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Objective: Ross procedure is considered as the “gold standard” for aortic valve
replacement, but the conduits used for right ventricular outflow tract (RVOT)
reconstruction, such as homografts and bovine jugular vein (BJV) conduits, are of
limited availability in China. Handmade expanded polytetrafluoroethylene-valved conduits
(HVGs) have been used recently as the alternative for RVOT reconstruction, but their
specific experience in Ross procedure is limited in the literature.

Methods: This was a retrospective review of 27 children who underwent Ross
procedure in our center from January 2018 to January 2022.

Results: Mean age at surgery was 8.0 4+ 3.8 years. During the study period, BJV
conduits were used for RVOT reconstruction in 6 patients (22%), and HVCs were used
in 21 patients (78%). Median conduit size was 20mm (range, 16-24 mm), and mean
conduit Z-score was +0.8 + 0.9. Median time for cardiopulmonary bypass was 158 min
(range, 109-275 min), and mean time for aortic crossclamping was 110 4+ 21 min. There
was no early mortality. During a median follow-up time of 1.4 years (range, 0.1-3.7 years),
3 patients (11%) with BJV conduits had peak conduit velocity of > 3.5 m/s; 3 patients
(11%) with HVCs developed moderate conduit insufficiency; no patients had more than
moderate conduit insufficiency. Three patients with BJV conduits had 5 reinterventions,
and all received conduit replacement with HVCs.

Conclusion: HVC is an appealing alternative to BJV conduit for RVOT construction for
children undergoing Ross procedure, with favorable short-term outcomes.
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INTRODUCTION

The Ross procedure is considered as the most attractive
option for patients requiring aortic valve replacement, with
excellent long-term survival (1). Although pulmonary autograft
reoperations secondary to aortic valve insufficiency or aortic root
dilation are sometimes needed, most reinterventions after Ross
procedure are in the right ventricular outflow tract (RVOT) (2).
A durable RVOT conduit is of great importance to the success of
Ross procedure.

Homografts and bovine jugular vein (BJV) conduits
have been widely used as RVOT conduits in western
countries with favorable outcomes (3), but they are of limited
availability in countries such as China. Handmade expanded
polytetrafluoroethylene (ePTFE) valved conduits (HVCs)
have been developed recently as an appealing alternative to
homografts for RVOT reconstruction (4, 5), but the specific
experience in Ross procedure in pediatric population is limited
in the literature (6). Our institution has taken the approach of
constructing HVC for RVOT reconstruction for Ross procedure
since 2018. We now summarize our initial experience and
evaluate the short-term surgical outcomes.

MATERIALS AND METHODS

Patients

Between January 2018 and January 2022, 27 patients underwent
Ross procedure at Shanghai Children’s Medical Center and were
included in this retrospective study. During this period, BJV
conduits (BalMedic, China) were used for RVOT reconstruction
in 6 patients (22%), all before March 2019; HVCs were used in
21 patients (78%). The hospital ethics committee approved this
study and waived the need for individual consent (SCMCIRB-
K2022033-1, April 6, 2022).

Handmade-Valved Conduits

The HVC was constructed in the operation room (by WD
or HZhu) prior to skin incision (Supplementary Video). The
technique was similar as previously described by Coyan and
colleagues (7) with some modifications. Briefly, the conduit
diameter was chosen based on age and weight of the patient.
Due to the limited availability of different sizes of the conduits
in our institution, different vascular grafts were used as conduits.
Impra ePTFE vascular graft (BD, NJ) was used for HVC diameter
of 16 and 19mm. GORE-TEX vascular graft (W. L. Gore &
Associates, Inc, AZ) was used for HVC diameter of 20 and
22mm. Woven double velour vascular graft (Maquet, France)
was used for HVC diameter of 24mm and 26 mm. A 0.1-
mm-thick ePTFE membrane (W. L. Gore & Associates, Inc,
AZ) was trimmed to construct the tricuspid valve leaflets with
the same shape (Figure 1), and were sewn on the surface of
the inverted conduit with 6-0 prolene suture in a running
fashion. Interrupted reinforcement sutures were placed on the
commissures. The valved conduit was then inverted again and
was tested for competency.

Surgical Technique

The Ross procedure was performed by HZha or HZhu under
cardiopulmonary bypass with aortobicaval cannulation. After
inspection of the aortic valve, the decision was made to perform
Ross procedure. The main pulmonary artery was transected at
the bifurcation and the pulmonary autograft was harvested. The
pulmonary autograft was then implanted to the aortic root with
coronary transfer. The retained native aortic sinus tissue was
used to cover the autograft as reinforcement. The HVC was
then implanted to establish the right ventricle-to-pulmonary
artery continuity.

Follow-Up

Data were collected retrospectively from hospital records
and outpatient clinics. Follow-ups were scheduled 1
month, 3 months, 6 months after discharge, then every
6 months for the next 18 months, and then every year.
Echocardiograms were performed at each time points to
evaluate the conduit performance. Conduit insufficiency
was graded as none/trivial (0), mild (1), mild-moderate
(1.5), moderate (2), moderate-severe (2.5), and severe
(3) according to the features of the jet flow. Conduit
dysfunction was defined as a peak conduit velocity 3.5 m/s
or greater, or a > moderate conduit insufficiency, at the first
occurrence (8).

Statistical Analysis

Data were analyzed using SPSS software version 22.0 (IBM-
SPSS Inc, Armonk, NY). Continuous variables were summarized
using mean =+ standard deviation or median (range) for skewness
variables. Categorical variables were summarized as frequency
and percentage. Comparison between continuous variables was
performed by student’s ¢-test, or by Mann-Whitney U test for
skewness variables. Categorical variables were compared by the
Fisher’s exact test. The Cox proportional hazard analysis was used
to determine the risk factor for conduit dysfunction. The p values
of < 0.05 were considered statistically significant.

RESULTS

Patient Characteristics

Mean age at surgery was 8.0 £ 3.8 years. Among them, the
youngest patient was 11 months old, and 10 patients (37%)
were more than 10 years old. Mean weight at surgery was 27.6
+ 11.8kg, with eight patients (30%) weighing < 20kg. Eight
patients (30%) had previous interventions on the aortic valve: 5
(63%) patients had percutaneous balloon aortic valvotomy and
3 (27%) patients had surgical aortic valvotomy. More than half
of the patients (56%) had mixed aortic valve disease of stenosis
and insufficiency. The detailed demographic characteristics were
listed as Table 1. There were no significant differences in baseline
characteristics between patients with BJV conduits and HVCs.

Conduit Size

Median conduit size was 20 mm (range, 16-24 mm), and mean
conduit Z-score was +0.8 + 0.9. Although there were no
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FIGURE 1 | Measurements for the tricuspid handmade-valved conduit constructed with 0.1-mm-thick expanded polytetrafluoroethylene membrane. d, conduit

TABLE 1 | Demographic characteristics of the entire cohort.

Overall BJV conduit HVC P value
N 27 6 (22%) 21 (78%)
Gender (female) 11 (41%) 3 (60%) 8 (38%) 0.662
Age () 8.0+3.8 7.942.8 8.044.2 0.933
Weight (kg) 27.6+11.8 28.3+11.9 27.4+12.0 0.868
Body surface area (m?) 1.0+£0.3 1.0+0.3 1.0+0.3 0.979
Aortic valve disease type Stenosis 5 (18%) 1(17%) 4 (19%) 0.802
Insufficiency 7 (26%) 1 (17%) 6 (29%)
Mixed lesion 15 (56%) 4 (66%) 11 (52%)
Etiology Congenital 25 (93%) 6 (100%) 19 (90%) 1.000
Endocarditis 2 (7%) 0 2 (10%)
Aortic valve morphology Tricuspid 15 (65%) 2 (33%) 13 (62%) 0.326
Bicuspid 11 (41%) 4 (67%) 7 (33%)
Quadricuspid 1 (4%) 0 1 (5%)
Previous intervention 8 (30%) 3 (60%) 5 (24%) 0.319
Conduit size (mm) 20 (16~24) 20 (18~20) 20 (16~24) 0.204
Conduit Z-score +0.8+0.9 +0.5+0.9 +1.0+£0.8 0.215
Cardiopulmonary bypass time (min) 158 (109~275) 159 (123~258) 153 (109~275) 0.748
Aortic crossclamping time (min) 110+21 125421 106+£19 0.048
BJV, bovine jugular vein; HVC, handmade valved conduit.
significant differences between the two groups in terms of Perioperative Outcomes
conduit size and conduit Z-score; conduit size of 16, 22, and  Three patients (11%) had concomitant aortic annular

24 mm was only selected in HVC (Table 2). Oversized conduit
(Z-score >2) was implanted in 2 patients (7%), with the weight at
the surgery of 12 and 15 kg, respectively. There was a downward
trend of conduit Z-score with increasing weight at surgery
(Figure 2).

enlargement. Three patients (11%) had concomitant mitral
valvuloplasty, and 1 patient (4%) had repair of double aortic
arch. Median time for cardiopulmonary bypass was 158 min
(range, 109-275 min), and mean time for aortic cross-clamping
was 110 & 21 min. Median time for mechanical ventilation
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and intensive care unit stay was 45h (range, 10-163h) and 4
days (range, 2-9 days), respectively. In-hospital complications
occurred in 6 patients (22%): 2 patients had major bleedings,
1 patient with HVC had mediastinal infection, 1 patient with
preoperative left ventricular dysfunction had delayed sternal
closure, 1 patient had pericardial effusion requiring pericardial
drainage, and 1 patient had postoperative moderate tricuspid
regurgitation with moderate conduit insufficiency. There was no
hospital mortality. After discharge, oral aspirin was administered
in all patients. Warfarin was administered in 19 patients (90%)
with HVCs for 6 months with the target of international
normalized ratio (INR) of 1.5-2.0.

Conduit Function

Intraoperative  transesophageal echocardiography showed
none/trivial conduit insufficiency in 14 patients (52%), mild
conduit insufficiency in 13 patients (48%), with no conduit
stenosis. The median follow-up time was 1.4 years (range,
0.1-3.7 years). No patients were lost to follow-up. The mean
peak conduit velocity at 1 year after surgery was 2.8 & 1.1 m/s in
BJV conduits, and 2.5 & 0.4 m/s in HVCs (p = 0.561) (Figure 3).
Three patients (11%) with BJV conduits had peak conduit

TABLE 2 | The selection of conduit size and conduit type in the entire cohort.

velocity of > 3.5 m/s; all occurred at the distal anastomosis of
the conduit. The mean degree of conduit insufficiency at 1 year
after surgery was 0.9 & 0.5 in BJV conduits, and 1.1 & 0.5 in
HVCs (p = 0.497) (Figure 4). Three patients (11%) with HVCs
developed moderate conduit insufficiency; no patients had more
than moderate conduit insufficiency. No risk factor for conduit
dysfunction was identified by the Cox proportional hazard
analysis (Table 3).

Conduit Reintervention

Three patients with BJV conduits had 5 reinterventions on
the conduit during the follow-up period. No patients with
HVCs required reintervention. The first patient was a 12-year-
old, 32kg male with initial BJV conduit of 20 mm (Z-score:
+0.06). He developed severe conduit stenosis (peak conduit
velocity: 4.3 m/s) requiring percutaneous balloon dilation of
the distal conduit 6 months after initial surgery. After surgery
the stenosis progressed and at 2.8 years after initial surgery,
he received conduit replacement with HVC of 26 mm (Z-score:
+1.16). The pulmonary artery bifurcation was enlarged with
pericardial patch. This patient died of cerebral hemorrhage
unrelated to the conduit. The second patient was a 10-year-
old, 49kg male with initial BJV conduit of 20 mm (Z-score:
—0.56). He had percutaneous balloon dilation of distal conduit
at 8 months and subsequent conduit replacement with HVC
of 20mm (Z-score: —0.91) at 1.5 years after initial surgery,

Conduit size {mm) Overall BJV conduit Hve respectively. The third patient was 6-year-old, 20 kg female with
16 2 (7%) 0 0(9%  initial BJV conduit of 18 mm (Z-score: 4-0.38). She had conduit
18 14%) 1(17%) 0 replacement with HVC of 22 mm (Z-score: 4+-0.78), enlargement
19 5 (19%) 1(17%) 4.(19%) of the pulmonary artery bifurcation with pericardial patch,
20 10 (37%) 4 (66%) 6 (29%) aortic valvuloplasty at the right-noncoronary commissure, and
99 6 (22%) o 6 29%) replacement of the ascending aorta with ePTFE conduit at 2.8
04 3(11%) 0 (4% ~ YeAars after surgery. The explants of the above-three BJV conduits
0 (o)
showed conduit calcification as well as neointimal proliferation
BJV, bovine jugular vein; HVC, handmade valved conduit. at the distal anastomosis.
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FIGURE 2 | Relationships of body weight at surgery with (A) right ventricular outflow tract (RVOT) conduit size and (B) conduit Z-score.
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FIGURE 3 | Graphic showing postoperative trend of peak right ventricular outflow tract (RVOT) velocity in two types of conduits.

DISCUSSION

The Ross procedure is considered by many as the “gold standard”
for aortic valve replacement with excellent hemodynamics,
durability, and free from anticoagulation therapy (1). However,
reintervention after the Ross procedure is still a concern, with
reoperation due to pulmonary autograft and RVOT conduit
failure occurred at the rates of 0.37-2.81%/year and 0.34-
4.76%/year, respectively (9). Implanting an RVOT conduit
with a durable conduit function will reduce the burden for
reinterventions after the Ross procedure.

Younger age at surgery, lower weight at surgery and smaller
conduit size at implantation have already been identified as the
risk factors for RVOT reoperation due to somatic growth (9, 10).
Homografts and BJV conduits are the two most frequently used
conduits for RVOT reconstruction (3, 10). Homografts have been
considered as the gold standard for RVOT reconstruction, but
with limited availability especially in smaller sizes. BJV conduits
on the other hand are available “off-the-shelf,” and have been
widely used as the alternative to homografts (10). In a recent
multicenter study comparing homografts and BJV conduits
in patients < 20 years of age, homografts outperformed BJV
conduits in patients with a conduit size of larger than 15 mm (8).
In a retrospective study of four different RVOT conduits used in a
single institution over 30 years, homografts had greater durability
than BJV conduits, especially in patients weighing 5 to 20kg
(10). However, the performance of homografts and BJV conduits

seems to be comparable in patients with Ross procedure. Patel
and colleagues (11) reported similar postoperative peak gradient
of the conduit, degree of conduit insufficiency, and freedom from
pulmonary valve replacement between patients with homografts
and BJV conduits.

However, homografts and BJV conduits are of limited
availability in some Asian countries. Miyazaki and colleagues
from Japan first developed a novel handmade tricuspid-valved
conduit with a fan-shaped configuration using a 0.1-mm-thick
ePTFE membrane that could be constructed in the operation
room. Three bulging sinuses were added to improve the closing
motion of the valves on the inner surface of the sinuses (12).
Centers outside Japan generally use HVC without the bulging
sinus, because the construction of a bulging sinus requires special
device, and its existence may be nonessential in the pulmonary
position (5, 13). Other groups made various modifications on the
valve configuration (7, 14, 15), or developed special templates for
tailoring the valve (13). Since 2018, our institution began to use
HVC as an RVOT conduit for Ross procedure, with technical
modifications. Our simplified approach increases the effective
height of the valve leaflet to decrease the risk of postoperative
regurgitation, and its configuration can be easily calculated. The
whole construction process generally takes about 20-25 min.

The performance of HVCs has been demonstrated with
promising durability. In a recent multicenter study from Japan
involving 1,776 patients undergoing RVOT reconstruction with
HVCs, freedom from reintervention was 86.7% at 5 years and
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FIGURE 4 | Graphic showing postoperative trend of degree of conduit insufficiency in two types of conduits.

TABLE 3 | Univariable risk factors for conduit dysfunction after Ross procedure.

Univariable risk factor Hazard ratio (95% P value
confidence interval)
Gender 1.231 (0.11~13.652) 0.865
Age 1.287 (0.829~1.997) 0.260
Weight 1.071 (0.957~1.199) 0.232
Body surface area 17.508 (0.098~3136.864) 0.280
Aortic valve disease type 2.415 (0.284~20.521) 0.419
Aortic valve morphology 0.491 (0.048~5.080) 0.551
Etiology 0.030 (0.000~80925.479) 0.642
Previous intervention 0.998 (0.090~11.013) 0.999
Conduit type 0.006 (0.000~218.911) 0.338
Conduit size 0.826 (0.393~1.739) 0.826
Conduit Z-score 0.055 (0.001~3.917) 0.183
Cardiopulmonary bypass time 1.021 (0.996~1.047) 0.105
Aortic crossclamping time 1.050 (0.991~1.112) 0.095

61.5% at 10 years (5). Relative conduit stenosis due to somatic
growth was the most common reason for conduit explantation
(5). Notably, in patients with large conduit size at implantation,
freedom from reintervention was 98.9% at 5 years and 88.4% at
10 years, suggesting its long-term durability (16). Intervention
for stenosis at the distal anastomosis was uncommon compared
to BJV conduits (5). Similarly, HVC regurgitation is more likely
to occur in smaller conduit, but within acceptable values (5).

In our cohort, 3 patients had moderate conduit regurgitation
during the follow-up period, all occurred during the early
study period, probably related to the learning curve of HVC
construction. HVC dysfunction is characterized by calcification
and neointimal proliferation (14, 17). Yamamoto et al. (17)
examined the explanted HVCs due to conduit failure. Leaflet
calcification tended to occur in the middle and upper third of
the leaflet, leading to stiffening and distortion of the leaflet,
with neointimal proliferation on the leaflet. Most leaflets of the
dysfunctional conduit were fixed either in an open position or a
semi-closed position (5, 17). Of note, none of these conduits were
implanted for the Ross procedure. As the performance of RVOT
conduits in patients with Ross procedure are generally thought to
be superior to other diseases such as truncus arteriosus (10), it can
be inferred that HVC is the optimal alternative to homograft or
BJV conduit for Ross procedure. Since March 2019, we no longer
use BJV conduits for the Ross procedure.

There is continuing debate over the selection of primary vs.
secondary Ross procedure for patients with aortic valve disease.
The survival and freedom from reintervention are superior when
Ross procedure is performed in older children compared to
neonates or infants (18). Some suggested that the approach of
postponing Ross procedure could achieve better outcomes than
performing primary Ross procedure (19). Our center follows the
same policy, which may also reduce the need for RVOT conduit
replacement due to somatic growth. The size of the RVOT
conduit for Ross procedure is generally oversized (9-11), but
larger conduit at implantation may not always be feasible given
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the limited volume of the thoracic cavity. There were reported
cases where the conduits were compressed by the sternum (20).
The youngest patient in our cohort was an 11-month-old, 10.5 kg
male with HVC diameter of 16 mm (Z-score: +1.99). It is also
the smallest ePTFE conduit available in our institution. In our
experience, for patients weighing < 15kg, the conduit Z-score
would be around +2 to +3. Conduit Z-score around +1 to +2
would be suitable for patients weighing between 15 and 30kg,
while normal conduit size for those weighing more than 30 kg.
Anticoagulation is required after HVC implantation in Ross
procedure, which is an obvious drawback for a procedure that
is originally designed to avoid anticoagulation. Anticoagulation
strategy after HVC implantation has not reached a consensus,
and is mainly based on the institutional preference. In Japan,
anticoagulation therapy generally consisted of oral aspirin for 6
months after HVC implantation (5). Most patients with conduit
size of 14 mm or greater were free of any anticoagulants after 6
months. Warfarin was only prescribed additionally to patients
with conduit size of 8 mm, with INR controlled between 1.5 and
2.0. In a study from Korea, warfarin was prescribed after the
restart of oral intake, and was continued for 3 months. Aspirin
was administered indefinitely thereafter (14). One group from
China reported their experience of using warfarin during the
first 6 months with the target INR between 1.5 and 2.0, and
oral aspirin for 2 years (13). This policy was similar to ours, but
oral aspirin was still continued after 2 years in our practice. In a
prospective, multicenter study of a novel ePTFE-valved conduit,
which did not include any coating on the conduit, aspirin was
administered in all patients with minimum of 3 months after
surgery, and temporary warfarin was only given to 24% of the
patients (21). Symptomatic embolism event, valve thrombosis,
and bleeding event associated with HVC were not reported
from any of the above groups. The investigation of the optimal
anticoagulation strategy for patients with HVC implantation is
challenging given its low incidence of morbidity, and it requires a
multicenter randomized-controlled trial with a large sample size.

Limitations

This was a single-center retrospective study with limited sample
size and short period of follow-up. Longer-term follow-up study
is needed to verify the durability of our HVCs. Three different
types of vascular grafts were used to construct HVCs of different
sizes, which is a confounding factor when analyzing the conduit
performance. Given the small sample size and the small number
of events, no risk factors were identified.
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