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The novel “hybrid” comprehensive stage II operation (HCS2) is an alternate surgical

procedure for a subset of patients with single ventricle physiology with native ascending

aortic outflow sufficient for coronary and upper body circulation, and who have

previously undergone the hybrid stage I procedure1. The procedure, described below, aims

to reduce the complexity of the comprehensive stage II operation by avoiding pulmonary

artery (PA) reconstruction, arch reconstruction, and creation of a Damus-Kaye-Stansel

(DKS) anastomosis. The HCS2 thus attempts to sustain the purported advantages of the

hybrid stage I procedure in terms of minimizing cardiopulmonary bypass (CPB) and

operative trauma.

1. DeCampli WM, Fleishman CE, Nykanen DG. Hybrid approach to the comprehensive stage II operation 

in a subset of single-ventricle variants. The Journal of thoracic and cardiovascular surgery.

2015;149:1095-1100.

The HCS2 has demonstrated clinical success in three patients. There has been a

tradeoff with need for multiple post-operative transcatheter interventions. CFD analysis

has demonstrated no significant pressure drops or flow disturbances related to the PA

baffle and ductal arch. We believe that the HCS2 can be considered a viable alternative

for a subset of single ventricle patients with adequate native ascending aortic outflow.

Clinical and hemodynamic follow-up of this unique repair and circulation is

ongoing.

Figure 3 – Multiscale model with (A) sample geometry

(dimensions in [mm]) and (B) lumped parameter model

(LPM) schematic used in loose-coupling.

Aortic arch gradient: Varying the minimum distance (H) between the anterior MPA and

the anterior baffle surface resulted in different pressure gradients across the pulmonary

outflow tract and the ductal arch (Figure 6-b). The purpose of these pressure

measurements was to ensure that any obstruction would not exceed a clinically acceptable

pressure drop of 10 mmHg. Despite the increased peak pressure drop observed, our model

predicts that the current range of investigated distances falls within the predetermined

clinical thresholds.

Flow field: Figure 7 displays the unsteady velocity field predicted at four points during

the heart cycle: late diastole, early systole, peak systole and early diastole. Streamlines

display an overview of the flow field while the contour plots focus on the flow over the

baffle. Mild retrograde diastolic flow in the aortic arch, diastolic coronary flow, and

poorly pulsatile venous return flow are observed (Figure 7-a). Figure 7-b highlights

significant velocity gradients in the MPA as well as diastolic recirculation on the distal

surface of the baffle. Such patterns can be obviated by means of optimization.
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Figure 7 – Velocity field representation using (a)

streamlines and (b) pulmonary trunk axial cross-sectional

cut with velocity field contour plot for a second heart

cycle.
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Figure 6 – (a) Location of the MPA lumen defining MPA

narrowing characteristic height (H) and (b) peak and

time-averaged, surface-averaged pressure drop across the

baffle (top) and from the baffle across the ductal stent

(bottom) versus H.

This procedure has been completed on four

patients, three of whom remain alive and well and

have completed the third stage of their palliations.

Here we describe the mid-term clinical follow-up

on these patients, and share the results of

investigatory computational fluid dynamics (CFD)

on this unique circulation.

Figure 1 – (A) Schematic Representation of a single ventricle heart after HCS2 procedure with adequate aortic outflow

across a VSD and into the native ascending aorta. (B) The PA baffle, consisting of a stent covered by a homograft hood,

resides within the posterior native MPA. (C) A stent also resides within the native ductal arch to maintain patency.

Figure 4 – (A) Sample catheterization pressures and

(B) LPM generated boundary conditions applied to the CFD.
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RESULTS (Clinical)

Technique: After successful hybrid stage I procedure and appropriate interstage course, adequacy of

antegrade aortic flow to the upper body and the status of the stented ductus are assessed pre-operatively with

non-invasive imaging and cardiac catheterization. After re-sternotomy, CPB with mild hypothermia is

initiated using dual arterial cannulation into the AscAo and pulmonary trunk. The PA bands are removed and

replaced with tourniquets. The ascending aorta is clamped and the heart arrested. An incision is made into

the pulmonary trunk and its arterial cannula is replaced with a balloon-tipped cannula advanced through the

ductal arch for lower-body perfusion. Excess ductal stent material is excised. An incision is made into the

right PA, and through this arteriotomy a catheter-based stent is deployed within the pulmonary trunk,

bridging the right and left PA ostia (Figure 1-B). The stent is anchored in place with two 6-0 Prolene sutures

and then roofed over by suturing a pulmonary homograft ‘baffle’ around the stent from ostium to ostium,

leaving native PA tissue as the base of the baffle. The pulmonary trunk is closed primarily or with homograft

patch augmentation to assure unobstructed lower-body flow over the baffle. The heart is de-aired and the

aortic clamp removed. A superior cavopulmonary connection is established. Intra-operative angiography

(Figure 2-A, B, C) and re-stenting of the ductal arch under fluoroscopy may be carried out.

METHODS

Clinical Review: A retrospective chart review was completed on the four patients who have undergone the 

HCS2. Their relevant imaging, catheterization data, operative data, and clinical outcomes were reviewed.

In-Silico CFD:

• Geometry: A synthetic 3D model of the HCS2 was generated using computer design software

Solidworks, with average dimensions matching angiographic imaging (Figure 3-A). Model alterations

were limited to the MPA diameter to investigate baffle related narrowing induced pressure gradients.

• Flow conditions: The patient is assumed to be 7-months old with a heart rate of 120 and an average

cardiac output of 3  𝐿 𝑚𝑖𝑛. In addition, a 60%-40% flow split between MPA and AA and a 50%-50%

flow split between RPA and LPA is assumed.

• Fluid modeling: Unsteady incompressible laminar flow, rigid walls, and non-Newtonian fluid based on

a 3-parameter Carreau-Yasuda model curve-fitted to clinical data for 40% hematocrit:

A loosely-coupled CFD-LPM multiscale model was implemented to converge the flow field (Fig 3,4).

A B C D
Figure 2 – Intraoperative (A, B, C) and post-operative (D) angiograms with contrast injected into the SVC after the

HCS2 demonstrate the patency of the stented PA baffle with preserved flow to the left PA.
CONCLUSIONS
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Case Diagnoses
Age at 

HCS2

Age at 

Fontan

PA stents 

required

DA stents 

required

Age at last 

follow-up

Status at last 

follow-up

1
- Trisomy 21

- Unbalanced, right dominant AVC, hypoplastic arch
6 mo N/A 1 1 7 mo Died POD26

2
- Double outlet right ventricle with mitral atresia and ventricular 

septal defect, hypoplastic arch
6 mo 34 mo 1 4 ∼6 yrs

Alive and well, 

sats high 90s

3

- Double outlet right ventricle with parachute and hypoplastic

mitral valve, hypoplastic arch

- Left superior vena cava to coronary sinus

5 mo 37 mo 3 2 4 yrs
Alive and well, 

sats high 90s

4
- Mitral atresia with ventricular septal defect, accessory tissue 

crowding left ventricular outflow tract, hypoplastic arch
9 mo 36 mo 1 2 ∼3.5 yrs

Alive and well, 

sats low 90s

RESULTS (In-Silico)

Table 1 details the four patients who have undergone the HCS2, including their underlying

anatomy, number of stents required in the stent-dependent lesions, and their clinical outcome.

The first patient to undergo the procedure died on POD 26 related to recalcitrant LPA

thrombosis. A covered stent had been used as the intrapulmonary baffle stent. Complicating the

case was a diagnosis of Trisomy 21 as well as pre-operatively elevated LPA pressures in the

setting of an LPA band that was less tight than the RPA band. Although these complicating

factors may have been strong contributors to the LPA thrombus, the outcome led us to abandon

the use of a covered stent in the intrapulmonary baffle, opting instead for a bare metal stent,

and to aggressively institute post-operative anticoagulation.

Table 1 – Patient characteristics and outcomes.

The subsequent three patients underwent

successful HCS2 and have completed their

Fontan. Note has been made of a relatively

high need for cardiac catheterizations on

these patients, specifically for re-dilating

and re-stenting of the ductal arch (Figure

5). This experience has led us to more

aggressively pursue intra-operative ductal

re-stenting at the time of the HCS2.

Importantly, the ascending aortae of these

patients have grown commensurate with

their somatic growth, and there has been no

apparent clinical consequence of separation

of the upper and lower body circulations.
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Figure 5 – Angiograms of the ascending aortae (A-1, B-1, and C-1)

and ductal arches (A-2, B-2, C-2) of patients 2-4. Note the

persistence of native aortic arch hypoplasia and effective separation

of upper and lower body circulations.


