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Abstract

Background.—First-stage palliation of neonates with single-ventricle physiology is associated
with poor outcomes and challenging clinical management. Prior computational modeling and in
vitro experiments introduced the assisted bidirectional Glenn (ABG), which increased pulmonary
flow and oxygenation over the bidirectional Glenn (BDG) and the systemic-to-pulmonary shunt in
idealized models. In this study, we demonstrate that the ABG achieves similar performance in
patient-specific models and assess the influence of varying shunt geometry.

Methods.—In a small cohort of single-ventricle prestage 2 patients, we constructed three-
dimensional in silico models and tuned lumped parameter networks to match clinical
measurements. Each model was modified to produce virtual BDG and ABG surgeries. We
simulated the hemodynamics of the stage 1 procedure, BDG, and ABG by using multiscale
computational modeling, coupling a finite-element flow solver to the lumped parameter network.
Two levels of pulmonary vascular resistances (PVRs) were investigated: baseline (low) PVR of the
patients and doubled (high) PVR. The shunt nozzle diameter, anastomosis location, and shape
were also manipulated.

Results.—The ABG increased the pulmonary flow rate and pressure by 15% to 20%, which was
accompanied by a rise in superior vena caval pressure (2 to 3 mm Hg) at both PVR values.
Pulmonary flow rate and superior vena caval pressures were most sensitive to the shunt nozzle
diameter.
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Conclusions.—Patient-specific ABG performance was similar to prior idealized simulations and
experiments, with good performance at lower PVVR values in the range of measured clinical data.
Larger shunt outlet diameters and lower PVR led to improved ABG performance.

Neonates born with single ventricle congenital heart defects typically undergo a three-staged
palliative surgical repair. Stage 1 involves insertion of a systemic-to-pulmonary shunt (SPS)
that provides a source of pulmonary blood flow. This physiology is usually sustainable until
a more stable cavopulmonary connection, typically the bidirectional Glenn (BDG), can be
implemented at 3 to 6 months. First-stage palliation has the highest mortality rate of the
three stages, leading to high ventricular volume load, imbalance of systemic and pulmonary
flow, and shunt thrombosis [1, 2]. Early efforts to implement the Glenn in neonates resulted
in poor clinical outcomes [3, 4], attributed to low pulmonary flow, elevated neonatal
pulmonary vascular resistance (PVR), and high superior vena caval (SVC) pressures, leading
to SVC syndrome [4].

The assisted bidirectional Glenn (ABG) was introduced as an alternative to the SPS [5] and
modified the conventional BDG with an additional shunt between the innominate artery and
SVC to increase pulmonary flow. A related concept that anastomosed the shunt directly to
the branch pulmonary arteries (PAs) was previously proposed but resulted in high SVC
pressures [6]. In an acute pilot study, an SVC-PA pump assist to increase pulmonary flow in
stage 1 Norwood patients lowered SVC pressures [7]. Here, the ABG shunt is anastomosed
to the SVC, and the shunt outlet is constricted to act as an ejector pump, whereby the high-
velocity jet from the shunt mixes with the low-energy SVVC flow to ideally increase
pulmonary flow and to maintain low SVC pressure upstream of the anastomosis. Potential
advantages over a conventional SPS include ventricular load reduction, a stable source of
pulmonary flow and hepatic flow, and a secondary source of pulmonary flow in the event of
shunt thrombosis. An early implementation of the ABG would potentially eliminate the
stage 1 SPS, reducing the number of surgical stages to two, because the ABG shunt could
later be closed by catheterization.

Prior studies revealed the ABG as a promising approach for stage 1 single ventricle
palliation. Multiscale modeling and in vitro experiments of an idealized three-dimensional
(3D) ABG model demonstrated improved pulmonary flow and systemic oxygen saturation
compared with the BDG at low and high PVR values [5, 8]. Idealized models were also used
to optimize shunt geometry [9]. Here, we assess ABG performance in three patient-specific
models, using multiscale modeling that combines 3D image-based computational fluid
dynamics with lumped-parameter models of circulatory physiology. We aim to verify that
prior idealized model results are replicated in patient-specific models and to examine patient
variability in ABG performance, measured with clinically relevant parameters. We also
manipulate ABG shunt geometry to identify parameters governing performance, because
prior experiments found dependence on shunt geometry [8], and this knowledge will
contribute to further shunt optimization [9].
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Patients and Methods

Geometric Modeling

Magnetic resonance imaging and clinical data, including patient demographic
characteristics, initial diagnosis, and cardiac catheterization data, were acquired before stage
2 surgery for patients A, B, and C (Supplemental Table 1). For each patient, we constructed
3D models of the pre-stage 2 vasculature by using the open-source SimVascular software
(http://simvascular.org) [10]. Medical image data were imported; centerline paths were
constructed along the vessels of interest, segmentations (cross-sections) of the vessels were
generated along the paths and lofted to create a 3D solid model. To generate the virtual BDG
model, an automated script removed the SPS and re-oriented and anastomosed the SVC to
the right PA, in consultation with a pediatric cardiac surgeon.

As originally proposed, the ABG shunt was constricted with a Ligaclip (Ethicon,
Somerville, NJ) near the SVC anastomosis [5]. Although this method is easily adopted in the
clinic, a prefabricated shunt nozzle would be more repeatable. Here, we prescribe the main
shunt diameter D, luminal outlet diameter @, outlet eccentricity (elliptical versus circular),
and SVC anastomosis location (Fig 1). The shunt was angled at 30° with respect to the SVC.
A script automatically generated and unioned the shunt to the BDG model in SimVascular.
To assess ABG performance compared with the SPS and BDG across different patients, a
baseline shunt geometry was used with diameters D of 3.5 mm and ¢ of 1.2 mm
(Supplemental Fig 1). To evaluate the sensitivity of ABG performance to shunt parameters,
the following variations were implemented for patient A: nozzle diameter: 3.5-mm diameter
shunt with dof 0.6 mm or 1.8 mm; nozzle shape: elliptical nozzle (¢= 1.2 mm, major axis
3.5 mm, minor axis 0.41 mm), whose circumference is 90% larger over a circular outlet; and
location: shunt anastomosed to the SVC—pulmonary junction.

Multiscale Simulations

We used a multiscale modeling framework to couple local hemodynamics in the 3D model
to a OD closed-loop lumped parameter network that represented circulatory physiology [11,
12]. The lumped parameter networks, comprised of circuit elements in organ blocks, were
adapted from prior studies and were tuned to match patient-specific data [13, 14], including
patient-specific pulmonary pressures, flow splits, and flow rates. For the BDG and ABG
simulations, the lumped parameter network was modified to connect the upper body venous
return to the SVC, leaving all parameter values unchanged. The total excess blood volume
was also adjusted from the stage 1 surgery to the ABG or BDG to maintain constant
systemic systolic blood pressure, which would be autoregulated.

At the time of data acquisition (2 to 6 months), patients A, B, and C had PVR values of 3, 3,
and 6 WU-m?, respectively. The typical range of neonatal PVR values for patients with
single-ventricle physiology remains largely unknown. Therefore, we performed a
comprehensive retrospective single-institution chart review to determine PVR values in
neonatal single-ventricle physiology. The Lucile Packard Children’s Hospital database was
interrogated to identify all patients in the past 20 years who were younger than 1 month of
age at the time of catheterization and were diagnosed with a single ventricle defect. PVR
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values for all patients (n = 7) identified are shown in Table 1. Prior studies also report similar
PVR values after indexing to body surface area [15, 16]. Together, these data confirm that
the baseline PVR values used in the computational modeling are in line with clinical
measurements. It is commonly believed, however, that neonatal PVR is higher, so additional
simulations were performed at twice the baseline PVR by doubling pulmonary resistances at
each outlet. Increasing vascular resistance decreased oxygen saturation and delivery in
Norwood circulation models [17].

In the 3D domain, we solved the Navier-Stokes equations for an incompressible, Newtonian
fluid (density = 1,060 kg/m3; dynamic viscosity = 0.004 Pa-s) and rigid walls with the
SimVascular finite-element solver [18, 19]. The time step size was 1/1,000th of a cardiac
cycle, determined by the patient’s heart rate. A coupled Dirichlet boundary condition was
imposed at the ascending aorta [12, 20]. To prevent simulation divergence due to backflow,
outlet stabilization was used [21]. Simulations were run for six cardiac cycles to ensure
convergence; the last cycle was post-processed.

Mesh generation was done with MeshSim (Simmetrix, Inc, Troy, NY). We performed a
mesh convergence study with one to four refinement adaptations based on the Hessian of the
velocity field [22]; three adaptations were sufficient to obtain SVC pressures and pulmonary
flows within 0.1% of the finest mesh. The final number of elements ranged from 2.5 to 3.9
million.

Patient Comparison

Simulation results comparing the SPS, the BDG, and the baseline ABG are shown in Table
2. For patients A and B, the BDG at both PVR values substantially decreased the ventricular
load (>30%) and increased oxygen delivery rates and saturations, as expected. Patient C had
a low pulmonary-to-systemic flow (Qp/Qs) ratio (<0.5) with the central shunt, resulting in
poor oxygen delivery and saturation. With the BDG, patient C’s Q,/Qg ratio increased, along
with the anticipated ventricular offload and increase in oxygen delivery and saturation. For
all patients, the BDG decreased the pulmonary pressure by a similar amount at both PVR
values, relative to the stage 1 surgery. However, the SVC pressure with the SPS anatomy was
stable and low at both PVR values, whereas the SVC pressure with the BDG increased by as
much as 5 mm Hg between low and high PVR values (patient C).

The ABG increased the pulmonary flow rate by 15% to 30% at both PVVR values compared
with the BDG. The ventricular load increase was negligible (<10%). However, the
improvement in pulmonary flow was accompanied by a proportional increase in the SVC
pressure of at least 2 mm Hg. SVC pressures of 2 patients remained less than 15 mm Hg
with the ABG at low PVR, and 1 patient remained under this threshold at high PVR.

With the ABG, the cardiac output increased by an amount less than the added flow through
the shunt; the shunt diverted some systemic circulation into the pulmonary circulation.
Consequently, the systemic oxygen delivery decreased, although overall oxygen saturation
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increased for the ABG compared with the BDG. The increase in oxygen saturation with the
ABG was as much as 6% to 7%.

The ABG may also benefit pulmonary endothelial function by supplying pulsatile
pulmonary flow. Figure 2 illustrates variations in pulsatility index at low PVR, defined as
(peak systolic flow rate — minimum diastolic flow rate)/(mean flow rate). Modifications to
the waveform can be long-wave (patient A) or short-wave (patients B and C). The change in
pulsatility index was likely determined by branching of the ABG shunt flow; overall the
ABG increased pulsatility by a factor of 1.5 to 3.3.

Shunt Geometry

The effects of shunt geometry on patient A are summarized in Table 3. Variations considered
include nozzle diameter, shunt outlet shape, and shunt location.

nozzle diameter.—The highest speed in the ABG shunt (approximately 3 m/s) occurs at
the narrowest point (Figs 3A-3C). The jet expands in the SVC and impinges the opposite
wall before washing downstream. The shunt flow rate increased non-linearly with nozzle
diameter; a regression fit showed that the shunt flow is proportional to &2-6% at low PVR and
A5 at high PVR (Fig 4A). The similarity between the two relations showed that the shunt
flow did not change with PVR.

The change in pulmonary flow rate was also nonlinear with nozzle diameter (Fig 4B).
Compared with the BDG, the ABG augmented pulmonary flow by 6% to 45%, depending
on the nozzle diameter at low PVR (8% to 41% at high PVR) (Table 3). The pulmonary
pressure increased by as much as 4 mm Hg for the largest shunt and SVC pressure increased
in tandem, exceeding 16 mm Hg at low PVR and 20 mm Hg at high PVR (Fig 4C). At low
PVR, pulmonary flow increased with SVC pressure more steeply than at high PVR (Fig 3D).
If the increase in the SVC pressure could be tolerated, the ABG did not substantially
increase the heart load regardless of nozzle diameter (Fig 4D). The effect on oxygen delivery
and saturation depended on the nozzle flow rate. Although the oxygen delivery rate
decreased with diameter because of decreasing systemic flow, the overall systemic saturation
increased by 6% for the largest nozzle (Table 3).

shunt outlet shape.—A nozzle with increased surface area could promote mixing and
boost the ejector pump effect. We found that surface area had a negligible effect on
performance. The jet from an elliptical nozzle was better aligned with the SVC and diffused
more quickly, which would seem beneficial to performance (Fig 5A), but the decrease in
SVC pressure was less than 1% at both PVR values (Table 3).

shunt location.—Anastomosing the ABG shunt to the SVC—pulmonary junction could
deliver flow more directly to the pulmonary arteries. However, the jet caused recirculation in
the junction (Fig 5B). When shunts were anastomosed to the top of the SVC (Fig 3B), the
momentum of the SVC flow swept the jet downstream. In contrast, the flow in a T-junction
must decelerate to bifurcate into the left and right PAs. This design had a lower flow rate
through the shunt and PAs (Table 3, column v) and consequently did not perform as well as
the shunt placed upstream. However, shunt placement could enhance pulsatility of the
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pulmonary flow. Higher amplitude perturbations were introduced by the shunt inserted at the
SVC-pulmonary junction, with pulsatility index of 26% compared with 15% for the
anastomosis at the top of the SVC (Fig 5C).

Comment

We reported ABG performance in a cohort of patient-specific models and explored effects of
shunt geometry. ABG performance relative to the BDG was consistent across patients,
despite the disparity in patients’ conditions prestage 2. The ABG possessed many of the
benefits of the BDG compared with a SPS and enhanced pulmonary pressure and flow rate
by approximately 20%, increasing the systemic saturation. Similar performance was noted in
prior simulations and in vitro experiments in idealized models. The goal of reducing or
maintaining the SVC pressure, however, was not realized with the ABG, which always
increased the SVC pressure; at high PVR, the SVC pressures could increase beyond a
reasonable value. Our measured PVR data, corroborated by prior studies, however, suggest
that neonatal PVR may be modest, in which case the predicted SVC pressures could remain
manageable. Patients for whom a low SVC pressure was predicted for the BDG may be
appropriate candidates for the ABG.

The ABG induced pulmonary flow pulsatility compared with the BDG. A prior study
suggested that pulsatile cavopulmonary flow may have benefits for exercise tolerance [23].
The ABG may also mitigate formation of pulmonary arteriovenous malformations. Diverting
hepatic effluent from the pulmonary circulation may contribute to development of
arteriovenous malformations with a BDG [24] and can potentially be avoided by introducing
hepatic flow to the pulmonary bed with the ABG. Furthermore, introducing the
supplemental flow through the SVC promotes an even distribution of hepatic flow to the
right and left PAs.

The ABG flow rate was most affected by nozzle outlet diameter, in agreement with prior in
vitro experiments [8]. Varying shunt anastomosis location and outlet shape led to marginal
improvement, also in agreement with experiments [8]. The high velocity through the nozzle
may counteract thrombosis; the timescale of occlusion can only be assessed with a
biological model. In the event of occlusion, the ABG would revert to a BDG and provide a
source of pulmonary flow.

The ABG ejector pump effect is relatively weak, because the jet maintains momentum as it
enters the pulmonary trunk and does not substantially mix with the primary stream.
Moreover, use of an elliptical nozzle to increase jet surface area was not enough to reduce
SVC pressure to levels near BDG. A more steeply inclined shunt will increase coaxial
momentum, but it will be somewhat counteracted by the larger cross-section in which the
shunt is anastomosed to the SVC, which will increase the jet’s expansion on entering the
SVC. Optimization studies show that pulmonary flow rates with the ABG increase modestly
and SVC pressures are unchanged with decreased shunt angle [9]. However, the ABG may
hold promise when combined with PVR-lowering drugs, because the ejector pump effect
increases when PVR is reduced.
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The patient-specific modeling performed here highlights the variability in patient response to
virtual surgeries. Patient-specific surgical planning performed by using the proposed
simulation framework could be used to select candidates for the ABG, and it illustrates the
potential benefits of multiscale modeling for surgical planning [25]. The inability to reduce
SVC pressure for patients with high PVR remains a concern for clinical translation, although
our limited data indicate that neonatal PVR may be lower than previously thought. However,
because of the challenging nature of invasive catheterization measurements in stage 1
neonates, additional clinical data from multicenter studies should be obtained to further
characterize PVR levels in neonates with single ventricle physiology. Such data will be
critical to identifying appropriate guidelines for the clinical use of ABG surgery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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anastomosis location

sve 4

Fig 1.

Schematic of assisted bidirectional Glenn (ABG) shunt geometry, illustrating the shunt
narrowing proximal to the superior vena cava (SVC). (D = main shunt diameter; d = luminal
outlet diameter.)
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—— A: BDG (3.0% RMS fluctuation)
—-—- A: ABG (5.5% RMS fluctuation)
—— B: BDG (4.4% RMS fluctuation)
—-—- B: ABG (9.9% RMS fluctuation)
—— C: BDG (2.5% RMS fluctuation)
—-—- C: ABG (5.1% RMS fluctuation)
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Flow rate through the largest pulmonary artery for each patient, comparing bidirectional
Glenn (BDG) and assisted bidirectional Glenn (ABG). (RMS = root mean square.)
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Fig 3.

Simulated flow speed in a plane bisecting the assisted bidirectional Glenn (ABG) shunt and
the superior vena cava (SVC). Shunt flow is right to left. Shunts have nozzle diameters of
(A) 0.6 mm, (B) 1.2 mm, and (C) 1.8 mm. (D) Pulmonary flow versus SVC pressure in the
ABG, varying nozzle diameters. Arrows compare the same anatomic models at different
pulmonary vascular resistance (PVR). (BDG = bidirectional Glenn.)
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Fig 4.

Clinically relevant parameters of (A) shunt flow rate, (B) pulmonary flow rate, (C) pressure,
and (D) heart load versus assisted bidirectional Glenn (ABG) nozzle diameters; the
bidirectional Glenn (BDG) is shown as a zero-diameter variant of the ABG. *Modified
Blalock-Taussig shunt values. (PVR = pulmonary vascular resistance; SVC = superior vena

cava.)
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Simulated flow speed in a plane bisecting the assisted bidirectional Glenn (ABG) shunt and
the superior vena cava (SVC) for (A) an elliptical nozzle and (B) an anastomosis near the
SVC-pulmonary junction. (C) Flow rate through the largest pulmonary artery, comparing

anastomosis location. (BDG = bidirectional Glenn; Pl = pulsatility index.)
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