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ABSTRACT: Prenatal cardiac intervention (PCI) may favorably
alter the in utero course of some congenital heart defects. In our
preliminary experience with PCI, fetal hemodynamic instability
(FHI) characterized by bradycardia and ventricular dysfunction was
common. This study evaluated the pathophysiology, management,
and short-term outcomes of FHI during PCI for aortic stenosis with
evolving hypoplastic left heart syndrome (HLHS), HLHS with re-
strictive atrial septum, pulmonary atresia with intact ventricular
septum, and hydrops due to structural heart disease. From 2000 to
2006, 83 fetuses underwent PCI, with ventricular access in 63, atrial
access in 17, and both in three. FHI occurred in 37 fetuses (45%).
FHI was associated with transventricular PCI (all but one case of
FHI; p � 0.001) and large hemopericardium (n � 9; p � 0.07).
Prolonged FHI was associated with severe ventricular distortion
during ventricular puncture (p � 0.06). FHI was treated with resus-
citation medications in 31 of 37 fetuses and resolved in all 37. Five
fetuses died within 1 d of PCI: four had FHI and one had a massive
hemopericardium. FHI is common and clinically important during
transventricular PCI and may be caused by a ventricular reflex or
reduced cardiac output from cardiac distortion during ventricular
puncture. Hemopericardium may be causative in a subset of fetuses.
(Pediatr Res 62: 325–330, 2007)

In some forms of congenital heart disease, relatively simple
obstructive anomalies causing physiologic changes in utero

may lead to more serious abnormalities of cardiovascular
growth and development. For example, severe left ventricular
(LV) outflow obstruction in the early fetus may produce
myocardial and hemodynamic abnormalities resulting in
growth arrest of the entire left heart complex, culminating in
HLHS. Similarly, in fetuses with established HLHS, closure
of the foramen ovale may cause left atrial hypertension, with
subsequent abnormalities of lung parenchymal and vascular
development that contribute to high mortality after birth (1,2).
Although such processes have not been well defined, the
hypothesis that flow disturbances early in gestation can lead to
abnormal cardiac growth is supported by experimental animal
data (3–5) and by documented progression of isolated LV or

right ventricular (RV) outflow obstruction to ventricular hyp-
oplasia in human fetuses (6,7).

In fetuses with such congenital heart defects, PCI may limit
the secondary abnormalities of growth or development that
result from primary structural anomalies by restoring more
normal hemodynamic conditions. Since 2000, we have offered
PCI for selected fetuses with (1) severe aortic stenosis (AS)
with evolving HLHS, (2) critically restrictive or intact atrial
septum and established HLHS, (3) pulmonary atresia with
evolving hypoplastic right heart syndrome (HRHS), and (4)
hydrops fetalis due to structural heart disease (8–10).

Almost immediately, we observed that FHI characterized
by bradycardia and ventricular dysfunction was common dur-
ing PCI. Although cases of fetal cardiac arrest or bradycardia
during other forms of fetal intervention have been reported
(11–13), there is no clinical or experimental paradigm for FHI
during PCI. Based on our preliminary experience, we hypoth-
esized that PCI-induced FHI is mediated by either a direct
cardiac reflex or an autonomic response to fetal hypoxia. We
also proposed that maternal, anesthetic, and underlying fetal
circulatory factors may contribute to FHI but are rarely caus-
ative. This retrospective study was performed to explore those
hypotheses.

METHODS

Patients and PCI. All fetuses that underwent PCI between March 2000
(the first case performed) and November 2006 were included. PCI was
attempted for (1) severe AS with evolving HLHS, (2) critically restrictive or
intact atrial septum with established HLHS, (3) pulmonary atresia with
evolving HRHS, or (4) hydrops fetalis due to structural heart disease. PCI
procedures included aortic valvuloplasty, atrial septoplasty, and pulmonary
valvuloplasty.

The technical details of fetal aortic valvuloplasty and atrial septoplasty
were described previously (8–10,14). The technique is similar for pulmonary
valvuloplasty. The mother was positioned with left uterine displacement.
General endotracheal anesthesia was induced with rapid sequence techniques
and maintained with desflurane in 100% oxygen, supplemental narcotics, and
muscle relaxant. Ephedrine and/or Neo-Synephrine (phenylephrine) infusions
were titrated to maintain maternal mean blood pressure within 20% of awake
baseline levels, as necessary. The fetus was given an intramuscular injection
of atropine, vecuronium, or pancuronium and fentanyl.
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Ultrasound guidance facilitated direct access to the fetal heart with a 19- or
18-gauge cannula that allowed introduction of a guidewire and angioplasty
balloon. The chamber(s) entered varied depending on the intended interven-
tion: LV access for aortic valvuloplasty, RV access for pulmonary valvulo-
plasty, and atrial access for atrial septoplasty. Procedures in which a dilating
balloon was inflated across the intended target with subsequent unambiguous
improvement in color Doppler flow were considered technically successful.

A review of ultrasound recordings permitted quantification of important
procedural times and evaluation of technical variables that were assessed to
determine the extent of fetal cardiac manipulation: number of uterine and
cardiac punctures, number of balloon inflations, duration of time with the
cannula in the heart, extent of cannula manipulation after cardiac puncture,
attempts at cardiac access with uncertain cannula/wire position, difficult
imaging, ease of wire passage across the dilation target, and, when applicable,
axis of ventricular access (Fig. 1) and severity of ventricular compression
during puncture (Fig. 2). In general, the technical demands of the procedure
precluded measurement of fetal umbilical or cerebral vascular flow patterns,
or other hemodynamic variables, preceding or following FHI. Similarly, we
could not assess the severity of access-related compression of the inferior
vena cava or right atrium as an indication of compromised cardiac filling or
the extent of cardiac torsion during manipulation of the access cannula.

FHI. We defined FHI as a fetal heart rate �110 min�1 for �30 s with
concomitant dysfunction of the dominant ventricle (i.e. the RV in fetuses with
AS or HLHS and the LV in fetuses with pulmonary atresia), and subclassified
FHI according to severity: minor FHI (no resuscitation) or major FHI
(resuscitation performed). Among patients with major FHI, we subclassified
those in whom bradycardia and ventricular dysfunction lasted �10 min, with
a heart rate �100 min�1, as having severe FHI.

Fetal resuscitation. Fetal resuscitation was typically initiated when fetal
bradycardia exceeded 60 s. Resuscitation maneuvers varied, but usually
included administration of intramuscular and/or intracardiac epinephrine
medications directly to the fetus. Although practice varied, the initial dose
was usually 1 �g/kg (fetal weight was estimated by biometry before PCI),

with subsequent doses of 1 or 10 �g/kg. Less often, intracardiac atropine (0.1
mg) was given. In six recent cases, we infused epinephrine through the
cannula used to introduce the dilating balloon, but in most cases, separate
intramuscular or intracardiac access was obtained with a 22-gauge needle
under ultrasound guidance. Delivery of the medication was confirmed with an
echogenic blush.

Procedural complications. Procedural complications potentially contrib-
uting to FHI were assessed, including arrhythmia and hemopericardium,
which were listed as a complications only if not present before PCI. Hemo-
pericardium size was graded as small (�3 mm) or large (�3 mm).

Data analysis. The primary outcome assessed was major FHI. Additional
outcomes included any (major or minor) FHI, severe FHI, post-PCI fetal
demise, and large hemopericardium. Outcomes were analyzed for the entire
cohort, for patients in whom ventricular access had been attempted, and for
patients who underwent attempted aortic valvuloplasty. Independent variables
included fetal gestational age, type of cardiac access, procedure attempted,
procedural times, maternal anesthetic and hemodynamic factors, transplacen-
tal access, laparotomy, and the procedural variables summarized in the first
section of “Methods.” In patients who underwent attempted aortic valvulo-
plasty, LV size was also analyzed. Analysis of variables associated with
outcomes was performed using �2 analysis or Fisher’s exact text (for cate-
gorical variables) or independent-samples t test or the Wilcoxon rank sum test
(for continuous variables). Multivariable analysis of factors associated with
outcomes was performed using logistic regression. Odds ratios (ORs) are
presented with 95% confidence intervals (CIs). Data are presented as median
(range) or frequency (percentage).

This study was performed in accordance with protocols approved by the
Children’s Hospital Committee on Clinical Investigation and the Brigham &
Women’s Hospital Institutional Review Board.

RESULTS

Patients and PCI. During the study period, 83 fetuses
underwent attempted PCI for severe AS with evolving HLHS
(n � 50), critically restrictive atrial septum (n � 17), pulmo-
nary atresia with evolving HRHS (n � 8), or hydrops fetalis
due to structural heart disease (n � 8, all with AS, an intact or
restrictive atrial septum, and significant mitral regurgitation).
Attempted procedures included aortic valvuloplasty in 58
fetuses, atrial septoplasty in 20, and pulmonary valvuloplasty
in eight, with two separate interventions during the same
procedure in three. Attempted intracardiac access was trans-
ventricular only in 64 cases, transatrial only in 17, and both in
two. PCI was technically successful in 66 patients (80%). The
median duration between the first uterine puncture with the
PCI cannula and removal of all PCI equipment from the fetus
was 20 min (range, 4–165 min). The median duration of
maternal anesthesia was 90 min (34–240 min).

FHI. Major (n � 31) or minor (n � 6) FHI occurred in 37
fetuses (45%), with two separate episodes of major FHI in six.
Thus, a total of 43 episodes of FHI occurred, 37 major and six
minor. Eleven fetuses had severe FHI, with bradycardia and
ventricular dysfunction lasting �10 min and a heart rate �100
min�1. All fetuses with major FHI and six of seven with minor
FHI underwent PCI with attempted LV (n � 30) or RV (n �
6) access. Ventricular access was the only independent risk
factor for FHI [OR � 9.3 (95% CI: 1.4–63), p � 0.001].

The points at which FHI occurred during PCI are summa-
rized in Table 1. The onset of bradycardia was a median of 26
min (12–104 min) after fetal anesthesia and 5 min (1.2–45
min) after the initial ventricular puncture.

Because all cases of major FHI occurred during transven-
tricular PCI, factors associated with FHI were analyzed for
fetuses in which transventricular PCI was attempted. Data on
these 66 fetuses are summarized in Table 2. Fetuses that

Figure 1. Echocardiograms during LV access in two fetuses undergoing fetal
aortic valvuloplasty. (A) The cannula passes through the fetal chest, LV apex,
and along the axis of LV outflow and ascending aorta (Ao). (B) The LV is
entered through the posterolateral wall apical to the papillary muscle. The
cannula is almost perpendicular to the interventricular septum and LV outflow
tract. Arrows indicate the shaft of the cannula at the fetal chest; arrowheads
indicate the tip of the cannula within the LV. Scale bars indicate 1 cm.

Figure 2. Echocardiograms in a fetus undergoing aortic valvuloplasty. The
cannula is introduced at the apex, along the axis of LV outflow, and in (A) is
beginning to tent the LV myocardium inward. (B) During LV puncture, the
LV wall is inverted inward, with almost complete obliteration of the LV
cavity. Scale bars indicate 1 cm.
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developed FHI were younger than those that did not (23.5 �
2.3 versus 25.1 � 2.4 wk, p � 0.03). There was a large
hemopericardium in seven of 31 fetuses that developed major
FHI, compared with two of 35 that did not (p � 0.07); the
developing hemopericardium was typically evident before the
onset of FHI. However, aside from ventricular access and
gestational age, none of the independent variables analyzed
were associated with major FHI or with any FHI.

Among 58 fetuses that underwent attempted balloon aortic
valvuloplasty, severe FHI was associated with severe LV
distortion during cardiac puncture [OR � 4.4 (95% CI: 0.98–
19.5), p � 0.06] and with smaller short-axis LV end-diastolic
dimension (0.99 � 0.16 versus 1.34 � 0.39 cm, p � 0.008).

Fetal resuscitation and management of FHI. Fetal resus-
citation was performed in all 31 cases of major FHI. Intra-
muscular (n � 25) and/or intracardiac (n � 23) epinephrine
was given in 30 cases and intracardiac atropine in seven (in
one, the only resuscitation medication was atropine). Eighteen
fetuses received both intramuscular and intracardiac epineph-
rine; the first dose was intramuscular in 11 and intracardiac in
seven. Seven fetuses received intramuscular but not intracar-
diac epinephrine. Among the 31 procedures with major FHI, a
median of 2.0 min (range, 0.3–12.1 min) elapsed between the
diagnosis of bradycardia and the first dose of resuscitation
medication, and a median of two medication doses (range, one
to six) was administered. The median duration between the
first medication dose and resolution of FHI was 4.2 min
(range, 0.5–30 min). Multiple doses of medication were given
in 22 fetuses, and three or more doses were given in 12, most
with severe FHI. Although our clinical impression was that
FHI responded more rapidly and reliably to intracardiac than
intramuscular medication, we did not find quantitative evi-
dence to support this impression: there were no differences in
the duration from treatment to resolution of FHI according to
the route of medication administration, the first route of
administration, or the order of administration routes, and no
difference between the durations from first intramuscular and
intracardiac medication doses to resolution of FHI.

Outcome of FHI. Ultimately, the heart rate and ventricular
function normalized in all fetuses with FHI, with bradycardia

lasting a median of 6.5 min (range, 0.5–32 min), including the
six fetuses with minor FHI. There was a trend toward longer
procedure time in fetuses that developed FHI than in those that
did not (109 � 42 versus 92 � 39 min, p � 0.11).

In a subset of cases, the technical success of PCI was
affected by FHI, which contributed to the decision to halt the
procedure in five of 17 technically unsuccessful cases (p �
0.08). PCI was unsuccessful in five of 11 fetuses that experi-
enced severe FHI (p � 0.02). When FHI occurred during
attempted passage of the wire across the valve or during
balloon inflation, the procedure was typically continued and
resuscitation commenced once the dilation was performed. In

Table 1. Timing of FHI

All episodes of
FHI (n � 43)

Major
FHI

Minor
FHI

Timing of FHI*
During fetal manipulation prior to

any attempt at cardiac access†
1 (2%) 1 0

During attempted cardiac access,
before the heart was entered

7 (16%) 5 2

After introduction of the cannula
into the heart, before balloon
inflation

18 (42%) 14 4

During or after balloon inflation
while procedural instruments
were still in the heart

4 (9%) 4 0

After removal of all instruments
from the heart

13 (30%) 12 1

* Listed in temporal order of the procedure.
† Fetus with preexisting hydrops.

Table 2. Procedural and technical details of prenatal balloon
aortic or pulmonary valvuloplasty in 66 fetuses

Variable
Median (range) or

frequency (% of 66) p*

Fetal factors
Gestational age (wk) 23.5 (20–33) 0.03
Hydrops fetalis 7 (11%) 0.69
Fetal anesthesia including

pancuronium†
22 (33%) 0.85

Maternal-placental factors
Transplacental fetal puncture 22 (33%) 0.79
Laparotomy performed 23 (35%) 0.81
Maternal general anesthesia only‡ 19 (29%) 0.88
Maternal hypotension 17 (26%) 0.40
Maternal therapy with ephedrine or

Neo-Synephrine
54 (82%) 0.35

No. of uterine punctures with access
cannula§

2 (1–6) 0.88

Procedural factors
No. of ventricular punctures with

access cannula
1 (0–6) 0.85

Ventricular access �45 degrees off
axis relative to valve

10 (15%) 0.74

Ventricular access complicated by
difficult imaging

9 (14%) 0.15

Attempted ventricular access with
uncertain cannula or wire
position

18 (27%) 0.26

Degree of ventricular distortion
during ventricular puncture

Moderate (incomplete but �50%
cavity obliteration)

34 (52%) 0.49

Severe (complete cavity
obliteration)

10 (15%) 0.78

Extensive cannula manipulation/
repositioning within ventricle

10 (15%) 0.30

Large hemopericardium 9 (14%) 0.07
No. of balloon inflations 3 (0–6) 0.11
Technically successful PCI 50 (76%) 0.08
Total duration of time with cannula in

ventricle (min)
5.5 (0.5–31) 0.86

Duration of procedure (min)† 95 (34–240) 0.11

Data are presented as frequency (percentage of procedures) or median
(range).

* p Values are for association with any (major or minor) FHI.
† Pancuronium instead of vecuronium.
‡ Without spinal or epidural anesthesia in addition to or instead of general

anesthesia.
§ Does not include uterine punctures with 22-gauge needle used for am-

niocentesis or medications.
† Duration of procedure measured from initiation until discontinuation of

maternal anesthesia.
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11 cases, additional attempts at ventricular access were made
after resolution of FHI.

Five fetuses died within 1 d of PCI, four of which had
procedural FHI (one minor, one major, two severe) (p �
0.12), and two of which underwent PCI for hydrops due to
structural heart disease. Two of these fetuses underwent fe-
topsy. One of these, which died 4 h after aortic valvuloplasty,
was found to have a massive hemopericardium (Fig. 3). No
conclusive cause of death was determined for the other.

Procedural complications. Small pericardial fluid collec-
tions were common during PCI with both atrial and ventric-
ular access. A large hemopericardium occurred during PCI in
nine fetuses, all of which underwent PCI with attempted
transventricular access, and seven of which developed major
FHI (see above). Drainage of the effusion was attempted in
five of these fetuses, and was successful in removing pericar-
dial blood in three, even when portions of the hemopericar-
dium appeared echogenic (Fig. 4). In one case, pericardial
drainage resulted in almost immediate improvement of FHI.
One fetal death was clearly due to hemopericardium (Fig. 4).

Supraventricular tachycardia occurred in two fetuses, dur-
ing or soon after PCI. One improved spontaneously; the other
was treated successfully with digoxin. Transient atrioventric-
ular dissociation was also recognized in one fetus during
resolution of FHI. A chorioamniotic separation developed the

day after PCI in one patient who did not have procedural FHI
and resolved 1 d later.

DISCUSSION

Clinical significance of FHI during PCI. FHI character-
ized by bradycardia and ventricular dysfunction was common
during PCI with ventricular puncture, but rare with transatrial
PCI. In most cases, FHI improved after epinephrine, with
normalization of heart rate and function within 10 min. How-
ever, a subset of patients had prolonged FHI that resolved only
after multiple doses of epinephrine. Although FHI improved
in all cases, its clinical impact was significant: five procedures
were halted without achieving success in part because of FHI,
cases with FHI were longer, and FHI occurred in four of five
fetuses (two with hydrops) that died within 1 d of PCI.

Pathophysiology of FHI during PCI. The pathophysiology
of PCI-associated FHI is unclear. It is a complex problem that
may be influenced by many factors, and we have limited
physiologic data from the periprocedure period with which to
examine the process. Nevertheless, several important findings
of this study may further our understanding of the pathophys-
iology of PCI-associated FHI.

The association of FHI with attempted ventricular but not
atrial access links bradycardia and ventricular dysfunction to
transventricular access to or manipulation of the fetal heart.
Thus, it is likely that inciting factors for FHI include either
direct cardiac stimulation or trauma, which might induce
arrhythmias, injure the coronary arteries, or stimulate ventric-
ular mechanoreceptors or one or more autonomic reflexes.
Given the variety of conditions during which FHI occurred,
maternal-placental, procedural, and/or fetal factors may have
contributed as well.

The two most promising hypotheses to explain the cause of
FHI during PCI are fetal hypoxia and a direct ventricular
stretch response. There is abundant evidence that fetal hypoxia
causes bradycardia, primarily through a carotid chemoreceptor
reflex (15–17). Accordingly, carotid arterial hypoxia may
contribute to PCI-related FHI. Based on the association of FHI
with ventricular access, PCI-induced fetal hypoxia would
likely result from entering or working within the ventricle.
Such mechanisms might include reduced cardiac output due to
compression of the inferior vena cava or right heart during
cardiac access or manipulation of the cannula, or cardiac
tamponade from hemopericardium. In addition to hypoxia,
reduced cardiac preload from caval obstruction may affect
fetal vasoactive and stress hormones (18), potentially contrib-
uting to FHI as well. Although the hypothesis that fetal
hypoxia during PCI produces FHI is attractive, we did not find
evidence that hypoxia-inducing events increased the risk of
FHI.

Another hypothesis for the cause of FHI during transven-
tricular PCI is a mechanically transduced ventricular reflex.
Postnatally, stimulation of ventricular stretch receptors with
acute distention or preload reduction can produce reflex bra-
dycardia and hypotension due to a combination of vagal
efferent activity and withdrawal of sympathetic outflow, the
so-called Bezold-Jarisch reflex (19). Little is known about

Figure 3. Fetopsy specimen from a fetus that died 4 h after technically
successful fetal aortic valvuloplasty. (A) The fetal mediastinum is exposed,
demonstrating a tense pericardium (arrows) with a dark appearance consistent
with intrapericardial thrombus. (B) The heart was surrounded anteriorly and
apically by a thrombus of similar size. The apical LV puncture site is
indicated with the white arrow. Images courtesy of Robert F. Padera, Jr.,
M.D., Ph.D. Scale bars indicate 1 cm.

Figure 4. Long-axis echocardiograms demonstrating a partially coagulated
hemopericardium after transventricular fetal aortic valvuloplasty (A) and
drainage of a hemopericardium (B). (A) The pericardial space has echolucent
regions consistent with liquid blood and echogenic areas consistent with
thrombus; arrows demarcate the epicardial surface of the LV and the peri-
cardium. (B) The arrow is positioned over the hemopericardium and indicates
the tip of the pericardiocentesis needle.
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ventricular stretch responses in the human fetus. Acute or
severe reduction in ventricular preload in late-gestation fetal
animal models produces reflex bradycardia by a combination
of vagal activation and sympathetic withdrawal, suggesting
that a Bezold-Jarisch reflex may be operative in the fetus
(18,20). However, in mid-gestation fetal lambs with a normal
LV, apical puncture and chronic instrumentation of the LV
can be performed without FHI (Abraham M. Rudolph, M.D.,
personal communication).

PCI-related FHI is likely caused at least in part by a
ventricular stretch reflex due to access-related distortion of the
abnormal ventricles in fetuses undergoing PCI. Ventricular
distortion is most notable on ventricular entry, when the wall
of the ventricle is depressed into the cavity (Fig. 2), but may
also result from torsion during repositioning of the cannula
within the ventricle or distending traction during withdrawal
of the dilating balloon from the heart. Severe FHI was asso-
ciated with severe ventricular distortion during ventricular
puncture in our series. Hypoxia due to distortion of the heart
during ventricular puncture and consequently reduced ventric-
ular filling and output may also contribute.

In addition, hemopericardium might impair ventricular fill-
ing and contribute to a ventricular reflex or tamponade, an
important consideration given the association between FHI
and a large hemopericardium in our patients and the massive
hemopericardium found on fetopsy in one of the fetal deaths.

Coronary arterial or conduction system injury during ven-
tricular puncture might also cause FHI, although the transient
and medication-responsive nature of FHI in our cases is
inconsistent with coronary laceration. Similarly, although we
observed decremental heart block that ultimately resolved in
one fetus with major FHI, heart block and arrhythmias were
rare during PCI and did not appear to contribute to FHI.

Aside from the direct fetal physiologic perturbations that
PCI may induce, maternal-placental factors might also con-
tribute to fetal hypoxia and FHI, from reduction in uterine
blood flow due to anesthesia-related maternal hypotension,
maternal hypoxemia, or impaired maternal preload due to
compression of the inferior vena cava by the gravid uterus
during fetal positioning (21–25). Employing the anesthetic
methods described, maternal hypotension was uncommon in
our experience and was not associated with FHI.

Other factors to consider in the pathophysiology of PCI-
associated FHI include the anesthetic agents administered
during PCI, as well as the systemic stress response mounted
by a fetus undergoing invasive procedures, which manifests
with changes in regional vascular resistances and distribution
of fetal blood flow, along with tachycardia (21,26,27). Al-
though fentanyl inhibits some of these processes, it may be
associated with hemodynamic effects on the fetus in its own
right (26). The uniform use of fentanyl in this series precludes
assessment of the potential relationship between fetal fentanyl
and FHI, whether contributory or protective.

The physiologic background of fetuses undergoing PCI
may factor into FHI. Namely, there may be anatomic, circu-
latory, or other abnormalities in fetuses with complex heart
disease that alter the regulation of the fetal circulation or
predispose to reflex-mediated FHI. Carotid arterial oxygen

saturation in fetuses with evolving HLHS or HRHS is almost
certainly lower than in fetuses with a normal circulation, in
which streaming of umbilical and systemic venous return
facilitates delivery of more highly saturated blood to the
myocardium and brain (28). Given that the bradycardic re-
sponse to hypoxia occurs more rapidly and is prolonged in
fetuses with lower baseline carotid oxygen saturation (22), this
small alteration in carotid oxygenation may affect the propen-
sity for FHI. Moreover, in fetuses without effective intracar-
diac streaming of umbilical and systemic venous blood, such
as those with evolving HLHS or HRHS, the normal fetal
compensatory mechanisms to hypoxia may be impaired (25).

There are other features of evolving HLHS or HRHS that
may be important in the pathophysiology of FHI. The LV or
RV is always abnormal, which may have an impact on the
ventricular response to stretch. Of note, among fetuses with
evolving HLHS in this series, those with severe FHI had
significantly smaller LV end-diastolic dimension. Also, cere-
bral vascular resistance in fetuses with HLHS is typically
lower than normal (29), presumably as a compensatory mech-
anism to optimize cerebral blood flow in the setting of a
cerebral circulation supplied retrograde through the ductus
arteriosus. This process may be mediated by carotid barore-
ceptor- or chemoreceptor-dependent mechanisms, and auto-
nomic regulation of cardiac function may be perturbed in such
circumstances.

Management of FHI during PCI. Assuming that PCI-
associated FHI may be mediated by a combination of in-
creased vagal activity and concomitant sympathetic with-
drawal, the optimal therapy for FHI would include both
anticholinergic and sympathomimetic agents. To accomplish
this, we administer atropine to the fetus at the outset of the
procedure and epinephrine after identification of FHI.

Atropine, given with fetal anesthesia, does not prevent all
cases of FHI, for which there are several possible explana-
tions: (1) FHI is not mediated entirely by a cholinergic
process, (2) the bioavailability of the intramuscular atropine
dose is insufficient to block a cholinergically mediated brady-
cardic response when it typically occurs, 15–60 min after the
atropine is given. The ineffectiveness of prophylactic atropine
is consistent with the hypothesis that sympathetic withdrawal
contributes to PCI-associated FHI, but may also indicate the
need for higher dosing.

Although our data do not demonstrate a difference in effi-
cacy between intracardiac and intramuscular epinephrine for
acute treatment of FHI, our clinical impression is that intra-
cardiac dosing has a greater and more rapid effect. Decisions
about the route of epinephrine administration depend on an-
ticipated efficacy, ease of access, and the possibility that an
additional cardiac puncture will exacerbate FHI. Generally,
when administering intracardiac medications, we prefer to
enter the atrium instead of the ventricle, although ventricular
puncture is often more straightforward due to fetal position.
Recently, we have administered prophylactic epinephrine
through the wire lumen of the balloon catheter after aortic
valvuloplasty, with avoidance of FHI in five of six fetuses.

Given the potential hemodynamic importance of hemoperi-
cardium during PCI, our current policy is to attempt drainage
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in all fetuses with a large hemopericardium and FHI. If the
hemopericardium develops during PCI, the valvuloplasty can-
nula is used for pericardiocentesis during withdrawal from the
heart; otherwise, a separate needle is introduced.

Major FHI was common during PCI with ventricular ac-
cess, but did not occur with transatrial access only. PCI-
associated FHI may be caused by a ventricular reflex or
reduced cardiac output from cardiac distortion during ventric-
ular puncture and may be potentiated by fetal hypoxia, pre-
disposing physiologic factors in fetuses with LV or RV out-
flow obstruction, and/or maternal-placental factors. Although
resuscitation was successful in all cases, FHI may be an
important contributor to failure of PCI and possibly to adverse
fetal outcome. Potential mid- or long-term effects of FHI have
not been defined.
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