus caused further aggravation of
fetal acidosis and oxygen desaturation.”” Cerebral
blood flow decreased as fetal blood pressure
decreased.

Fetal asphyxia, hypoxia, or distress can be most
effectively recognized, predicted, and avoided by
fetal monitoring. Monitoring is also important to
assess the fetal response to corrective maneuvers.
Methods for monitoring fetal well being include
fetal blood gas, pH, glucose, and electrolyte
determinations and measurements of the fetal
heart rate, blood pressure, and umbilical blood
flow. Invasive methods and vascular access used
in experimental fetal preparations require indwel-
ling catheters that currently have limited appli-
cation for clinical fetal surgery. However, capil-
lary blood samples can be obtained for blood gas
determinations, and vascular access can be
achieved for fluid, blood, or drug administration
during prolonged procedures involving a hyster-
otomy. On several occasions at UCSF, we have
established vascular access in fetuses undergoing
surgery and administered fluid or blood for re-
suscitation. Experimental techniques for accessing
the fetal blood vessels on the surface of the
placenta in rhesus monkeys for reliable, long-term
vascular access have been successful. ' Perhaps
in the future, more information may be used from
detailed waveform analysis of the fetal electro-
cardiogram (ECG). New devices will become
available for monitoring the myometrial electrical
activity and mechanical contractility and the fetal
electroencephalogram. Additionally, devices will
become available for the continuous monitoring of
the fetal arterial oxygen saturation, such as the
fetal pulse oximeter for labor (Nellcor N-400, Tyco
Healthcare, Nellcor, Pleasanton, California, USA),
PO2 and PCO2, and for monitoring fetal cerebral
oxygenation, blood volume, and blood flow by
near infrared spectroscopy.”> We have experi-
mented with the use of an implantable radiotele-
meter for monitoring uterine activity and fetal
heart rate.”

The author has used fetal heart rate monitoring,
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pulse oximetry, and intermittent blood gas deter-
minations as relatively noninvasive methods for
assessing fetal well-being during fetal surgery.
The fetal heart rate can be monitored with a
standard internal fetal electrode and a reference
electrode on the maternal abdomen, both con-
nected to a maternal ground plate and processed
by a fetal heart rate cardiotachometer.”* However,
the signal obtained is of low amplitude and is
overwhelmed by movement artifacts, rendering
the conventional display of the beat-to-beat heart
rate unreliable. The author has found that direct
monitoring of the fetus by ECG is more reliable
than the standard internal fetal electrode. Modi-
fied insulated atrial pacing wires are used as ECG
leads. The bare wire at the distal end is sutured
subcutaneously onto the fetal thorax for diaphrag-
matic hernia repair using the attached curved
needles. The proximal end of the insulated wire
is attached to a coaxial shielded cable, connecting
the three leads to a cardiotachometer. The cardio-
tachometer was modified by increasing the gain to
allow for signal amplification and by adding a
fixed low-pass frequency filter and variable high-
pass frequency filter, which substantially reduce
motion artifacts. The ECG lead wires are stabi-
lized to minimize capacitive coupling and the
changes in voltage offset between the fetal skin
and the ECG lead wire. This allows for a more
reliable display of the fetal ECG with visible P and
QRS complexes.

Plethysmography combined with spectrophoto-
metric oximetry (pulse oximetry) has also proved
extremely useful. A noninvasive sensor contains
two low-voltage, low-intensity, light-emitting dio-
des as light sources and a photodiode as a light
receiver. Changes in the absorption of red light,
relative to a change in the absorption of infrared
light, indicate the arterial hemoglobin oxygen
saturation.”> For open fetal surgical procedures
and EXIT procedures, neonatal digital sensors
wrapped around the fetal arm, leg, or (preferably)
palmer arch are used. This is held in place with
sterile, adhesive plastic and covered with sterile
aluminum foil to prevent artifacts from the
intense ambient surgical lighting. Alternatively, in
the early 1980’s, we developed a flat sensor for
placement over any exposed fetal part so light can
be measured predominantly by reflectance rather

than transmission. This has become the founda-
tion for fetal pulse oximetry in labor.** Intrao-
perative fetal pulse oximetry with the Nellcor
N-400 monitor has been demonstrated to be a
very reliable monitoring parameter in the fetal
lamb model.”

The use of readily available, conventional pedi-
atric sensors and conventional oximetric instru-
ments calibrated for higher saturation can be
valuable for heart rate monitoring if the waveform
is analyzed for data reliability. Although relative
trends in oxygen-related quantities may be in-
ferred from the data provided by conventional
oximeters, they may not be precise. The influence
of fetal hemoglobin is insignificant, and the
neonatal monitors used for pulse oximetry in the
range 75% to 100% saturation are reasonably relia-
ble. However, oximeters calibrated for adults un-
derestimate the arterial oxygen saturation at the
25% level. At lower saturation, numerical mo-
deling suggests that sensors with two different
wavelengths than are currently available provide
a better performance. These different wavelengths
are incorporated into the Nellcor N-400 fetal
oximeter.

Additionally, intraoperative sonography using a
sterile sleeve on the sonographic probe is impor-
tant for monitoring the fetus, particularly for
endoscopic procedures for which other monitors
cannot be applied to the fetus. The fetal heart rate,
ventricular volume and contractility can be deter-
mined by visualization of the heart, or heart rate
can be ascertained by a Doppler assessment of the
blood flow through the umbilical cord. However,
in many circumstances, the sterile transducer
cannot be positioned continuously because it
interferes with the surgical field.

The human uterine wall has a thick, muscular
layer that is sensitive to stimulation or manipula-
tion. Because uterine stimulation increases the
likelihood of inducing uterine contractions, the
risk of preterm labor accompanies invasive fetal
intervention. After incision, strong uterine con-
tractions can occur, and these have resulted in
high incidences of postoperative abortion in ex-
perimental preparations using non-human pri-
mate fetuses. Strong uterine contractions may
impede uterine blood flow or induce partial
placental separation, which interferes with umbili-
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cal-placental blood flow, both of which compro-
mise fetal well being. A uterine contraction can
displace a percutancous intrauterine needle
placed for intrauterine transfusion or shunt
catheter placement. Prevention and treatment of
preterm labor is critically important for managing
patients undergoing fetal intervention

Tocolytic therapy includes a variety of drugs.
The agents most commonly used for tocolysis are
beta-adrenergic agonists and magnesium sulfate,
which prevent or inhibit preterm labor. Tocolysis
is usually not necessary after simple percutancous
umbilical blood sampling or intrauterine trans-
fusions. However, for more invasive percutancous
procedures (such as shunt catheter placement),
magnesium or low-dose beta adrenergic agonist
tocolytic agents can be administered intravenously
for prophylactic control of uterine irritability.

For procedures involving hysterotomy and en-
doscopy, halogenated agents are used intraopera-
tively to inhibit uterine contractility and to pro-
vide the uterine relaxation necessary for surgery.”
A regimen of tocolysis is normally used, which
includes preoperative administration of indome-
thacin by suppository, intraoperative anesthetic by
the inhalation of a halogenated agent (end tidal
concentrations of approximately 3 MAC), supple-
mented, when necessary by bolus doscs of
nitroglycerin (50-100 mcg),”™® and postoperative
tocolysis by magnesium, supplemented by terbu-
taline (a beta-adrenergic agonist), if necessary.
After a several days, tocolytic therapy is shifted to
a continuous subcutaneous infusion or oral admi-
nistration of terbutaline, which the patient con-
tinues after hospital discharge. Depending on
uterine activity, the postoperative regimen is sup-
plemented by the use of indomethacin or calcium
channel blocking agents.

At times, the halogenated agent alone does not
provide the complete uterine relaxation required
intraoperatively. Furthermore, there is some con-
cern as to whether the fetus was inadequately
anesthetized to block the autonomic response to
stress or the halogenated agent adversely affected
fetal myocardial contractility during the pro-
longed procedures.”* For several years we tried
using an alternative anesthetic and tocolytic
technique during the repair of fetal diaphragmatic
hernias. For maternal anesthesia, nitrous oxide,
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fentanyl, and a 0.25% inspired concentration of
isoflurane were administered. The patient was
paralyzed, her lungs mechanically ventilated, and
fluids were administered to maintain a normal
central venous pressure. We achieved intraopera-
tive and postoperative uterine relaxation by
administration of nitroglycerin at doses up to 20
£g/kg/min, and the mean arterial pressure was
maintained above 60 mm Hg, using ephedrine
when needed. Before the uterine incision, 50 zg
fentanyl and 0.3 zg pancuronium were admini-
stered intramuscularly to the fetus by ultrasound
guidance. Although successful, it did not appear
that this technique offered any advantages, and as
a result,” this technique is no longer used.

Once closure of the uterus is begun, a bolus
loading dose of magnesium sulfate (4 gm) fol-
lowed by a continuous infusion (2 gm/hr) is used
during the transition between the intra- and post-
operative tocolyis. The magnesium can be admi-
nistered earlier. The continuous intravenous mag-
nesium sulfate infusion is maintained for posto-
perative tocolysis, supplemented by beta-adrener-
gic agonists when necessary. Intraoperatively,
intravenous fluids are restricted to minimize the
risk of postoperative pulmonary edema associated
with the administration of magnesium sulfate and
beta-adrenergic agonists.

The “surgical tocolysis” provided by deep inha-
lation anesthesia, and sometimes supplemented
by nitroglycerin could significantly increase the
risk of maternal hemorrhage with uterine inci-
sion. To reduce such risk, surgical techniques
have been developed that employ a stapling de-
vice for hemostasis and to seal of the membranes
during a hysterotomy. This same stapling device
is used for EXIT procedures as well.

Magnesium sulfate infusions, supplemented by
terbutaline are the mainstay of our postoperative
tocolytic management. Indomethacin (a prosta-
glandin synthetase inhibitor) is used pre- and
postoperatively for the more invasive fetal surgi-
cal procedures. Although there have been case
reports of prenatal closure of the ductus arteriosus
and persistent fetal circulation associated with the
use of prostaglandin synthetase inhibitors for
tocolysis, these effects are rare when used to treat
mothers before 34 weeks’ gestation for a limited
duration. Fetal echocardiography is utilized
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postoperatively to detect early evidence of ad-
verse cardiovascular changes due to indome-
thacin, at which time this agent is discontinued.
Indomethacin use has also been associated with
decreased fetal urine output caused by potentia-
tion of the peripheral effects of antidiuretic
hormones. In addition, neonatal bleeding and
renal impairment could result from prolonged
indomethacin therapy.

EXIT PROCEDURE

At birth, tracheal occlusion poses an obvious
problem for the fetus. The occluding device must
be removed before the tracheoscopy and broncho-
scopy are performed to inspect the trachea and
before resuscitation can proceed. Endotrachcal
intubation is performed under controlled circum-
stances, and often surfactants are administered. To
allow the time that these procedures require while
uteroplacental gas exchange is preserved a
surgical and anesthetic modification of a general
anesthetic approach to a cesarean section was
adopted for the ex utero intrapartum treatment
(EXIT) procedure.®

A hysterotomy is made with a stapling devise
developed at UCSF, to ensure uterine hemostasis
during fetal manipulation (U.S. Surgical Corpora-
tion, Norwalk, Corm.).68 The deep inhaled halo-
genated anesthetic technique provides the ncces-
sary uterine relaxation, despite the uterine incision
and partial or full delivery of the fetus. This is
crucial for preventing placental disruption from
the cndometrium, maintaining placental perfu-
sion and oxygenation of the fetus while the
surgeon secures the fetal airway. Unlike a typical
cesarean delivery, there is no attempt to limit in-
duction of anesthesia to the delivery time; rather,
anesthesia is induced well in advance to ensure
adequate concentrations of inhalation anesthetic
for surgical tocolysis. Careful maintenance of the
maternal mean arterial pressure with fluids and
ephedrine is necessary to avoid fetal compromise.

Nitroglycerin boluses (50 -100 ug) are used if
supplemental uterine relaxation is required. Nitric
oxide donor agents have long been known to
provide uterine relaxation.”” Obstetrical anesthesi-
ologists previously used inhaled amyl nitrate for

acute relaxation. Nitric oxide donor agents similar
to nitroglycerin provide potent tocolysis in
non-human prirnates.70 More recently, obstetrical
anesthesiologists rediscovered nitric oxide donor
agents. Nitroglycerin has been reported to provide
uterine relaxation in clinical cases of a delivery of
an entrapped fetal head during a vaginal breech
delivery, at cesarean section, for breech extraction,
for manual removal of a retained placenta, for a
reduction of a prolapsed (inverted) uterus, and for
an external version, among others. " %717 Despite
the compelling clinical experience, the mechanism
of action for uterine relaxation is unclear (in-
creased uterine compliance vs. decrease in uterine
contractile force), and the mechanism actually
may be independent of nitric oxide.”* For other
obstetric indications such as uterine hypersti-
mulation in labor (not fetal surgery) a sublingual
spray is used as a readily available, convenient
method of nitroglycerin administration.

IM pancuronium and fentanyl (or morphine) is
administered to the fetus, and the fetus is moni-
tored by the placement of a pulse oximeter probe
on the fetal hand. Subsequently, after the fetal
airway is secured with an endotracheal tube,
surfactant is administered (when indicated), and
after ventilation through the tracheal tube results
in an increasing oxygen saturation, the umbilical
cord is clamped. After the cord is clamped,
oxytocin is administered, a preoperatively placed
epidural catheter is activated and an
opioid/nitrous oxide anesthetic administered.
This regimen facilitates the increased uterine tone
and the anesthetic does not contribute to potential
postpartum hemorrhage. The average blood loss
for the EXIT procedures do not exceeded the
average blood loss for routine cesarean sections at
UCSF. The previously placed epidural catheter is
used to provide postoperative epidural analgesia.

The EXIT procedure has also been employed by
our group and others for fetuses that have a
predictably compromised airway, such as an ob-
structing mass (cystic hygroma, cervical teratoma,
hemangioma, large thyroid goiter), that would
benefit from careful inspection and tracheal in-
tubation or trachcostomy at the time of birth.”>®
This technique has now been used for the removal
of tracheal clips by other groups who have pre-
viously consulted with the author.”’ We have used
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the EXIT procedure to perform an intrapartum
fetal thoracotomy and removal of a large chest
mass (congenital cystic adenomatoid malforma-
tion). Using this technique, we’ve safely main-
tained fetal well being and the operating condi-
tions for 2 hours. The fetal safety of this technique
is apparent by monitoring the fetal oxygen
saturation and heart rate, and by obtaining nor-
mal cord blood gases immediately after the cord
is clamped. Another group reported an improved
outcome from ‘fetal stabilization’ for antenatal
diagnosed diaphragmatic hernia patients, with
fetal anesthetization before airway management
thereby decreasing the incidence of persistent
pulmonary hypertension and improving the
survival rate of patients with severe CDH.”
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