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Creation of an Atrial Septal Defect In Utero for Fetuses
With Hypoplastic Left Heart Syndrome and Intact or
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Background—Infants born with hypoplastic left heart syndrome and an intact or highly restrictive atrial septum face a
neonatal mortality of at least 48% despite early postnatal |eft atrial decompression and palliative surgery. Prenatal |eft
atrial decompression has been suggested as a means of improving these outcomes. This study reports the feasibility of
fetal catheterization to create an interatrial communication and describes technical considerations.

Methods and Results—Seven fetuses at 26 to 34 weeks' gestation with hypoplastic |eft heart syndrome and intact or highly
restrictive atrial septum underwent attempted prenatal intervention. Under ultrasound guidance, the atrial septum was
approached with a needle introduced percutaneously from the maternal abdominal surface. In 6 of 7 fetuses, the atrial
septum was successfully perforated, with balloon dilation of this iatrogenic defect resulting in a small but persistent
interatrial communication. There were no maternal complications. One fetus died after the procedure. The remaining

fetuses were liveborn at term, although 4 died as neonates.

Conclusions—Ultrasound-guided fetal atrial septoplasty consisting of septal puncture and balloon dilation is feasible and
can be performed percutaneously to minimize maternal risk. Although we have not demonstrated any positive clinical
impact to date, it is our hope that further technical evolution will ultimately enable prenatal left atrial decompression
and improvement of outcomes in fetuses with hypoplastic left heart syndrome and intact atrial septum. (Circulation.

2004;110:253-258.)
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espite improved operative survival for infants born with
hypoplastic left heart syndrome (HLHS), one form of
the disease continues to carry a particularly high mortality
rate: HLHS with an intact or highly restrictive atrial septum
(IAS). The incidence of intact atrial septum in the setting of
HLHS has been estimated at 6%, with some degree of atrial
septal restriction occurring in up to 22% of cases.*2 These
neonates develop profound cyanosis and pulmonary edema
immediately after delivery. Standard resuscitative measures
are often unsuccessful. Given the ineffectiveness of medical
stabilization, some centers have performed emergent Nor-
wood procedures to relieve the severe cyanosis. The largest
series of patients with HLHS managed in this fashion
suffered a 6-month mortality of 83%.1 Even among neonates
undergoing early transcatheter procedures to relieve atrial
septal obstruction, the neonatal mortality is 48%.45
Of note, much of the mortality in patients with HLHS and
IAS occurs after the first week of life, when the purely

technical challenges of opening the septum and maintaining
oxygenation have been overcome. This ongoing mortality
may be due in part to associated intrapulmonary anatomic
abnormalities. Pathological series by Haworth and Reid®”
first described postnatal anatomic lung abnormalities associ-
ated with atered fetal pulmonary flow patterns. Several
groups have subsequently described pulmonary abnormali-
ties, including “arterialization” of the pulmonary veins and
lymphatic dilation, in patients with HLHS and IAS and have
attributed these findings to left atrial (LA) hypertension in
utero.189

If prenatal LA hypertension results in secondary anatomic
changes in the lung and thereby contributes to poor postnatal
outcomes, then the best form of management of HLHS with
IAS should incorporate decompression of the fetal LA. On
the basis of this hypothesis, we sought to develop a procedure
for atrial septal defect creation in utero. Our approach to this
procedure drew on published experience with fetal cardiocen-
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Figure 1. Pulmonary venous flow Doppler in fetus with intact
atrial septum demonstrating flow reversal. S wave represents
antegrade flow in pulmonary vein during ventricular systole; D
wave, additional antegrade flow in diastole; and A wave, retro-
grade flow in pulmonary vein during atrial contraction.

tesisand aortic valve dilation and on our own experience with
fetal aortic valvuloplasty.o11 We also incorporated transcath-
eter techniques similar to those successfully used to achieve
postnatal LA decompression in the neonate.#*2 This report
describes the technical progress made thus far toward a
transcatheter intervention to relieve LA hypertension in the
fetus with HLHS and IAS.

Methods

Seven pregnant women who underwent fetal echocardiography at
our institution between September 2002 and November 2003 were
offered prenatal intervention to open an intact (n=4) or highly
restrictive (n=3) atrial septum. All fetuses were diagnosed with
HLHS through the use of standard fetal echocardiographic tech-
niques and criteria. Prominent flow reversal in dilated pulmonary
veinsindicated LA hypertension in all 7 fetuses despite the presence
of small decompressing veinsin 2 (Figure 1).1314 Two fetuses were
hydropic at diagnosis. Three of the fetuses had a small LA with a
thick atrial septum, whereas the others had a thin septum bowing into
the right atrium.

Fetal Intervention

Procedures were performed between 26 and 34 weeks gestation,
with maternal and fetal anesthesia provided according to previously
described techniques.®> On the basis of known effects of inhalational
anesthetics for both fetal procedures and nonemergent laparotomy in
the second trimester, we used general anesthesia to maximize uterine

Figure 2. A, B, Percutaneous introducers used for fetal atrial
septoplasty. The 18-gauge instrument is above (B); 19-gauge
instrument is below (A). At higher magnification (B), one can
appreciate blunt shoulder of both introducers and similarity of
diamond-shaped obturators.

relaxation and control fetal position.1516 |n 2 cases, when feta
position appeared nearly idea before maternal induction, we elected
to perform the procedure under spinal anesthesia with intravenous
sedation. Using transabdominal ultrasound imaging, we identified an
unobstructed line of approach from the anterior maternal abdomen to
the fetal right atrium, through the LA, and into aleft pulmonary vein.
The fetuses were then given intramuscular narcotics and muscle
relaxants. In 1 case, anesthetic was delivered via the umbilical vein
to a hydropic fetus.

An 18- or 19-gauge introducer cannula mounted on a sharp metal
obturator (Cook Inc) was percutaneously advanced into the uterus,
through the fetal chest wall, and to the right atrial epicardial surface.
The stainless steel 19-gauge cannula (used in 6 fetuses) had an OD
of 0.0465 in, whereas the 18-gauge cannula (used in 1 fetus) had a
plastic shaft with an OD of 0.060 in (Figure 2). The obturator of both
instruments had a diamond-shaped tip leading the blunt shoulder of
the cannula by 2.5 mm.

Following the previously identified line of approach, the intro-
ducer was advanced into the right atrium and positioned against the
atrial septum. In some instances, the septum was punctured by
briskly advancing the tip of the introducer itself. More commonly,
the atrial septum was punctured with a 22-gauge Chiba needle (Cook
Inc) placed through the introducer after removal of the obturator
(Figure 3). Through the Chiba needle, a 0.014-in wire (Cordis) was
introduced into the LA or a pulmonary vein. Over this wire, the
Chiba needle was exchanged for a balloon angioplasty catheter
(Cordis). This catheter was advanced through the introducer cannula
into the LA. By premeasuring and marking the shafts of the balloon
catheters, we could infer the position of the balloon through
visualization of the cannulain the right atrium and the wire in the | eft
pulmonary vein (Figure 4).

Because of the luminal constraints of the introducers, the largest
balloons used had a nominal diameter of 3.0 mm. Inflations were
carried out at 15 atm to take advantage of the maxima inflated
diameter achievable in these relatively noncompliant balloons. The

Figure 3. A-C, Transabdominal ultra-
sound image of heart in 1 fetus with
dilated left atrium and thin, bulging atrial
septum before atrial septal puncture (A),
during septal puncture with Chiba needle
(B), and during dilation with 3-mm coro-
nary angioplasty balloon (C).
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balloon was fully inflated twice before removal of the wire from the
LA. In some cases, >1 puncture of the atrial septum was attempted
through a single right atrial entry site.

A technically successful procedure was defined as one in which
passage and inflation of a balloon catheter across the atrial septum
were documented by echocardiography and flow was subsequently
detected across a new atrial septal defect. After remova of the
instruments, the atrial septum was briefly reimaged in the operating
room. It was examined more completely before hospital discharge
and was restudied approximately every 2 to 4 weeks through the
remainder of gestation.

Informed Consent

This study was performed in accordance with the innovative therapy
guidelines of the Committee on Clinical Investigation at the Chil-
dren’s Hospital Boston and the Institutional Review Board at the
Brigham and Women's Hospital. In every case, materna and feta
risks were discussed with the subjects by a fetal cardiologist, a
perinatologist, a fetal surgeon, and an anesthesiologist.

Results

Technical success was achieved in 6 of 7 cases (the Table,
fetuses 1 through 5 and 7). The elapsed time from percuta-
neous entry of the abdomen to catheter removal ranged from
18 to 44 minutes. One procedure, attempted under spinal
anesthesia, was unsuccessful (Table, fetus 6). Persistent
uterine tone, limiting our ability to manipulate the fetus,
resulted in imperfect position and an inability to maintain an
ideal line of approach. Additional factors, including a large
materna habitus, an anterior placenta, and anteriorly flexed
fetal arms, further impaired imaging and positioning. After a
single attempt at cardiac puncture, the procedure was termi-
nated without evidence of LA entry.

Summary of Procedures

7 catheter shaft so that this cuff can be seen

and felt abutting introducer hub.

One fetus (the Table, fetus 3) died within 4 hours of the
procedure, and labor was induced. Postmortem examination
of this fetus revealed puncture sites in the thickened right
atrial free wall and overlying pericardium, with a large (9
mL) right hemothorax and a small (1 mL) hemopericardium.
This fetus was the only one instrumented with the 18-gauge
cannula. None of the fetuses exhibited bradycardia requiring
resuscitation or developed more than a small pericardial
effusion. None of the mothers experienced any procedural
complication.

The size of the newly created atria defect was determined at
postmortem examination in the fetus who died and by feta
echocardiography in the remaining fetuses (Table). The autopsy
revealed atiny (0.25 mm) defect in the thick atria septum. Four
fetuses had evidence of new atrial septal defect measuring
>2 mm in diameter after technicaly successful intervention
(Figure 5). One fetus had only atiny defect by imaging despite
a technicaly successful procedure. Pulmonary venous flow
patterns were reassessed in dl the fetuses who survived inter-
vention and continued to exhibit flow reversal. The echocardio-
graphic appearance of the atria defects remained unchanged
through the remainder of gestation.

Six fetuses survived to delivery at or near term. The
neonate who had failed prenatal intervention underwent a
postnatal catheterization for LA decompression and subse-
quently survived Norwood stage I. Three neonates who had
undergone technically successful fetal interventions also un-
derwent postnatal catheterization for LA decompression and
survived to a Norwood procedure. Fetus 1 completed an
uneventful stage | palliation at 2 days of life, followed by

Gestational LA Size, LA-RA Gradient, Balloon Diameter, 0, Saturation at LA Pressure,
Fetus Age, wk mm Septum mm Hg mm Result* Catheterization, % mm Hg Outcome
1 34 2022 Thin =9t 3.0 ++ 73 33 Alive
2 30 8x10 Thick =7t 2.75 + 58 28 Neonatal death
3t 26 5X7 Thick Intact 2.75 + NA NA Fetal demise
4 26 8x10 Thin 8 3.0 ++ NA NA Neonatal death
5% 30 27X37 Thin Intact 2.75 ++ NA NA Neonatal death
6 29 6x15 Thick Intact NA 0 43 Alive
7 33 11X15 Thin Intact 2.75 ++ 61 26 Neonatal death

RA indicates right atrium.

*Results are the following: 0, no new defect; +, new defect =1 mm; and ++, new defect >2 mm.

tDetermined by interrogating decompressing vein.
FHydropic.
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bidirectional Glenn at 5 months. Fetuses 2 and 7 had
prolonged postoperative courses after stage | and died of
multisystem organ failure. In the course of management of
fetus 2, a CT of the chest was performed and revealed
macrocystic replacement of the entire left lung (Figure 6).
One neonate (fetus 4) was managed with early stage | rather
than catheter-directed LA decompression. Despite early post-
operative difficulties requiring surgical revision, the infant
was convalescing on a ward when a sudden cardiac arrest
resulted in death. The final neonate (fetus 5), hydropic before

Figure 5. Ultrasound image with color
Doppler showing transseptal flow through
newly created 2.5-mm atrial septal defect.

intervention at 30 weeks gestation, was delivered at 34
weeks because of fetal distress. The infant had massive
ascites and was unable to be ventilated, and resuscitation was
discontinued after discussion with the parents. Postmortem
examinations were available for only 2 of the infants in this
series, and microscopic lung pathology was not reported.

Discussion
Staged surgical palliation of HLHS to a Fontan circulation
continues to result in improved outcomes for infants born

Figure 6. Axial cut image from chest CT
showing macrocystic changes of left lung
consistent with unilateral pulmonary
emphysema.



with this disease. However, the presence of an intact or nearly
intact atrial septum distinguishes a distinct, high-risk subset
of infants despite prenatal diagnosis and early postnata
intervention.21? Neonates with HLHS and IAS are often
unstable shortly after birth, with progressive cyanosis and
pulmonary edema unresponsive to standard medical resusci-
tation. Even after initial stabilization, this subgroup remains
at high risk regardless of whether staged surgical palliation or
heart transplant is pursued.'81® We and others have specu-
lated that secondary developmental abnormalities of the lung
may contribute to the high mortality observed in these
infants.1.5.2

For these infants, creation of an atrial septal defect in utero
offers 2 potential benefits. In the short term, establishment of
a decompressing atrial septal defect prenatally may improve
postnatal pulmonary venous runoff, thereby resulting in a
more stable infant in the first few hours of life. Over the
longer term, fetal LA decompression may attenuate second-
ary anatomic changes in the lungs, alow time for beneficia
pulmonary remodeling in utero, and mitigate unfavorable
hemodynamic effects in the palliated single-ventricle patient.

On the basis of our accumulating experience with fetal
aortic valve dilation, we set out to design anew procedure for
fetal atrial septoplasty and offered prenatal intervention to
achieve fetal LA decompression in 7 high-risk pregnancies.
The technique was similar to that used for postnatal atrial
septoplasty in the neonate with HLHS and IAS412 The
equipment used was identical to that used for percutaneous
fetal aortic valve dilation.

The technique and tools described achieved technical
successin 6 of 7 cases. Our only technical failure occurred in
a case in which spina rather than general anesthesia was
used. In this case, persistent uterine tone contributed to
suboptimal positioning. As aresult, our line of approach was
poor, and we were unable to enter the LA. Given the absence
of maternal morbidity in our experience and the critica
importance of fetal positioning for a successful procedure, we
believe that our experience supports the continued use of
general anesthesia for these procedures.

Despite our high rate of technical success, we were only
able to create an atrial defect of >2 mm in 4 fetuses. We
attributed the small size of these defects to a number of
factors. It was certainly related to the size of the introducer
we used. The profiles of available angioplasty balloons
dictated that the largest balloon we could deliver to the atrial
septum through the introducer was ~3 mm. After we found
only a tiny defect in the septum of fetus 2, we attempted
dilation with a larger balloon, and therefore a larger intro-
ducer, in the third case. The 42% increase in the OD of this
introducer and the corresponding doubling of the circumfer-
ential area resulted in difficulty in traversing the fetal chest
wall and myocardium. Traumatic injury inflicted by this
larger introducer presumably led to early postprocedural
demise. We have subsequently used only the 19-gauge
introducer to minimize the risk associated with fetal cardiac
puncture. Delivery of larger effective dilating diameters will
likely require development of lower-profile catheters than are
currently available.
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Figure 7. Proposed mechanism of septal malposition before
dilation. Left, Chiba needle technique. A, With introducer in right
atrium (RA), Chiba needle is used to puncture septum, and
guidewire is advanced into LA. B, Chiba needle is exchanged
for dilating balloon over this wire. C, Visualization of distal wire
and introducer in right atrium confirms straddling of septum
before balloon inflation. Right, Without use of Chiba needle. A,
Introducer and obturator are advanced fully into LA. B, On
removal of obturator, wire and balloon are advanced together
through introducer into LA. Septum remains displaced into LA
(arrow). C, Withdrawal of introducer to right atrium to uncover

balloon results in septal “drag” and malposition (arrow). D,
Entire balloon remains on LA side of septum during inflation.

\
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We also considered the possibility that balloon malposition
occurred, resulting in failure to dilate the atrial septal punc-
ture site. When ultrasound imaging of the septum was not
definitive, we relied on a system of premeasurement to
confirm correct balloon position before inflation. With this
system, relative “protection” of the atrial septum could
theoretically occur if the introducer tip was leftward of the
septum at the time of balloon inflation. In cases in which the
septum was directly punctured with the introducer, a thick
septum might be drawn rightward with the introducer before
balloon placement (Figure 7). Although use of the Chiba
needle technique should have decreased the likelihood of this
septal distortion, we could not confirm that this technique did
in fact produce larger septal defects.

Finally, it is likely that our failure to create larger defects
despite the use of 3-mm dilating balloons was due in part to
septal recoil after balloon deflation. We observed that all
defects >2 mm were seen in fetuses with athin atrial septum,
suggesting that greater recoil of thicker septa may make them
relatively unresponsive to static dilation. As with postnatal
LA decompression procedures, stent placement may be nec-
essary to maintain an adequate atrial septal defect.# Alterna-
tive techniques, such as creation of multiple fenestrations, use
of cutting instruments, or local excision of septal tissue, may
also be prove useful, particularly in fetuses with thick atrial

septa.
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The primary aims of this study were to establish the
feasibility of and to describe techniques for prenatal interven-
tion to create an interatrial communication in HLHS with
IAS. We do not as yet have evidence of clinical impact.
Despite the echocardiographic appearance of new atrial
defects, we did not observe any indication of physiological
change; pulmonary venous flow reversal persisted in al
cases. Furthermore, the overall mortality among the fetuses
and infants described in our series remained high. Under-
standing of the physiological impact of fetal atrial septoplasty
will require systematic assessment of pulmonary arteria, as
well as venous, flow patterns and the degree of atrial septa
restriction. Appreciating the nature and extent of associated
pulmonary abnormalities will also be useful in assessing the
effect of this procedure. With continued technical evolution
and a greater understanding of physiological effects, we hope
to ultimately demonstrate favorable clinical impact of in utero
LA decompression for fetuses with HLHS and IAS.

Conclusions

We report the feasibility of percutaneous prenatal interven-
tion to create an interatrial communication in fetuses with
HLHS with IAS, with a high rate of technical success and no
maternal morbidity, in asmall number of patients. This small
series does not attempt to demonstrate the clinical impact of
this procedure, and many issues surrounding the potential
effects of the procedure remain poorly understood. Specific
physiological and anatomic effects will be the focus of future
inquiry. Critical issues such as patient selection and timing of
the procedure also require additional investigation. Nonethe-
less, the degree of technical success we experienced is
encouraging. From this experience, we believe that further
improvements in this technique and the development of
aternate septoplasty techniques should be cautiously pur-
sued. We expect that ongoing development of technical
aternatives will ultimately alow us to study the clinica
impact of fetal LA decompression and favorably alter out-
comes in this high-risk group of infants.
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