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Abstract

Children with hypoplastic left heart syndrome (HLHS) are at risk for neurodevelopmental
dysfunction; prenatal factors may play a role in this predilection. Cerebral blood flow profiles are
abnormal in fetuses with HLHS, raising the possibility that cerebral hemodynamics in utero may
be related to neurodevelopmental abnormalities. Prenatal aortic valvuloplasty for fetal aortic
stenosis with evolving HLHS is technically feasible and improves left heart hemodynamics. This
study aimed to assess the effects of prenatal intervention on cerebral blood flow profiles and head
circumference in fetuses with evolving HLHS. Seventy fetuses underwent prenatal aortic
valvuloplasty for evolving HLHS (median 23 weeks gestation). Among 46 fetuses that had
successful valvuloplasty and available data, middle cerebral artery (MCA) pulsatility (PI) and
resistive (RI) indices were abnormal (Z-scores -1.7 £ 1.1 and —2.2 + 1.4, p < 0.001). Early post-
valvuloplasty (n = 33) and at late gestation follow-up (n = 28), MCA PI and RI Z-scores remained
low with no difference from pre- or early postintervention. Fetal head circumference was normal,
as were umbilical artery Pl and RI Z-scores. Cerebral blood flow characteristics are abnormal in
mid-gestation fetuses with evolving HLHS, suggesting low cerebral vascular impedance. The
mechanisms and significance of these abnormalities are unknown. Prenatal aortic valvuloplasty
did not have a major impact on these indices.
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Introduction

Major noncardiac morbidities in patients with congenital heart disease include neurologic
and developmental abnormalities (Goldberg et al., 2000, Ikle et al., 2003, Limperopoulos et
al., 2000, Mahle et al., 2002, Mahle and Wernovsky, 2004, Majnemer et al., 2006, Massaro
etal., 2008, Miller et al., 2007 and Wernovsky et al., 2000). There is growing evidence that
neurodevelopmental anomalies in the setting of congenital heart disease may be due not only
to perioperative insult but also to impaired brain growth and development prenatally (Hinton
etal., 2008, Limperopoulos et al., 2000, Mahle et al., 2002, Miller et al., 2007 and Te Pas et
al., 2005). Among the various types of congenital heart disease, hypoplastic left heart
syndrome (HLHS) appears to carry a particularly high risk of abnormal neurodevelopmental
outcome (Goldberg et al., 2000, Hinton et al., 2008, Ikle et al., 2003, Mahle and Wernovsky,
2004 and Wernovsky et al., 2000). Although factors contributing to this predilection may
include hypoxic-ischemic injury incurred during surgery, as well as peripartum and neonatal
hemodynamic insult, there is an emerging literature indicating that prenatal factors may play
an important role in the relatively high risk of adverse neurodevelopmental outcome in
individuals with HLHS. For example, several studies have documented a high prevalence of
microcephaly in newborns and fetuses with HLHS (Hinton et al., 2008, Rosenthal, 1996 and
Shillingford et al., 2007), there is evidence of white matter injury consistent with ischemia in
fetuses with HLHS (Hinton et al. 2008) and the cerebral microvasculature is abnormal in
some fetuses with HLHS (Kinnear et al. 2008).

Cross-sectional studies using Doppler ultrasound have shown that cerebral blood flow
velocity profiles are abnormal in third-trimester fetuses with established HLHS (Donofrio et
al., 2003, Kaltman et al., 2005 and Modena et al., 2006). In particular, diastolic blood flow
velocity in the middle cerebral artery (MCA) is relatively high and the pulsatility (PI) and
resistive indices (RI) are accordingly low, suggestive of low cerebral vascular impedance
presumably due to cerebral vasodilation. Abnormal cerebral vasodilation in fetuses with
HLHS might be explained as part of an autoregulatory process by which the cerebral
circulation responds to abnormal flow characteristics and/or abnormal oxygen or metabolic
substrate content (Donofrio et al. 2003; Pearce 1987; Vyas et al., 1990 and Wladimiroff,
1987). In the physiologically normal fetus, highly oxygenated blood returning from the
placenta is preferentially directed right-to-left through the foramen ovale, into the left
ventricle (LV) and out the aortic valve to the myocardial and cerebral circulations, with
relatively little mixing with poorly oxygenated systemic venous return (Edelstone and
Rudolph 1979). In contrast, in fetuses with HLHS or evolving HLHS, the oxygen content of
cerebral arterial blood is likely decreased due to elimination of the normal intracardiac
streaming patterns and preferential flow of umbilical venous return to the cerebral
circulation. In addition to the relatively low oxygen content, fetal cerebral blood flow in the
setting of HLHS is derived from right ventricular output, which must pass through the
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ductus arteriosus and retrograde around the aortic arch before flowing to the brain. However,
the role and mechanisms of cerebral autoregulation in the mid-gestation fetus are debatable
(Ashwal et al., 1980, Chihara et al., 2003, Gleason et al., 1990, Papile et al., 1985 and van
Bel et al., 1995). Exactly how and why cerebral arterial velocity profiles are abnormal in
fetuses with HLHS is unclear, as is the relationship of such abnormalities to prognosis.

In mid-gestation fetuses with aortic stenosis, a normal size or dilated LV and depressed LV
function, a constellation of physiologic features, including retrograde blood flow in the
transverse aortic arch, left-to-right flow across the foramen ovale and abnormal left
ventricular (LV) inflow, predicts evolution to HLHS postnatally (Makikallio et al. 2006).
Eight years ago, we undertook a program of mid-gestation fetal aortic valvuloplasty in an
effort to alter the natural history of evolving HLHS in utero (Tworetzky et al., 2004 and
Wiadimiroff, 1987). The basic hypothesis behind this undertaking was that relieving
obstruction to LV outflow in fetuses with aortic stenosis and evolving HLHS, regardless of
the cause(s) of the disease, will facilitate growth and enhanced function of the left heart. As
previously reported, technically successful in utero aortic valvuloplasty results in altered left
heart physiology, with improved LV inflow, systolic function and antegrade flow in the
ascending aorta and arch (Selamet Tierney et al. 2007). Although successful aortic valve
dilation leads to improvement in fetal hemodynamics, it also causes aortic regurgitation
(AR) in some cases, which is of uncertain physiologic significance but seems to be well
tolerated. While the main objective of prenatal aortic valvuloplasty for evolving HLHS is to
alter the natural history of the disease and facilitate postnatal survival with a biventricular
circulation, it is possible that there are physiologic advantages as well, even if the patient
does not achieve a biventricular circulation. One of the potential physiologic benefits of
improved flow through the left heart and antegrade aortic outflow is normalization of
cerebral hemodynamics. To study this possibility, however, it will be necessary to determine
the characteristics of cerebral blood flow in mid-gestation fetuses with evolving HLHS, as
well as the effects of prenatal aortic valvuloplasty and AR on cerebral blood flow, which is
the purpose of the present investigation.

Patients and prenatal aortic valvuloplasty

Since 2000, mid-gestation (20-31 weeks) fetuses with aortic stenosis were considered for
prenatal aortic valvuloplasty if progression to HLHS was considered to be highly likely on
the basis of previously published criteria (Makikallio et al. 2006) and LV size was
considered potentially sufficient to sustain a biventricular circulation. The procedure was
performed with ultrasound guidance and direct left ventricular (LV) puncture, using
previously reported techniques (Marshall et al., 2005 and Tworetzky et al., 2004). A
technically successful aortic valvuloplasty procedure was defined as one in which the aortic
valve was crossed and a balloon inflated, with clear evidence of increased flow across the
valve and/or new AR. Procedures were performed according to compassionate use protocols
that were approved by the institutional review boards of Children’s Hospital and the
Brigham and Women’s Hospital. Parents were extensively counseled about the risks and
benefits of this experimental procedure and provided written informed consent.
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Ultrasound evaluation

Complete cross-sectional and Doppler fetal echocardiograms were performed according to
standard clinical practice at our center 1 to 2 days prior to intervention, early (12—24 hours)
postintervention and at late-gestation follow-up. All studies were read and measurements
performed prospectively by a single echocardiographer. In addition to anatomic features of
the left heart, physiologic features assessed included mitral valve (MV) inflow time and
inflow velocity-time integral, presence and severity of mitral regurgitation, estimated LV
pressure and the extent of atrial septal restriction. Middle cerebral artery (MCA) flow was
interrogated using standard techniques (Kaltman et al., 2005 and Kurmanavicius et al.,
1997). Scanning the fetal head in an axial plane, the orbits were identified and Doppler color
flow mapping was used to identify the circle of Willis and the MCA (Fig. 1). Pulsed-wave
Doppler was used to measure blood flow velocity in the MCA, using standard methodology,
with the sample volume placed in the color Doppler jet just after the takeoff of the MCA and
an angle of insonation <30 degrees and as small as possible (Fig. 1). Similarly, umbilical
artery (UA) flow velocities were measured using pulsed wave Doppler. For both the MCA
and UA, peak systolic velocity, end-diastolic velocity and mean velocity were measured
from stable signals during fetal apnea. The systolic-to-diastolic velocity ratio, pulsatility
index (PI; [systolic velocity — diastolic velocity]/mean velocity), and resistive index (RI;
[systolic velocity -diastolic velocity]/systolic velocity) were calculated. Rl and Pl Z-scores
for the MCA and UA were computed as the number of standard deviations above or below
previously published gestational age-based normative data (Arduini and Rizzo, 1990 and
Kurmanavicius et al., 1997). By definition, Z-scores between —2 and 2 were considered
normal. The MCA PI-to-UA PI and MCA RI-to-UA RI ratios were calculated as the
cerebral:placental (CPR) PI and RI ratios, respectively. Pre- and postintervention evaluation
of MCA and UA flow was performed routinely from mid-2004 onward, but only
sporadically prior to that time.

Estimated gestational age was based on maternal dates or first-trimester ultrasound
measurement, if available. Fetal biometry was performed with standard measurement of
femur length, abdominal circumference, biparietal diameter and head circumference. Fetal
weight was estimated by Hadlock’s formula (Hadlock et al. 1984) and fetal weight Z-score
and percentile were calculated from equations reported by Doubilet et al. (Doubilet et al.
1997). Z-scores for fetal head circumference and biparietal diameter were calculated from
published equations (Kurmanavicius et al. 1999).

Data analysis

The primary hypotheses of this study were that, (1) MCA Pl and RI Z-scores are lower than
normal in mid-gestation fetuses with aortic stenosis and evolving HLHS; and (2) MCA PI
and RI Z-scores improve after technically successful prenatal aortic valvuloplasty. Baseline
Pl and RI Z-scores were compared with the reported normal population mean using one-
sample t-test. Preintervention data were compared with and postintervention data using
paired t-test. A secondary hypothesis was that post-valvuloplasty AR has minimal acute
impact on MCA flow characteristics in this cohort. Both postintervention Z-scores and
changes in Z-scores from pre- to postintervention were compared between patients with and
without significant AR. To determine the relationship between baseline cerebral
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hemodynamics and anatomic and physiologic features in fetuses with evolving HLHS, the
aforementioned cerebral blood flow Z-scores were analyzed for association with specific
anatomic and physiologic features, including aortic valve, mitral valve, LV and ascending
aortic Z-scores, direction of flow in the ascending aorta and transverse aortic arch after
intervention, LV filling parameters and LV systolic function. Z-scores and Z-score changes
were analyzed both as continuous and dichotomous variables (Z-score normal or lower than
normal; Z-score improvement =1 standard deviation). Uni- and multivariable analysis was
performed to assess relationships between these measures and the independent variables
listed above.

Patients and prenatal aortic valvuloplasty

Between March 2000 and October 2008, 70 fetuses underwent in utero aortic valvuloplasty
for evolving HLHS at a median gestational age of 23 weeks. In 52 fetuses, intervention was
technically successful. Procedural and postnatal outcomes in these patients were recently
reported (McElhinney et al. 2009).

Doppler MCA flow characteristics

Baseline—Preintervention MCA and UA flow data were available in 46 fetuses with
evolving HLHS at 24.3 + 3.0 weeks gestation (Fig. 2). In this cohort, population means for
the MCA PI and RI Z-scores were below normal (-1.7 £ 1.1 and -2.2 = 1.4, both p <
0.001). Individual MCA PI and RI Z-scores were abnormally low in 41% (n = 19) and 57%
(n = 26) of fetuses, respectively; no fetus had an MCA PI or RI Z-score that was higher than
normal. On average, UA Pl and RI Z-scores were normal (0.2 £ 1.1 and 0.2 + 1.6). UA PI Z-
scores were higher than normal in two fetuses and below normal in one; Rl Z-scores were
higher than normal in five fetuses and lower than normal in three. The CPR RI was “very
low” (<1) in 37% of fetuses (16 of 43 with both MCA and UA flow data). MCA flow
indices were not significantly associated with left heart anatomic dimensions. MV inflow
time Z-scores were well below average (-2.6 + 1.7, p < 0.001) overall, but higher in fetuses
with low MCA PI (p = 0.03) and RI (p = 0.04) Z-scores than fetuses with normal MCA Z-
scores. There was a trend toward lower MCA RI (-3.1 £ 0.7 vs. -2.0 £ 1.4, p = 0.08) and PI
(-2.3+£0.3vs. 1.6 £ 1.1, p = 0.14) Z-scores in fetuses with an intact or highly restrictive
atrial septum than those without, but there were only six fetuses with this finding.

Following prenatal aortic valvuloplasty—In 33 of the 52 fetuses that underwent
successful aortic valvuloplasty, both pre- and postintervention MCA and UA Doppler data
were available (Table 1). In this subset, MCA Pl and RI Z-scores were below normal at
baseline (-1.6 £ 1.1 and —2.2 + 1.4, both p < 0.001) and UA PI and RI Z-scores were normal
(-0.2+1.1and 0.2 £ 1.6). The CPR RI ratio was very low (<1) in 37% of fetuses (median
1.03).

On early postintervention evaluation, MCA and UA PI and RI Z-scores were not
significantly changed from the preintervention ultrasound (Fig. 3). However, there was a
significant increase in CPR (median 1.10, p = 0.04) and the percentage of fetuses with CPR
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RI <1 decreased to 7% (p = 0.02). There were no obvious anatomic or physiologic factors
associated with improvement.

At late gestation follow-up in 28 fetuses, MCA PI1 and RI Z-scores remained low, with no
difference from pre- or early postintervention (Table 1). Overall, the CPR RI remained
lower than preintervention (median 1.07) but the percentage of fetuses with a very low CPR
RI was 32%, which was up from the early post-valvuloplasty study and no different than
preintervention.

Aortic regurgitation

Of the 52 fetuses in which prenatal aortic valve dilation was technically successful, 19
(37%) had moderate or severe AR after the procedure and four did not survive to term (three
with AR). A larger balloon:annulus diameter ratio was associated with increased likelihood
of AR. At late gestation follow-up in 26 surviving fetuses with available data (34 + 3
weeks), significant AR was present in only one. In fetuses with significant AR after
valvuloplasty, MCA PI and RI were modestly higher than preintervention (0.27 + 0.44 and
0.05 + 0.08, respectively), whereas these indices fell slightly in fetuses without AR (-0.03 =
0.38 and —0.01 £ 0.08, respectively); there was a significant difference between fetuses with
and without AR (both p = 0.05; Fig. 4). However, the presence of significant AR was not
associated with postintervention MCA or UA flow indices or changes in Z-scores for these
flow parameters.

Fetal biometry

In the 46 fetuses for which MCA and UA Doppler data were available prior to intervention,
fetal weight percentile was 64 + 20%, and Z-scores for fetal head circumference (-0.10 =
1.14, p = 0.27) and biparietal diameter (0.45 £ 1.89, p = 0.09) were not significantly
different from normal. Among fetuses with late gestation ultrasound data available (n = 28),
fetal weight percentile was 53 + 25% (p = 0.07 vs. preintervention by paired t-test). In this
cohort, head circumference Z-score (0.12 £ 0.77) was within the normal range and did not
differ from preintervention (p = 0.33 by paired t-test); Z-scores for biparietal diameter (1.31
+ 1.95) were higher than normal (p = 0.002), but were not significantly different than prior
to intervention (p = 0.10). There were no significant associations between MCA flow
parameters and either head circumference Z-score (Fig. 5), biparietal diameter Z-score, or
weight percentile. Similarly, there were no differences in pre- to postintervention changes in
head circumference or biparietal diameter Z-score according to baseline or follow-up MCA
flow characteristics.

Discussion

In this cohort of mid-gestation fetuses with evolving HLHS, we found that cerebral blood
flow characteristics were abnormal, with low Pl and RI, similar to a generally older
population of fetuses with established HLHS reported by Kaltman et al. (Kaltman et al.
2005). These investigators did not find the same pattern in a cohort of fetuses with left-sided
obstructive lesions in which there was antegrade flow around the arch, but the statistical
power of that analysis was limited by the small number of fetuses and a bimodal clustering
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of Z-scores (Kaltman et al. 2005). Although these findings are consistent with the theory
that cerebral vasodilation occurs in response to the abnormal circulatory physiology in these
fetuses, the underlying cause of abnormal cerebral flow dynamics in fetuses with HLHS and
evolving HLHS is unknown.

Circulatory aberrations that may contribute to the cerebral blood flow characteristics
observed in this cohort include but may not be limited to: (1) abnormal delivery of oxygen
and/or energy substrate to the brain and (2) abnormal cerebral arterial hemodynamics as a
result of most or all systemic blood flow originating from the right ventricle and passing
through the ductus arteriosus in the setting of severely impaired left heart output. There are
abundant animal data demonstrating that hypoxemia results in central redistribution of blood
flow in the fetus (Donofrio et al., 2003 and Pearce, 2006; Vyas et al., 1990 and Wladimiroff,
1987). Although less is known about the effects of hypoglycemia on the fetal cerebral
circulation, there are data to indicate that glycemic state can influence cerebral
hemodynamics in the fetus (Makowski et al., 1972, McCallum et al., 2008 and Pardo et al.,
1999). The precise relationship between arterial oxygen and glucose content and cerebral
vasodilation is not clear in these animal models and certainly not in human fetuses.
Likewise, there is no way to know the content of cerebral arterial blood in human fetuses
with HLHS within confidence limits sufficient to shed insight on this problem, although it is
theoretically possible to estimate the oxygen content of cerebral arterial blood in fetuses
with HLHS based on normative animal data. In addition to these metabolic factors,
essentially all cardiac output in fetuses with HLHS and evolving HLHS arises from the right
ventricle and all systemic blood flow passes through the ductus arteriosus; cerebral blood
flow then passes retrograde around the hypoplastic aortic arch to the brachiocephalic
vessels. In this arrangement, the time-flow and cardiac cyclic phase-flow relationships in the
cerebral vasculature may be distorted, insofar as all cardiac outflow is originating from a
single source, flow streaming and energy transfer may be less efficient than usual and
circulatory mechanics may be abnormal as a result. Simulating the hemodynamic
abnormalities in evolving HLHS is not straightforward and there are no animal data of
which we are aware concerning the central arterial responses to this circulatory
configuration. Thus, while the findings of this study are consistent with the hypothesis that
abnormal cerebral hemodynamics and/or oxygen/substrate delivery contribute to cerebral
vasodilation as part of an autoregulatory process, there is insufficient data to know for
certain that this is the case or to resolve the finer questions of how this process works or how
it can be modulated effectively.

Contrary to our expectations, technically successful fetal intervention did not have a
substantial effect on MCA flow characteristics, either acutely or over the course of gestation,
despite improving left heart function and output (Selamet Tierney et al. 2007). While
cerebral vascular flow indices did not improve, it is just as important to note that they did
not deteriorate either. Prenatal aortic valvuloplasty did facilitate modest restoration of the
cerebral:placental balance acutely, as reflected in a significant increase in CPR Rl and a
concomitant decrease in the proportion of fetuses with a very low CPR RI after intervention.
The significance of that finding is uncertain, however, as it was not sustained at late-
gestation follow-up. If cerebral oxygen content is a primary mediator of cerebral vascular
impedance in fetuses with evolving HLHS, it is not surprising that successful fetal aortic
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valvuloplasty did not alter MCA PI or RI Z-scores; although antegrade aortic outflow was
improved with intervention, the oxygen content of this blood probably did not differ
substantially from right ventricular output, inasmuch as postintervention interatrial flow
typically remains left-to-right or bidirectional (Selamet Tierney et al. 2007) and the normal
streaming of umbilical venous return is not restored. Similarly, although aortic valvuloplasty
may alter the contribution of LV and right ventricular outputs to the cerebral circulation and
the dynamics of such flow, net cerebral blood flow may be unchanged. It is also possible
that abnormalities of cerebral perfusion are irreversible by the time of intervention or that
the postintervention changes in cerebral oxygen/substrate delivery and/or central arterial
hemodynamics are simply inadequate to allow normalization of cerebral vascular
impedance. The potential contribution of anomalous cerebral vascular development to
abnormal cerebral hemodynamics in fetuses with evolving or established HLHS is uncertain
and may be critical. For example, Kinnear et al. recently presented data from aborted human
fetuses with HLHS demonstrating decreased capillary density in the germinal matrix and
cerebral cortex, large diameter capillaries suggestive of vascular dilation, and a relatively
low number of vascular cells expressing the stem cell marker CD133 (Kinnear et al. 2008).

AR is relatively common after prenatal aortic valvuloplasty in fetuses with evolving HLHS.
In almost all cases, AR resolved or improved significantly before term, although the
mechanism of this improvement was not clear. Of course, AR in this situation is concerning,
regardless of the unexpected resolution that we have observed, but there is no evidence that
AR contributed to adverse pre- or postnatal outcome in this population. There was a
tendency for MCA PI and RI to increase modestly after valvuloplasty in fetuses with AR,
whereas there was minimal change or a slight decrease in fetuses without AR. An increase
in MCA Pl and RI in the setting of AR would be consistent with diastolic runoff into the LV
competing with diastolic cerebral blood flow, leading to a lower relative diastolic flow
velocity and a rise in Pl and RI, as was observed. We do not believe we have sufficient data
to determine whether these differences actually reflect a deleterious effect of AR, as the
changes were modest, there was no difference in Z-scores changes between fetuses with and
without AR and there was extensive overlap between AR and no AR groups (Fig. 2). The
overall significance of AR in this population and its impact on central arterial
hemodynamics remain important questions that will merit ongoing attention as we accrue
additional experience and postnatal follow-up.

We also found that head circumference and biparietal diameter Z-scores in our cohort of
fetuses with evolving HLHS were generally within the normal range and did not change
demonstrably from preintervention to late-gestation or in relation to MCA flow
characteristics. Other investigators have reported a tendency toward microcephaly in fetuses
with HLHS (Hinton et al. 2008) and there were certainly fetuses with head circumference Z-
scores below normal in this series, but as a population, head circumference in mid-gestation
fetuses with evolving HLHS was within the normal range.

Doppler evaluation of MCA flow was not performed routinely in this patient population
until mid-2004 and as such our entire fetal intervention experience is not represented. Early

Ultrasound Med Biol. Author manuscript; available in PMC 2014 November 13.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

McElhinney et al.

Page 9

and follow-up postintervention Doppler data were not available in all fetuses with
preintervention data, which may bias our findings and compromises our statistical power.
We did not compare our study cohort to normal controls but rather to Z-scores of MCA, UA
and biometric indices that were derived from published normative data (Arduini 1990;
Doubilet et al., 1997, Kurmanavicius et al., 1997 and Kurmanavicius et al., 1999).

Echocardiographic measurements were obtained at specific points in time and may not
accurately reflect either the steady-state or dynamic physiology in these fetuses. The early
postintervention study was performed 24 hours after intervention and it is possible that fetal
and placental hemodynamics had not yet recovered completely from the presumptive stress
of the intervention.

Conclusions

Cerebral blood flow characteristics are abnormal in mid-gestation fetuses with AS and
evolving HLHS, with low PI and RI, suggestive of low cerebral vascular impedance. The
mechanisms and developmental significance of these abnormalities are unknown. Prenatal
aortic valvuloplasty and procedural AR did not appear to have a major acute or chronic
impact on the cerebral flow indices evaluated in this study. The mechanisms, physiologic
implications and neurodevelopmental impact of abnormal MCA flow in fetuses with
evolving HLHS deserve further study. Similarly, the effects of fetal intervention on brain
growth, cerebral metabolic function and neurodevelopmental outcome merit investigation.
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Figure 1.
Ultrasound images in three different patients demonstrating (a) the identification of the

orbits (O), circle of Willis and middle cerebral artery (MCA) (arrow) using color Doppler,
(b) alignment of the pulsed wave Doppler sample volume in the proximal MCA at a low
angle of insonation as it runs laterally along the petrous bone and (c) the pulsed wave
Doppler spectrum and measured velocities.
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Figure2.
Scatter plots depicting (a) middle cerebral artery (MCA) pulsatility index (PI), (b) MCA

resistive index (RI), (c) umbilical artery (UA) PI and (d) UA RI for the 46 fetuses with
preintervention MCA and UA Doppler data available. Mean and 95% confidence intervals
for normal fetuses, as reported previously (Arduini and Rizzo, 1990 and Kurmanavicius et
al., 1997), are represented by the broad and solid lines, respectively. A 95% confidence
interval was not calculated for MCA RI in the normative data set (Kurmanavicius et al.
1997).

Ultrasound Med Biol. Author manuscript; available in PMC 2014 November 13.



duosnue Joyiny vd-HIN duosnue Joyiny vd-HIN

yduasnuel Joyny vd-HIN

McElhinney et al.

Page 14

a1 b1
ot 0F
: 8l
-1 F @
N 2.2.
o (4
2t
§ S 3t
=
3t S
4 -5
c3 d4
2
2.
N |
N 0 30
a [
< 1 <
—
::‘2_
-2
-3 -4
Pre Post Pre Post
Figure 3.

Changes in (a) middle cerebral artery (MCA) pulsatility index (PI), (b) MCA resistive index
(RI), (c) umbilical artery (UA) Pl and (d) UA RI Z-scores from pre- to early
postintervention among fetuses that underwent technically successful aortic valvuloplasty.
Fetuses with significant aortic regurgitation (AR) after intervention are depicted with the
dashed lines and fetuses without AR are represented by solid lines.
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Figure4.

Change in middle cerebral artery (MCA) resistive index (RI) between pre- and early

postintervention studies among fetuses that underwent successful aortic valvuloplasty and

did or did not develop significant AR (p = 0.05).
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This scatter plot depicts the relationship between middle cerebral artery (MCA) pulsatility
index (PI) Z-score and head circumference Z-score prior to intervention, and also reflects
the lack of association between head circumference and other MCA flow indices. The
relationship is defined by the following regression equation: Head circumference Z-score =
(-0.189 x MCA PI Z-score) — 0.189 (r = -0.17, p = 0.27). The solid line at Z = 0 indicates
the mean for the normal population, and the dashed lines at +2 and -2 indicate the limits of
the normal range.
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Table 1

Preintervention, early postintervention and late-gestation follow-up Doppler data among fetuses undergoing
prenatal aortic valvuloplasty®

Preintervention | Early postintervention [ rojjow-up2
Gestational age (wk) 23.8+21 241+21 352+2.2
Middle cerebral artery
Systolic velocity (cm/s) 22.2+50 245+6.1 448+ 14.8
Diastolic velocity (cm/s) 53+13 54+17 125+5.2
Mean velocity (cm/s) 109+2.2 12.1+29 253+8.3
Systolic:diastolic velocity ratio | 4.3 +1.2 48+13 39+12
Pulsatility index 154 +0.28 1.58 +0.24 1.32+0.26
Resistive index 0.75 +0.06 0.77 £ 0.06 0.71+0.09
Pulsatility index Z-score -16+11 -15+1.0 —20+1.0°
Resistive index Z-score -22+14 -18+14 -18+14
Umbilical artery
Systolic velocity (cm/s) 31374 339+7.6 49.5+10.0
Diastolic velocity (cm/s) 85+3.3 10.0+3.7 17.7+6.9
Mean velocity (cm/s) 18.3+4.9 20.7+4.7 31.9+83
Systolic:diastolic velocity ratio | 41+1.5 3.7+14 31+1.0
Pulsatility index 1.27+£0.32 1.17 £0.23 1.06 +0.27
Resistive index 0.73+0.09 0.70 +0.08 0.65 + 0.09
Pulsatility index Z-score -02+11 -05+1.0 05+1.1°
Resistive index Z-score 02+16 -03+15 08+16"
MCA:UA Pl ratio 1.27 £0.32 1.41+0.25 1.33+0.45
MCA:UA RI ratio 1.05+0.14 112+0.11 1.13 +0.24%

MCA = middle cerebral artery; UA = umbilical artery; Pl = pulsatility index; RI = resistive index.
1 . . . .
Data only presented for the 33 fetuses with measurements available pre- and early postintervention.
2 . . .
p values are not presented for comparison of absolute measurements, which normally change over gestation.
*
p < 0.01 vs. early postintervention.
t . .
p < 0.05 vs. early postintervention.

¢p < 0.05 vs. preintervention.
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