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Preface

The Agency for Healthcare Research and Quality (AHRQ), through its Evidence-based
Practice Centers (EPCs), sponsors the development of evidence reports and technology
assessments to assist public- and private-sector organizations in their efforts to improve the
quality of health care in the United States. The reports and assessments provide organizations
with comprehensive, science-based information on common, costly medical conditions and new
health care technologies and strategies. The EPCs systematically review the relevant scientific
literature on topics assigned to them by AHRQ and conduct additional analyses when
appropriate prior to developing their reports and assessments.

This EPC evidence report is a Technical Brief. A Technical Brief is a rapid report, typically
on an emerging medical technology, strategy or intervention. It provides an overview of key
issues related to the intervention—for example, current indications, relevant patient populations
and subgroups of interest, outcomes measured, and contextual factors that may affect decisions
regarding the intervention. Although Technical Briefs generally focus on interventions for which
there are limited published data and too few completed protocol-driven studies to support
definitive conclusions, the decision to request a Technical Brief is not solely based on the
availability of clinical studies. The goals of the Technical Brief are to provide an early objective
description of the state of the science, a potential framework for assessing the applications and
implications of the intervention, a summary of ongoing research, and information on future
research needs. In particular, through the Technical Brief, AHRQ hopes to gain insight on the
appropriate conceptual framework and critical issues that will inform future comparative
effectiveness research.

AHRQ expects that the EPC evidence reports and technology assessments will inform
individual health plans, providers, and purchasers as well as the health care system as a whole by
providing important information to help improve health care quality.

We welcome comments on this Technical Brief. They may be sent by mail to the Task Order
Officer named below at: Agency for Healthcare Research and Quality, 540 Gaither Road,
Rockville, MD 20850, or by e-mail to epc@ahrg.hhs.gov.

Carolyn M. Clancy, M.D. Jean Slutsky, P.A., M.S.P.H.

Director Director, Center for Outcomes and Evidence
Agency for Healthcare Research and Quality Agency for Healthcare Research and Quality
Stephanie Chang, M.D., M.P.H. Beth A. Collins Sharp, R.N., Ph.D.

Director Task Order Officer

Evidence-based Practice Program Center for Outcomes and Evidence

Center for Outcomes and Evidence Agency for Healthcare Research and Quality

Agency for Healthcare Research and Quality
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Maternal-Fetal Surgical Procedures

Structured Abstract

Objectives. This report is intended to summarize the current state of practice and research in
maternal-fetal surgical procedures, which is the surgical repair of abnormalities in fetuses in the
womb.

Data Sources. We searched MEDLINE from 1980 forward for studies of fetal surgical
procedures for the following seven conditions: congenital diaphragmatic hernia, cardiac
malformations, myelomeningocele, obstructive uropathy, sacrococcygeal teratoma, twin-twin
transfusion syndrome, and thoracic lesions. We also searched the Internet for sources of current
practice, current insurance coverage of fetal surgery, and ongoing research (including the
clinicaltrials.gov and NIH (National Institutes of Health) Reporter databases). We spoke with
experts in the field regarding their knowledge of practice sites, ongoing training programs,
research in the field, and considerations for the future of maternal-fetal surgical procedures.

Review Methods. We abstracted data on operational definitions of fetal diagnoses, type of
procedure, maternal inclusion criteria, training of providers, study design, country, setting,
comparators used, followup, outcomes measured, and adverse events. We summarized these data
quantitatively. We attempted to identify all potential sources of care for maternal-fetal surgical
procedures in the United States, and to summarize the state of the field.

Results. One hundred sixteen studies captured for this review were case series. There were 3
randomized controlled studies (RCTs) and the rest (47) were cohorts. Seventy-four studies were
conducted in the United States; 68 were in Europe, and the rest in other parts of the world. One
RCT was published as this report was in press; the study’s findings add to the body of literature
on maternal-fetal surgical procedures for myelomeningocele and are summarized in that section
of the report. The most common outcomes measured across diagnoses were survival to birth,
preterm birth, and neonatal death. Additional, longer term outcomes for infants were rare, but
when reported included pulmonary and neurologic status as well as achievement of
developmental milestones. Reports of maternal outcomes were exceedingly rare, and in
particular, we note very few studies that addressed the issues of future reproductive function for
the mother. There are few formal training programs and no system of accreditation or licensure.

Conclusions. While developing rapidly, research on fetal surgical procedures has not achieved
the typical level of quality of studies and aggregate strength of the evidence used to reach
definitive conclusions about care and policy. Overall momentum is toward more robust research
and rigorous, more consistent documentation of outcomes over longer periods of time. Experts
concurred in discussions as well as in the literature that they are eager to develop consensus
measures as well as mechanisms to make implementation of common protocols and larger
studies increasingly possible. Favorable signs include the substantive leadership of U.S.
researchers across each of the topics considered. For each target condition, there are both fetal
surgical centers and associated research enterprises engaged in the full spectrum of academic
endeavor, from animal research and development of surgical interventions and refinements, to
patient care, surgical training, bioethics forums, and reporting of results in the scientific
literature.
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Introduction

Background

The purpose of this report is to describe the current state of research and practice of maternal-
fetal surgical procedures; the report does not offer guidance on whether or when such procedures
are appropriate.

Congenital abnormalities that can be repaired prenatally occur in a small percentage of full-
term births, and because of advances in imaging techniques such as ultrasound, many more
congenital abnormalities are being diagnosed in utero. As these abnormalities are increasingly
frequently recognized prior to delivery, maternal-fetal surgical procedures have emerged as a
potential option for treating some of these defects. Although postnatal intervention is best for
most fetal abnormalities (particularly in light of risks associated with in utero surgeries), for a
few conditions, the fetus’ condition can deteriorate so rapidly in the womb as to make early
intervention necessary either to avoid death or substantially higher morbidity after birth.
Substantial questions remain about both the safety and efficacy of fetal surgical corrections. In
some cases, the natural history of the conditions is poorly understood, making comparisons to no
treatment or postnatal intervention difficult.

In addition, comparisons of fetal versus postnatal surgery must consider the safety of the
mother, yet limited comparative data exist. The issue is particularly complicated because while
congenital defects are relatively common in aggregate, individual congenital abnormalities occur
infrequently, making effective study very difficult. Ongoing trials are evaluating some of the
most common fetal surgeries (Appendix D).

The goal of this brief is to describe the current state of literature and practice of maternal-
fetal surgical procedures for seven congenital abnormalities ranked of high importance by
stakeholders:

e Sacrococcygeal teratoma

e Congenital diaphragmatic hernia

e Thoracic lesions: congenital cystic adenomatoid malformation and bronchopulmonary
sequestration
Obstructive uropathy
Myelomeningocele
Twin-twin transfusion syndrome
Cardiac malformations

Key Questions Addressed in This Report
The key questions for this brief were as follows:
Key Question 1.

a. What fetal diagnoses are currently treatable with a maternal-fetal surgical procedure? For
each fetal diagnosis that is potentially treatable with a maternal-fetal surgical procedure,
what is the annual number of fetuses that could potentially benefit from the procedure?



What maternal-fetal surgical procedures are done in the United States? What is an
estimate of the number of hospitals that perform each procedure and utilization of each
procedure?

For each fetal diagnosis, which procedures or techniques are used?

For each maternal-fetal surgical procedure, what anesthesia is used? What are the
potential harms to the fetus and mother from the anesthesia?

For each fetal diagnosis, what are the alternatives? For each fetal diagnosis, what are the
theoretical advantages and disadvantages (including potential safety issues and harms to
both the mother and fetus) of maternal-fetal surgical procedures relative to the
alternatives?

What training programs exist for maternal-fetal surgical procedures? What special
requirements are needed in hospitals that perform fetal surgical procedures?

Key Question 2.

Perform a systematic literature scan on studies on the use and safety of maternal-fetal
surgical procedures for the selected conditions, with a synthesis of:

a.

TR thO A0 O

Operational definition of fetal diagnoses

Type of procedure

Maternal inclusion criteria

Training of providers of specialized expertise and equipment in the study hospital(s)
Study design or size/country or setting

Comparator used (if any)

Length of followup

Outcomes measured for both fetus and mother

Adverse events /harms/safety issues reported for both fetus and mother

We systematically searched, reviewed, and summarized the scientific evidence for each key
question and any subsidiary questions.

A context section describing centers offering in utero procedures, training for such
procedures, and access to care, and ethical issues surrounding maternal-fetal medicine is
available in Appendix F. The state of the science sections for each condition, presented here,
provide an overview of research in each area, including discussion of study designs, reporting of
inclusion criteria, composition of comparison groups, and presence or absence of consideration
of specific outcomes deemed important by the report team and expert consultants.



Methods

Overview

This brief combined standard systematic review approaches with Internet searches and key
informant discussions.

Search Strategy

Search of the literature. We began our scan of the literature with a broad, general search query
including key Medical Subject Heading (MeSH) terms and keywords related to fetal surgical
procedures. The variability in subject term indexing among the retrieved citations in PubMed led
to the development of additional search strategies to increase the comprehensiveness of our
search retrieval.

From the combined retrieval of each of these search sets, we excluded publications that lay
beyond the scope of the technical brief (letters, comments, editorials, reviews, news, practice
guidelines), focusing on retaining items comprising primary data (case reports, prospective and
retrospective studies).

We searched the Internet extensively to identify locations in the United States offering
maternal-fetal surgical procedures; we also searched for insurance policies related to fetal
interventions for a selected set of insurers. Searches were conducted across a number of fetal
medicine-related Web sites as well as commercial databases including LexisNexis and ProQuest.
We searched databases including Clinicaltrials.gov to identify current research. Appendix A
includes further information about our search strategies and results.

Eligibility Criteria

Our inclusion/exclusion criteria for the research literature are shown in Table 1. All titles and
abstracts identified through searches against our inclusion/exclusion criteria were reviewed by at
least two investigators. When differences between the reviewers arose, we erred on the side of
inclusion. For studies without adequate information to make the determination, we retrieved the
full-text articles and reviewed them against the inclusion/exclusion criteria.



Table 1. Inclusion/exclusion criteria

Category Criteria

Study population Women and their fetuses with documented abnormalities on
ultrasound that would require surgical correction

Publication languages English only

Admissible evidence (study design Admissible designs

and other criteria) Randomized controlled trials, cohorts with comparison, case-control

and case series with n = 2

Other criteria

e Original research studies that provide sufficient detail regarding
methods and results to enable use and adjustment of the data
and results

e  Studies must address one or more of the following for fetal
procedures:
- Treatment modality
- Current medical practice of training
- Short- and long-term outcomes, including maternal morbidity

and mortality

We collected data from the studies to provide an overview of the status of research in the
field by collecting the following information:
e Study design, country, and setting
Research methods
Type of procedure
Fetal and maternal inclusion criteria
Training of providers/specialized expertise and equipment in the study hospital
Comparator used in comparative studies
Length of followup
Fetal and maternal outcomes measured
Adverse events/harms/safety issues

Expert Panel Discussions

We consulted with experts selected because of their expertise in the following areas:
expertise in each of the conditions of interest, those who could offer historical perspective on
maternal-fetal surgical procedures, and individuals who had a particular subspecialty expertise,
such as ethics. These three panels included a total of 17 experts with whom we held
conversations via phone, lasting from 20 to 45 minutes. The conversations were unstructured and
intended to elicit context and background related in particular to current practice of maternal-
fetal surgery.

Describing the State of the Science

In text and tables through the report, we aimed to use counts to effectively describe the status
of the available science on maternal-fetal surgical intervention. When possible, studies that
include common participants from a single site are grouped together, and groupings are
indicated. We recognize that duplications of individual mother-baby pairs nonetheless occur in
the total counts. The total number of cases studied is certain to be lower than totals in tables



reflect. Our tables provide information that exceeds that in the text, and taken together within a
section, they are the best source of a single view of the quality and strength of the evidence by
topic.



Results

State of the Science

We present an overview of the state of the science for each of the seven conditions that are
the focus of this report. As possible, we have attempted to either combine related publications in
the citations or call the reader’s attention to overlap. Total numbers of participants in text and
tables overestimates the number of pregnancies because not all duplicate inclusions, especially
those from registries and databases, can be deciphered from the information in the publications.
Table 2 presents summary information for the studies included in this brief. Five studies were
reported in the 1980s, 37 in the 1990s, and 121 since 2000.

Table 2. Overview of maternal-fetal surgical procedures literature
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Study Populations (n=9) (n=21) | (n=11) | (n=25) (n=5) (n=11) (n=84) | (n=166)
u.s. 6 1 11 14 4 6 21 74
European 2 9 0 4 1 3 49 68
Asian 0 0 0 2 0 1 5 8
Other 1 0 0 5 0 1 9 16
Study Type
Case series 9 12 4 14 1 3 73 116
Retrospective cohort 0 5 6 8 4 7 6 36
Prospective cohort 0 3 1 3 0 1 3 11
Randomized clinical trial 0 1 0 0 0 0 2 3
Approaches Assessed*
Hysterotomy 1 8 9 3 3 3 4 31
Laparoscopic 0 12 2 0 1 2 7 24
Percutaneous 9 7 0 24 5 9 491 103
Last Infant Outcome Assessment
Birth 6 3 1 9 2 4 22 47
< 6 months 1 9 2 2 0 2 19 35
> 6 to < 12 months 0 1 4 1 0 1 1 8
> 12 months 2 8 4 11 3 4 19 51
Unknown 0 0 0 2 0 0 23 25
Total Pregnancies:” 90 503 262 450 130 414 2532 4381

BPS=bronchopulmonary sequestration; CCAM=Congenital Cystic Adenomatoid Malformation
*Total is greater than number of studies, some publications report more than one approach. “Minus duplication reported by
authors. TSurgical approach is not clearly reported, therefore totals to less than 84 studies.

State of the Science: Cardiac Malformations

Background. In utero interventions are being performed for cardiac conditions including:
Pulmonary atresia with intact ventricular septum (very narrow pulmonary valve without a
connection between the right and left ventricles), critical aortic stenosis with impending
hypoplastic left heart syndrome (HLHS) (very small, nonfunctional left ventricle, hypothesized
by some investigators to be from underuse secondary to a severely narrow aortic valve), and



hypoplastic left heart syndrome with intact atrial septum (no connection between the left and
right atrium). All of these conditions, if untreated either in utero or soon after birth, are lethal.

Critical pulmonary stenosis or atresia with intact ventricular septum. These anomalies
portend a poor prognosis. A prospective prevalence study in Canada showed that overall survival
was 77 percent at one month and 58 percent at 15 years.' Fetal intervention to relieve the stenosis
and allow for ventricular growth could theoretically increase the number of patients who
ultimately end up with a biventricular repair. There is some debate as to whether this is an
adequate measure of success since the right ventricle in a two-ventricle repair still has abnormal
diastolic dysfunction and may not lead to increased exercise capacity.” However, these studies
were performed in patients who had not undergone in utero repair. It is possible that if the
stenosis is relieved early enough in gestation that there may be adequate time before delivery for
growth of the right ventricle. In fetuses with impending hydrops, in utero valvuloplasty could
reverse the condition and prevent hydrops and death.

Included publications. We identified two published reports®* of in utero fetal pulmonary balloon
valvuloplasty in fetuses with pulmonary atresia of intact ventricular septum meeting our
inclusion criteria (Table 3). Tulzer’s case series® describes two patients who underwent in utero
pulmonary balloon valvuloplasty at a specialty center in Europe. One fetus was diagnosed at 28
weeks and the other at 30 weeks gestation; both had imminent hydrops, which was not defined in
the paper. Both fetuses showed successful valve perforations and immediate improvement in
right ventricular function. Both fetuses sustained spontaneously resolving pericardial effusions.

No maternal selection criteria were noted. General maternal anesthesia was used in one case,
and local maternal anesthesia was used in the second case. There was no additional fetal
anesthesia used in the case with general maternal anesthesia. In the case with local maternal
anesthesia, the fetus was given fentanyl, pancuronium, and atropine through the intrahepatic
vein.



Table 3. Summary of case series of maternal-fetal surgical procedures for cardiac malformations

Maternal

With fetal Fetal inclusion inclusion Outcomes beyond
Author procedure, criteria criteria Comparison neonatal hospital
Year N* provided? provided? group stay?
Pulmonary atresia and intact ventricular septum
Mizrahi-
Arnaud et al.* 8 No No None No
2007
Tulzer et al.®
2002 2 Yes No None Yes
Aortic stenosis with developing hypoplastic left heart syndrome (HLHS)
McElhinney et
al.5® 2009 70 Yes No Yes Yes
Mizrahi-
Arnaud et al.* 50 No No No Yes
2007
Wilkins-Haug
etal’ 2006 22 Yes No No No
Marshall et
al.8 2005 26 No No No Yes
Tworetzky et Yes
al.’ 2004 14 No No No (30 mos)
Kohl et al.™
2000* 12 No No No Yes
Maxwell et
al 1991 2 No No No Yes
Intact atrial septum studies
Marshall et
al.2004" 19 Yes No No No
2008"
Mizrahi-
Arnaud et al. 20 Yes No No No
2007

*These totals represent an unknown number of duplicated cases; estimated total of unique cases is 93.

Both fetuses developed restenosis of the valve which prompted delivery, one at 38 weeks + 2
daysand the other at 35 weeks + 3 days. Both required postnatal balloon pulmonary
valvuloplasty and systemic-to-pulmonary shunt. They were both reported to have biventricular
circulation at 18 and 12 months of life.

Mizrahi-Arnaud’s publication®® regarding experience with fetal hemodynamic instability in
83 fetuses undergoing 3 different fetal cardiac surgeries included 8 patients with pulmonary
atresia with evolving hypoplastic right heart syndrome (HRHS). Six of the eight fetuses
experienced major fetal hemodynamic instability (defined as fetal heart rate <110 min™ for >30
min with ventricular dysfunction of the dominant ventricle requiring resuscitation). There was no
information provided on fetal inclusion criteria or survival of procedure, to birth, or beyond.

Critical aortic stenosis. Severe aortic stenosis, a very narrow aortic valve that develops early
during gestation, may result in HLHS. In utero aortic balloon valvuloplasty has been suggested
as a way to relieve aortic stenosis, thus preserving left ventricular growth and halting progression
to HLHS.

The first described attempt at in utero balloon aortic valvuloplasty was reported by Maxwell
in London in 1991. The same group reported the first survivor in a case report in 1995.* Since
then, there have been scattered attempts at this procedure around the world, but the most



abundant work has been performed by the fetal surgery team at Children’s Hospital Boston,
Massachusetts.

Included publications. For this technical brief, we identified eight publications.*!' The fetal
surgery team at Children’s Hospital Boston has published several papers about its experience
with a series of patients undergoing balloon dilation for severe aortic stenosis, some with
additional participants and others with followup of the same participants. There is one
publication from the United Kingdom'' and one publication that pools data from six international
centers,'’ including the aforementioned site in the United Kingdom. Two centers in Germany,
two in Brazil, and an additional one in the United States (Pennsylvania) perform the procedures.

All publications are prospective case series that took place between 1989 and 2010. An
estimated total of 90 fetuses underwent in utero balloon aortic valvuloplasty (the literature
includes reports of 154 with some level of duplication). Seventy patients are from Boston.
Technical successes have improved over time and appear to be related to center and team
experience. In 2000, Kohl™ reported on 12 cases in 6 different centers in Europe, Brazil, and the
United States (the first 2 reported cases were also published separately by Maxwell in 1991).
Technical success was achieved in 7 of 12 (58 percent), but 4 of 7 (57 percent) of those fetuses
died within 24 hours of the procedure. By 2009, McElhinney” was reporting technical success in
52 of 70 (74 percent) cases with 5 of 50 (10 percent) of the technical successes resulting in fetal
loss or stillbirth. Of the technical successes, 15 of 45 with live birth (33 percent) were born with
a biventricular circulation, and 28 of 4,514 (62 percent) were born with HLHS. Of the 18 (26
percent) who had technical failures, 14 survived to birth, and all were born with HLHS. When
the numbers of fetal deaths are included (excluding terminations for any reason), the rate of loss
was 9 of 68 (13 percent) in those who underwent a procedure, whether successful or not, and 3 of
14 participants who declined procedures had neonatal deaths (21 percent). It is difficult to
determine whether the procedure changes long-term outcomes, since it appears to increase risk of
fetal loss but potentially prevent neonatal deaths

Table 4. Primary outcomes of maternal-fetal surgical procedures for cardiac malformations
Author, Year,

Key outcomes

Country
Pulmonary atresia with intact ventricular septum
Mizrahi-Arnaud et « Focuses on fetal hemodynamic instability (FHI), defined as fetal heart rate <110 min™
al.* 2007* for 230 min with ventricular dysfunction of dominant ventricle. Major FHI if required
u.s. resuscitation. Minor FHI if no intervention required
e 6 of 8 (75%) had major FHI. More likely in younger fetuses (p=0.03) and those with
hemopericardium (p=0.07)
¢ No fetal outcomes regarding procedure success, survival to birth or neonatal survival
are available
Tulzer et al.” 2002 ¢ 2 fetuses with imminent hydrops (undefined) had valvuloplasty
Austria o 35 weeks and 38 weeks at birth; follow up at 12 and 18 months




Table 4. Primary outcomes of maternal-fetal surgical procedures for cardiac malformations

(continued)

Author, Year,
Country

Key outcomes

Aortic stenosis with developing HLHS

McElhinney et al.”®
2009

¢ 59 of 70 (84%) with attempted procedures survived to viability at birth

¢ 15 of 50 (30%) with successful procedures had biventricular circulation at birth

¢ Of those without biventricular circulation at birth (n=30), 2 died without intervention, 1
had heart transplant and died, 3 died after neonatal procedures; 2 achieved
biventricular circulation via surgeries in childhood.

¢ Prenatal aortic valvuloplasty does not reverse abnormally low cerebrovascular
impendence observed in studies of cerebral blood flow in fetuses with HLHS.

Mizrahi-Arnaud et
al.* 2007+
uU.sS.

¢ No differentiation in outcomes between pulmonary valvuloplasty and aortic
valvuloplasty so many outcomes are overall for both

e 45% had major FHI

¢ More likely in younger fetuses (p=0.03) and those with hemopericardium (p=0.07)

¢ No fetal outcomes regarding procedure success, survival to birth or neonatal survival
available

Wilkins-Haug et al.”
2006*

¢ Only assessed factors affecting technical success
e Descriptive series 22 fetuses

u.s.

Marshall et al.® o 14 of 26 (54%) performed percutaneously
2005* e 22 cases laparotomies

u.s.

e 20 of 26 technically successful. Neither gestational age nor annulus size associated
with technical success

Tworetzky et al.”
2004*
u.S.

e Technical success in 14 of 20

e 2 of 14 in utero demise

e 3 of 14 (21%) born with 2 functioning ventricles, 2 required procedures in first week of
life

e 6 of 14 had HLHS; of the technical failures, 1 of 6 terminated, 3 of 6 HLHS, 2 of 6 fetal
demise

Kohl et al.™ 2000
Europe, Brazil, U.S.

12 fetuses in 6 different centers in Europe, Brazil, U.S.

5 technical failures; 1 of 5 (20%) of these survived long-term

1 of 7 (14%) who survived prenatal intervention survived long-term

Four fetuses died within 24 hours after procedure from bleeding, bradycardia and
valvotomy following emergency delivery; two cesarean sections and one
chorioamnionitis

Maxwell et al.™*
1991
U.K.

o 2 fetuses with critical aortic stenosis. One fetal demise within 24 hours of technically
unsuccessful procedure

¢ One neonatal death from heart failure after one technically unsuccessful attempt and
one successful attempt

Hypoplastic left heart with intact atrial septum

Marshall et al.™®
2008*
U.S.

19 of 21 successful atrial septoplasty (excluded hydropic fetuses)

Fetal bradycardia, pericardial effusion, or pleural effusion in 8 of 21 (38%)
12 of 19 required urgent intervention at birth

7 of 19 underwent routine stage | postnatal surgery

Overall survival including two fetal demises 11 of 21 (58%)

Mizrahi-Arnaud et
al.* 2007+
U.S.

Focuses on fetal hemodynamic instability defined as fetal heart rate <110
min™ for 230 min with ventricular dysfunction of dominant ventricle

* No major (requiring resuscitation) fetal hemodynamic instability from septoplasty;

Minor FHI (no intervention required) occurred in 1 patient

FHI = fetal hemodynamic instability; HLHS=hypoplastic left heart syndrome

*QOverlapping populations

Three successive papers were published by the same group, each focusing on different
aspects related to the procedure: technical characteristics of successful balloon dilation,®

examination of factors affecting technical success, and fetal hemodynamic instability during
intervention. In all, they performed at least 50 attempts at in utero aortic valvuloplasty. Because
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each of these subsequent studies has an independent focus, some during a very narrow time
period, it is impossible to tell the overall success rate, survival to birth, and cardiac function and
need for surgery postnatally. None of these publications focus on long-term outcomes, so it is
difficult to determine whether there is an increase in biventricular function, and even whether
any biventricular function is clinically superior to a univentricular circulation. There is also no
published data discussing long-term survival and neurologic outcomes of these patients.

It does appear clear that technical success improves over time within a dedicated team and
center. The group in Boston improved their success rate from 25 percent to 90 percent® over a
period of several years. All procedures were performed percutaneously except for 12
laparotomies for failed percutaneous attempts (due to fetal positioning and maternal habitus).
This is the only information available regarding maternal inclusion criteria, and there is limited
information on maternal outcomes.

Hypoplastic left heart syndrome and intact atrial septum. The Centers for Disease Control
and Prevention (CDC) estimates that each year about 975 babies in the United States are born
with HLHS."”"° In other words, each year about 2 out of every 10,000 babies born will be born
with HLHS. Given the high mortality of infants with HLHS and intact atrial septum, considered
to be due to the pulmonary vasculopathy that develops before birth, in utero atrial septostomy
has been performed in an attempt to improve postnatal survival. The first report of a balloon
atrial septoplasty was in 2004. There is also a single case report using a laser to perform atrial
septoplasty.'” In two cases of balloon septoplasty, teams were unable to achieve technical
success due to inability to reach the fetal left atrium.'’

Included publications. We identified four publications reporting on the creation in utero of an
atrial septal defect (ASD). Of these, three met criteria for inclusion.* '*"* The fourth paper is the
only published report using a laser to perform atrial septoplasty on a fetus but was excluded from
evaluation since it was a single case report.'® The first report of in utero creation of an ASD was
published in 2004 by a large academic center that specializes in fetal cardiac surgery.'” All
publications included were case series from this group and represent one distinct population with
additional participants in each subsequent publication for a total of 24 patients between 2001 and
2007." There are no reports of this procedure being performed outside the United States.

Patients were consecutive fetuses diagnosed via fetal echocardiogram with HLHS and either
an intact atrial septum or a < Imm ASD. Three patients had hydrops fetalis and were excluded
from evaluation in the more recent publication. The fetuses were between 23 and 34 weeks
gestation at time of intervention. The atrial septum was approached from the right in all but two
of the cases.

Technical success was defined by documentation of passage and inflation of the balloon
catheter across the atrial septum and echocardiographic flow across a new septal defect.*® There
was technical success in at least 19 of 21 cases (90 percent).}**3 At least two of the three
hydropic cases were a technical success. The two technical failures were because the introducer
could not reach the fetal left atrium due to a combination of introducer length, maternal habitus,
and fetal position.*®

Fetal complications occurred in 8 of 21 cases (38 percent) and included bradycardia,
pericardial effusion, or pleural effusion. Complications occurred in five of nine cases (56
percent) with a larger cannula compared to three of 11 cases (27 percent, p=0.36) with a smaller
cannula. Two fetuses, both which developed hemopericardium, died within 24 hours of the
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procedure.’® At least one was hydropic. Another hydropic fetus died after delivery at 34 weeks
due to respiratory compromise. All 19 underwent a stage | procedure, and overall surgical
survival was 11 of 19 (58 percent). Of the non-hydropic fetuses, 12 of 19 (63 percent) required
an urgent left atrial decompression and surgical survival was 5 of 12 (42 percent) compared to 5
of 7 (86 percent) in patients who underwent a routine stage | procedure.

No maternal selection criteria were provided. The average length of hospitalization was 2.4 £
1 days.’*™® One woman developed preintervention mirror syndrome (a form of severe
preeclampsia) and postoperatively developed an oxygen requirement, which resolved with
diuresis, and cellulitis. No maternal deaths or blood transfusion were reported. There is no report
of long-term maternal outcomes.

HLHS with intact atrial septum has a poor prognosis, despite the availability of aggressive
postnatal surgical options. The attempts to improve the outcomes by creating an adequate atrial
septum in utero to allow for a routine stage | palliation have met with technical success.
However, the mortality remains high, and there are no randomized controlled trials available to
adequately compare the outcomes in patients treated prenatally with those treated postnatally,
especially regarding need for definitive postnatal surgical repair. There is no data available on
long-term neurologic outcomes.

Summary of fetal cardiac intervention literature. The procedures for severe fetal cardiac
anomalies are in developmental stages. As is the history in most areas of new surgical
interventions, preliminary work is based in a few highly specialized centers which are laying the
groundwork for better understanding the feasibility and subsequent directions for outcomes
research in this area. Key informants in our process identified as the most pressing challenge in
this area the ability to identify the “right” patient whose care would be compromised by waiting
to do a postnatal repair. They stressed the need for more work in developing tools for patient
selection in this area. Future research should also include better controlled observational studies
and investigate animal and other models to assist in the evaluation of fetal cardiac intervention.

State of the Science: Congenital Diaphragmatic Hernia

Congenital diaphragmatic hernia (CDH) results from abnormal development of the
diaphragm which allows abdominal organs like the bowel, the stomach, and the liver to protrude
into the chest cavity. CDH is an important, relatively common congenital malformation, with
incidence in the United States of approximately one in every 2,500 births.**?® Fetuses diagnosed
in utero as a result of maternal symptoms have mortality risk approaching 75 percent in some
older reviews. One of the paradoxes of diaphragmatic hernia care is a trend toward improved
outcome of fetuses not diagnosed before birth. This may reflect the fact that less severe lesions,
without the findings of liver in the chest, stomach in the chest, or increased amniotic fluid
volume are less likely to be detected by routine ultrasound.

Less invasive fetal procedures have more recently focused on methods to accomplish tracheal
occlusion. Occluding the trachea of a fetus results in buildup of lung secretions in the pulmonary
tree, gradually distending the lungs as well as triggering complex changes in maturation,
including DNA synthesis, epithelial and endothelial proliferation, increased phospholipid
metabolism, and surfactant synthesis. The growing lungs push the bowel and abdominal contents
out of the chest cavity to an extent and promote improved lung growth.
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Included publications. Our search for reports of fetal interventions for congenital diaphragmatic

hernia identified 25 publications*' ™

with 21 unduplicated populations.

These 21 studies included data from 10 U.S. sites, 9 European, 3 multinational, and 5 from
other countries. The Harrison group at the University of California, San Francisco is responsible
for the largest number of papers that met criteria for this review, with seven of the publications
reflecting their institution and approaches. Of the 21 reports summarized here, 1 is a randomized
clinical trial with 3 publications;“***® 3 are prospective cohort studies;*>** 5 are retrospective

.22,35,37,41,43

cohorts; and the balance are case series (Table 5).

Table 5. Summary of maternal-fetal surgical procedures for congenital diaphragmatic hernia

Tracheal Outcome
occlusion Fetal Maternal beyond
Author cases Other infants inclusion inclusion Comparison neonatal
Year N N criteria? criteria? group hospital stay?
Randomized clinical trials
Cortes et
4455 : o ves el e
2005 P
Total 11 13 lofl lofl lofl lofl
Prospective cohorts
Cannie et No fetal
al.%® 40 18 Yes No procedure No
13 (open Open
Harrison et repair) repair; No
al.** 1998 8 13 (no Yes Yes no fetal (unclear)
procedure) procedure
4 (open Open
Harrison et repair) repair; Yes
al.”® 1997 0 7 (no ves No No fetal (24 mos)
procedure) procedure
Total 48 17, 38 30f3 1of3 23 0f 3 20f3
Retrospective cohorts
Slqgla et 31 55 (no Yes No No fetal No
al. procedure) procedure
Saura et No fetal Yes
al.*! 2007 13 6 ves No procedure (6 mos)
Jani et No fetal
al.* 2005 24 37 Yes No procedure No
Deprest et No fetal
al.? 2004 21 7 Yes No procedure No
Keller et No fetal
al.*” 2003 16 40 ves ves procedure No
Total 105 155 50f5 1of5 50f5 lof5
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Table 5. Summary of maternal-fetal surgical procedures for congenital diaphragmatic hernia
(continued)

Tracheal
occlusion Fetal Maternal

Author cases Other infants inclusion inclusion Comparison Outcome beyond neonatal
Year N N criteria? criteria? group hospital stay?
Prospective case series
iﬁ?& 3506 28 NA Yes No NA No
gl(_)sglze(t)% 8 NA Yes Yes NA No

Total 36 NA 20f2 1of2 NA 0of2
Retrospective case series
zfﬂozgtog 18 NA Yes No NA No
zl'j:'{(?gggé 30 NA Yes No NA No
Hee-
rema et 17 NA No No NA No
al.* 2003
Harri§70r3'12
etal.”” Yes
1996, 19 NA Yes Yes NA (40 mos)
2003
Harrison v
etal?® 2 NA Yes No NA 18 es
2001 (18 mos)
Flaes!
al.”™ Yes
2000, 15 NA Yes Yes NA (24-48 mos)
2009
g'_??i;;s 11 NA Yes No NA ( 45;( %SOS)
Hubbard
etal® 3 NA No No NA No
1997
Harrison N
etal.® 14 NA Yes No NA g h°
1993 (discharge)
Harrison
etal.® 6 NA Yes No NA No
1990

Total 135 NA 8 of 10 30f 10 NA 4 of 10

The 2003 randomized trial compared fetal tracheal occlusion to intervention at birth.* Entry
criteria for the trial included a lung-to-head measurement ratio (LHR) of less than 1.4, which in
historical cohorts had resulted in a survival rate of less than 40 percent. Participants were
randomized into strata of severity as indicated by this ratio. The endoscopic procedure was
successfully carried out in 11 fetuses, two with a tracheal clip procedure and nine with an intra
tracheal balloon procedure. The study was stopped after 24 participants because the findings
revealed similar survival rates to 90 days of life: 73 percent for tracheal occlusion recipients and
77 percent for the group that did not receive fetal intervention, with no anticipation that
continued study would be able to confirm statistically meaningful differences in outcomes in an
acceptable timeframe. Infants in the treated group were delivered at a mean gestational age of
30.8 compared to a mean of 37.0 in the standard care group. Survival was significantly greater
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regardless of treatment group in infants with LHR >0.90. Consequently subsequent studies have
focused on fetuses with LHR <1.0 predicting worse survival.

The fetal surgery trial group had higher rates of prematurity and lower birth weights. Follow-
up of those infants has revealed more than half of both those with and without fetal treatment
have growth failure and neurodevelopment status is not significantly different (Table 6). This
study highlighted the importance of having a concomitant control group as the survival for CDH
with postnatal repair had also improved over time from the predicted 38 percent, to 77 percent.

Table 6. Primary outcomes of maternal-fetal surgical procedures for congenital diaphragmatic

hernia
Author, Year, Comparison Key outcomes
Country groups (N)
Randomized trial
Cortes et al.”***  G1: balloon tracheal e Lung-to-head ratios <1.4 enrolled between 22 and 27 weeks’
2005 occlusion (11) gestation
u.s. G2: no fetal ¢ 8 of 11 (73%) occlusion recipients survived beyond 90 days

procedure (13)

¢ 10 of 13 (77%) without fetal surgery survived

e Infants with occlusion were more likely to be born preterm

¢ Growth failure (<2 SDs below mean) occurred in 56% of controls
and 86% of infants who had occlusion

¢ No neurodevelopmental differences at 1 or 2 years of age between
groups

Prospective cohorts

Cannie et al.”

G1: balloon tracheal
occlusion (40)

G2: no fetal
procedure (18)

¢ No data about fetal deaths; does not include infants born before 32
weeks

¢ Fetuses with balloon occlusion had increase in lung volume in
utero relative to untreated

e Earlier balloon occlusion (<29 weeks) was associated with greater
increase in lung volume

¢ In multivariate models endoscopic occlusion was an independent
predictor of survival

Harrison et al.**
1998
U.S.

G1: open tracheal
occlusion (13)
G2: fetoscopic
occlusion (8)

G3: no fetal
procedure (13)

o All fetuses with isolated left CDH and poor prognosis
e 2 of 13 with open surgery survived to discharge

¢ 7 of 8 (88%) endoscopic occlusion recipients survived
¢ 5 of 13 (38%) without fetal surgery survived

¢ Endoscopic approach superior

Harrison et al.”
1997
U.S.

G1: open repair (4)
G2: no fetal
procedure (7)

¢ Repair at 25 weeks

¢ 3 of 4 (75%) with in utero repair survived

¢ 6 of 7 (86%) without fetal surgery survived

¢ Fetal surgery was associated with preterm birth: mean gestational
age attained: 32 weeks for surgery; 38 weeks for no fetal surgery

Retrospective cohorts

Sinha et al.”
2009
U.K.

G1: balloon tracheal
occlusion (31)

G3: no fetal procedure
(55)

e Balloon occlusion for fetuses with ratio < 1.0

¢ Analysis includes only liveborn infants

¢ 16 of 31 (52%) with in utero repair survived neonatal course

¢ 35 of 55 (64%) without fetal surgery survived

¢ Lung-to-head ratio and best oxygenation index on first day of life
were correlated with oxygenation status best predictor of survival

Saura et al.™®
2007
Spain

G1: balloon tracheal
occlusion (13)
G2: no fetal procedure

(6)

¢ Balloon occlusion done for fetuses with ratio <1.1

e Comparison group: 3 with ratio >1.4 and 3 without antenatal
diagnosis

¢ 8 of 13 (61%) with occlusion survived

¢ 5 of 6 (83%) with good prognosis or no antenatal diagnosis
survived
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Table 6. Primary outcomes of maternal-fetal surgical procedures for congenital diaphragmatic
hernia (continued)

Author, Year,

Comparison

Key outcomes

Country groups (N)

Jani et al.® G1: balloon tracheal e 12 of 24 (50%) with occlusion survived to 28 days of life

2005 occlusion (24) e The no fetal surgery group included 5 decisions for termination
Belgium G2: no fetal procedure  « 3 of 32 (9%) without fetal surgery survived

37

e Fetal surgery reduced gestational age at birth with mean of 33
weeks

Deprest et al.”
2004

G1: balloon tracheal
occlusion (21)

¢ Median gestational age at balloon placement: 26 weeks
¢ 10 of 21 (48%) with occlusion survived

Belgium G2: no fetal procedure 11 of 12 (92%) without fetal surgery survived
(17) « 5 cases ended in pregnancy termination
Keller et al.*” G1: balloon tracheal « All fetuses with isolated left CDH and liver herniation and no other
2003 occlusion (16) anomalies
u.s. G2: no fetal procedure e 11 of 16 (69%) with occlusion survived to discharge

(40) e 17 of 40 (43%) of those without fetal surgery survived
e Calculation of lung-to-head ratio in CDH is a strong predictor of
survival; above ratios of 1.0 risk of death plateaus

CDH=congenital diaphragmatic hernia; SD=standard deviation

Among the cohort studies of tracheal occlusion, survival ranged from 48 percent to 75
percent among treated fetuses and 8 percent to 65 percent among the untreated (Table 6), with
the high end likely reflecting less severe disease. The sole well-documented exception to these
ranges was the note that a favorable prognosis, as gauged by higher LHR (>1.1), had an 83
percent survival among the untreated.*! In that cohort there were no treated fetuses who did not
have a ratio of less than 1, meaning they were all in the poor prognosis group.

Case series reflect the evolution of methods for treatment with consistent movement toward
the improved outcomes observed in the cohorts and trials. In an initial report of eight fetuses
using tracheal occlusion there was one survivor.?’ The first attempt was done using a foam plug
to occlude the trachea in two fetuses which caused tracheomalacia in the first and did not create
enough of a seal in the second to prevent hypoplasia.?’ In the same report, six subsequent fetuses
were treated with a tracheal clip, all six delivered prematurely, and all died from complications
of their disease or prematurity or a combination. Another series of 15 open procedures had 5
survivors, and studies of lung specimens suggested fetal lung growth increased but was not
uniformly associated with normal tissue structure.?**? Subsequent patient series added further
experience that lead up to the trial.?

A number of recent case series reports from Europe and the United States have been
published. Endoscopic placement of a specialized balloon originally designed for vascular
embolization was reported in 18 of 21 unique publications. Occlusions in Europe are now often
performed by obstetric groups with expertise in endoscopic treatment using a new generation of
detachable balloons.********> Qutcomes continue to trend toward favorable survival rates and
lower risk of prematurity.

This literature has been focused primarily on short-term outcomes since congenital
diaphragmatic hernia has such a high mortality. Long-term infant and maternal outcomes have
been evaluated in few studies, with the longest followup of infant outcomes being between 24
months #?° and 48 months.?*%*?” |ong-term maternal outcomes were addressed carefully in the
early U.S. series, and future maternal fertility was documented in one series.** For CDH, it is
important to look at later outcomes since there is a significant postneonatal mortality reported in
those groups that continue to follow their cohort.
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All but one study provided good documentation of fetal inclusion criteria; only nine
adequately described maternal inclusion criteria. The majority of studies did a thorough job of
describing surgical approach. Though endoscopic devices are used, most of the procedures were
done with a maternal laparotomy incision, often described as a minilaparotomy, prior to
placement of trocars through the uterus. Open repairs were the primary use of full hysterotomy in
4 studies, and 6 of 21 papers described completely transcutaneous approaches. Use of both
general and epidural anesthesia was common; some teams added fetal anesthesia and described
their approach in publications; seven studies did not address anesthesia. A subset did not address
details of the intraoperative and postoperative monitoring of mother and fetus; those that did
were comprehensive and helpful in fully understanding the evolving standard of care. Outcomes
assessed reflect lack of attention to longer term outcomes and maternal risks (Table 17).

Many questions remain including: What diagnostic approaches best predict prognosis?
Which fetuses would benefit from treatment? When in gestation should the occlusive device be
placed, and when in the gestation should the occlusive device be removed? The FETO Task
group in Europe is using as a control group a multicenter study of 86 fetuses with left-sided CDH
and liver herniation, which were managed expectantly and were live born after 30 weeks of
gestation. In the control group, the survival rate increased from zero percent for those with LHR
of 0.4 to 0.7 to about 15 percent for LHR of 0.8 to 0.9, 65 percent for LHR of 1.0 to 1.5, and 83
percent for LHR of 1.6 or more.*® This European series, which continues to add participants, has
an 11 percent survival for LHR <1 and can serve as an ongoing reference point for expectations
among untreated poor prognosis pregnancies in Europe as it is not possible to directly compare
outcomes between Europe and the United States, given the difficulty in reconciling different
postnatal survival rates.*” In the United States, multiple centers are working on device
development or approval processes for an improved balloon to be used for tracheal occlusion.

Summary of congenital diaphragmatic hernia literature. Case reports comprise the bulk of
the CDH literature and reflect movement toward improved outcomes for infants with CDH. The
single randomized trial of in utero CDH therapy located for this review similarly reflects
improved survival rates for fetuses treated with tracheal occlusion and infants treated at birth.
Long-term outcomes, however, are not well reported, and significant questions about fetal
treatment for CDH remain.

State of the Science: Myelomeningocele/Spina Bifida

Background. Myelomeningocele (MMC) is a congenital malformation in which the meninges
and spinal cord protrude through a defect in the vertebral arches, muscle, and skin. It is the most
commonly observed malformation of the central nervous system, affecting more than 1,000
fetuses in the United States annually.*” MMC is the most common form of spina bifida, and
although it is rarely fatal, individuals affected with it have a range of disabilities, including
paraplegia, hydrocephalus, skeletal deformities, bowel and bladder incontinence, and cognitive
impairment.

The standard treatment has been to close the defect postnatally, and shunting for
hydrocephalus is common.
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Table 7. Summary of studies of maternal-fetal surgical procedures for myelomeningocele (MMC)

Without Fetal Maternal
With fetal fetal inclusion inclusion Outcomes

Author procedure procedure criteria criteria Comparison beyond neonatal
Year N N provided? provided? group hospital stay?
Randomized clinical trials
None
Prospectiv?‘scohorts
Tubbs etal.™ No fetal Yes
92003 - 37 40 Yes No procedure (36 mos)
Bruner et al. No fetal Yes
1999 29 23 ves No procedure (6 mos)
Retrospective cohorts
Dasqzer et No fetal
al.> 2007 procedure and

22 16 No No age matched No

controls

Adelberg et No fetal
al.”? 200gS 14 39 Yes No procedure No
Hamdan et Other preterm
al.** 2004 37 74 No No infgnts No
Tulipan et No fetal Yes
al.>* 2003 104 189 Yes No procedure (>12 mos)
Bruner et al.™ 8 v N Endoscopic Yes
2000 B es ° surgery (12 mos)
Prospective case series
None
Retrospective case series
Wilson et
a.5¢-99.6061- 54 - Yes Yes NA ves
655007 (36 mos)
Bruner et
al.®*" 177 Yes No NA 3(;( es
2004 (36 mos)
Farmer et
al.’?™ 13 - Yes No NA 45Y es
2003 (45 mos)
Bruner et 4
al.” (endo- Yes No NA No
1999 scopic)
Grand 262 413 10 of 11 10f 11 8 of 11
total

(All patients represented in the total for retrospective cohorts except the Adelberg study are part of the series of patients totaled in
the case series.)

Animal research suggested that covering the defect early on could potentially result in better
lower extremity and bladder function. Myelomeningocele repair was the first in utero surgery
considered for a nonlethal malformation on the basis that its natural history was well known and
leads to lifelong disability in the absence of intervention. Furthermore, the defect can be
diagnosed prenatally in over 80 percent of cases by maternal serum alpha-fetoprotein and
ultrasound; MRI is used to detect specific anomalies and disease process.

The procedure was initially performed by Bruner and colleagues as a closed laparoscopic
covering of the spinal defect. The first case was reported in a letter, and a case series describing
four fetuses was published in 1999 (the surgeries were conducted between 1994 and 1997).”
Half of the fetuses survived, and both survivors required shunting. In a continuation of this work,
four fetuses were operated on using an open approach and compared to four done
endoscopically,™ and the open surgery showed improved outcomes, while the endoscopic
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approach had high mortality. The endoscopic approach has been abandoned, and therefore the
rest of this overview will focus on literature related to open surgery for MMC repair. Since 1997,
more than 200 fetuses with MMC have undergone open surgical repair in the United States.
Included publications. Our search identified 27 publications*™ ™ that provided outcomes of
surgery, two of which were on the use of endoscopic approach;>>’* these publications comprise
11 unique studies. These surgeries have taken place at four academic centers in the United
States, but to date have not been in the context of a randomized controlled study (RCT). All nine
analyses of open surgery are based on four series of patients, although varying study designs
were used to analyze the data. For that reason, there are duplicate patients represented in
different studies of publications as represented in Table 7. Where authors have presented serial
groups of overlapping patients as case series have grown, we focus our discussion on the most
complete set, but where there are subanalyses with specific comparisons, those are indicated.

Two studies, including overlapping patients from one center, had concurrent
comparisons.*®>° The first study analyzed the first 29 cases of open MMC repair at VVanderbilt
University Medical Center, and found significant reductions in the need for postnatal shunt
placement (51 percent versus 91 percent; p=0.01) and reduced hindbrain herniation (38 percent
versus 95 percent; p<0.001). However, the two prospective studies found greater rates of
oligohydramnios among those with in utero repair (48 percent versus 4 percent; p=0.001), lower
gestational ages in this group (33.2 weeks versus 37 weeks; p<0.001)*° and no difference in
lower extremity function.*®

Six retrospective cohort analyses were conducte representing three patient
populations. Of the five papers that included only open surgery, four used as their comparison
group infants who had undergone postnatal repair.***°2°* Again, substantially lower rates of
postnatal shunt placement were observed (58 percent versus 92 percent) as well as lower
incidence of hindbrain herniation (4 percent versus 50 percent).“® In a small series at one
institution based on 14 repairs, no differences in ventricular progression were observed between
the groups.>® Two of the academic centers with larger series combined their data and conducted
the largest retrospective analysis.>* Although results of in utero repair were apparently positive in
many of the prior studies, the question had been raised as to whether fetuses selected for in utero
repair were fundamentally different than others in features affecting the risk of hydrocephaly,
specifically lesion location. With this larger cohort, the investigators were able to stratify their
results on lesion location and found statistically significant reductions in shunting relating to
repairs of lumbar and sacral lesions, but not thoracic ones. They further observed an age effect
whereby there was no improvement in fetuses whose repairs occurred after 25 weeks’ gestation,
supporting the theory that early intervention is essential.>*

Case series in these sets of patients showed results generally in line with the comparative
studies described above, including rates of shunting about half those seen in postnatal repairs,
reversal of hindbrain herniation, and positive rates of cognitive language and personal skills after
3 years (67 percent).>*5"

d,49'51_55
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Table 8. Primary outcomes of maternal-fetal surgical procedures for MMC

Author, Comparison
Year, Key outcomes
Country groups, (N)
Danzer et G1: in utero repair e In utero repair was associated with increased normalization of the
al.®! 2007 G2: postnatal repair posterior fossa CSF spaces
VASH G3: age-matched non- ¢ Brain thickness was reduced in both pre- and postnatally repaired
MMC patients patients compared to age-matched comparators without MMC
Wilson et G1: in utero repair (58) e 94% of fetuses survived, with a mean age at delivery of 34 weeks,
al.>**® 2007 3 days
u.s. ¢ 100% demonstrated reversal of hindbrain herniation; 43% required
shunting
¢ Better than predicted leg function seen in 57% of thoracic and
lumbar patients
o At 2 years of age, 30 returned for neurodevelopmental testing
¢ 67% had cognitive language and personal skills in normal range,
20% had mild delays and 13% has significant delays
Adelberg et G1: in utero repair (14) ¢ Study intended to measure ventriculomegaly in utero compared to
al.%? 2005 G2: postnatal repair (39) that associated with postnatal repair
u.s. ¢ No difference in ventricular progression was observed
Bruner et G1: in utero repair (177) e 61/116 fetuses with 12 mos followup required shunt (54%)

5.66:67-68,70-71
2004

Strongest predictor of shunt requirement was upper level lesion,
followed by greater gestational age (>25 wks) and ventricular size

u.s. of >14mm
¢ Among the first 95 infants, no difference in gestational age at
delivery based on gestational age at repair (before or after 25
weeks)
¢ Among 9 patients, ultrasound pre- and post- in utero repair showed
reversal of preexisting hindbrain herniation
Hamdan et G1.: infants born e Rates of prematurity related complications (RDS, length of stay,
al.** 2004 prematurely post in utero IVH) were similar between infants born prematurely, post- in utero
us. repair surgery and others without MMC born prematurely
G2: infants born
prematurely without MMC
Farmer et G1: in utero repair ¢ 56% required shunt by one year compared to 90% in historical
al.’>32003 fetoscopic (3); open (10) controls at the site
us. ¢ 7 patients were examined for bladder function at 1 month

Urodynamic patterns were similar to patients in other studies
undergoing postnatal repair

Tubbs et al.*®

492003
u.s.

G1: in utero repair (37)
G2: postnatal repair (40)

No difference in lower extremity function between G1 and G2
Substantially lower incidence of hindbrain herniation among in
utero repair group compared to historical cohort of postnatal repair
(4% vs. 50%)*

Lower incidence of shunting in in utero repair group compared with
historical postnatal repair group (58% vs. 92%)49
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Table 8. Primary outcomes of surgical repair of MMC (continued)

Author, Year, Comparison
Country groups, (N) Key outcomes
Tulipan etal.®  G1: in utero repair (104) e Combined data from Vanderbilt Medical Center and Children’s
2003 G2: postnatal repair (189) Hospital of Philadelphia
U.S. e Statistically significant reductions in shunting at lumbar and
sacral lesion levels, but not for thoracic lesions
¢ No statistically significant differences in fetuses older than 25
weeks gestation
Bruner etal.”®  G1: endoscopic repair (4) ¢ 2 survivors in the endoscopic group compared to 4 in the open
2000 G2: open (4) surgery group
u.s. ¢ Both survivors in the endoscopic group required shunting
compared to 2 of 4 in the open surgery group
Bruner etal®®  G1:in utero repair (29) e First 29 cases of open surgery at Vanderbilt Medical Center
1999 G2: postnatal repair (23) e 51% of in utero cases required shunting compared to 91% of
u.s. postnatal repairs (p=.01)
e Reduced hindbrain herniation among in utero repairs (38% vs.
95%; p<.001)
e Greater oligohydramnios among in utero repairs (48% vs. 4%;
p=.001)
o Gestational age for in utero patients 33.2 vs. 37 for postnatal
repair patients (p<.001)
Bruner etal.”®  G1: endoscopic repair e 2 of 4 survived past 1 month after delivery
1999
U.S.

CSF=cerebrospinal fluid; I\VH=intraventricular hemorrhage; MMC=myelomeningocele; RDS=respiratory distress syndrome

However, the procedure itself is not benign, and as with any surgery, the risk of maternal
morbidity and mortality exists. Limited long-term data are available to assess maternal risks both
in the immediate postoperative period and related to longer term fertility and none available in
the studies that met inclusion criteria for this review. In addition, fetuses treated in utero
routinely deliver prematurely, and outcomes related to prematurity may be the greatest challenge
to evaluating the benefit of the surgical repair. Hamdan et al.> found that rates of prematurity-
related complications were no higher among infants born prematurely with MMC after in utero
repair compared to those without MMC also born prematurely, suggesting that the procedure is
not associated with worse side effects. Nonetheless, absent the in utero repair, patients with
MMC could very well have delivered at term. These reasons combined with concerns that past
study designs simply do not ensure comparable groups for analysis led the NIH to fund an RCT,
which is currently ongoing. Known as the MOMS trial, this study is taking place at three of the
centers whose work is represented in this section. The trial will enroll 200 mother-fetus pairs,
and at this time, there is a voluntary moratorium in the United States on conducting in utero
repair of MMC outside of the trial. Several of our key informants and experts in the literature”
suggested that this trial appropriately put a stop to a proliferation of centers doing in utero MMC
repair based on enthusiasm but inadequate evidence.

Summary of the MMC literature. As is the case with other in utero repairs, evidence about
MMC fetal surgical procedures from more rigorous studies is lacking; much of the MMC
literature located for this review comprised retrospective cohorts and case series. Long-term
followup of infants treated prenatally is limited, as are outcomes for mothers. No studies
included in this review addressed long-term maternal fertility outcomes. Overall trends from
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cohorts and case series include reduced shunting after fetal surgical repair of MMC and positive
rates of language development and personal skills after three years. The ongoing MOMS trial
should augment the MMC evidence base and help to inform families’ and clinicians’
decisionmaking.

Addendum. As this report was in press, results from the Management of Myelomeningocele
Study (MOMS) were published in the New England Journal of Medicine (February 9, 2011). The
study’s findings add to the body of literature on maternal-fetal surgical procedures for
myelomeningocele:

e The RCT reports results from 158 women participating between February 2003 and the
trial’s early termination based on evidence for the efficacy of prenatal surgery in
December 2010. Among these 158 participants, 78 were randomized to prenatal surgery
before 26 weeks gestation and 80 to postnatal repair after cesarean delivery at 37 weeks
(if undelivered).

e Primary outcomes included a composite of fetal or neonatal death or the need for
cerebrospinal fluid (CSF) shunt (placement or meeting criteria for placement) at 12
months of life and a composite score on the Mental Development Index of the Bayley
Scales of Infant Development 11 and motor function at 30 months.

e There were 2 deaths in each group (relative risk [RR], 95 percent confidence interval
[CI]: 1.03, 0.14 to 7.10). Overall, 68 percent of prenatal group infants and 98 percent of
postnatal group infants either died or required CSF shunt/met shunt criteria by 12 months
(RR, 95 percent Cl: 0.70, 0.58 to 0.84, p<0.001). Forty percent (n=31) of infants in the
prenatal group and 82 percent (n=66) in the postnatal group required shunt placement
(p<0.001).

e Composite scores on the Bayley Mental Development Index were significantly better in
the prenatal group compared with the postnatal group (p=0.007); motor function and
ability to walk without orthotics were also better in the prenatal group as were parent-
reported self-care and mobility.

e Prenatal surgery was associated with higher rates of preterm birth, intraoperative
complications, maternal transfusion, and uterine scarring. Rates of chorioamniotic
membrane separation, spontaneous membrane rupture, and spontaneous labor were
higher in prenatal surgery participants.

e Though the trial was stopped early by the study’s data safety monitoring board for
positive results, the investigators note maternal and fetal risks including preterm delivery
and uterine dehiscence.

e This RCT brings the total number of RCTs in the maternal-fetal surgery literature to four;
it is the only randomized trial of assessing intervention for myelomeningocele. The study
is of additional importance as a model for the field as investigators, working in
collaboration with NIH, did not offer the procedure outside the trial during the duration
of the study, helping to assure the feasibility of obtaining sufficient participants from
around the country to obtain high quality data.

State of the Science: Obstructive Uropathy

Background. A variety of fetal malformations can lead to distention of the urinary bladder;
these include urethral atresia (failure of the bladder stem to properly form so urine cannot exit),
posterior urethral valves (which in male fetuses can prevent flow of urine through the full length
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of the urethra); and megacystis-megaureter-microcolon syndrome (which results from
malformation of the organs rather than frank blockage of urine flow), and prune-belly syndrome
(which includes lack of development of abdominal muscles, undescended testicles, and urinary
a