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�e Ross procedure is an excellent option for aortic valve replacement. �is double-valve replacement technique 
is particularly well-suited for neonates, infants, children and adolescents, o�ering several advantages, including 
excellent long-term survival, low thrombogenicity, growth potential, and excellent hemodynamic performance. 
However, the Ross operation proposes disadvantages, such as surgical technical challenges and the future risk 
of two valve disease from both autogra� failure and the necessity for reintervention on the pulmonary allogra�. 
�is review aims to examine the contemporary outcomes of the Ross operation in children in our institution 
over 30 years. Also, insights from other clinical studies with single institutional experiences, multicenter registry 
data, and expert opinions are synthesized to provide a comprehensive overview of the current state of the Ross 
procedure. �e data were strati�ed by age to provide more insights into technical, physiological, and outcome 
di�erences between infants, children, and adolescents. Although the excellent long-term outcomes a�er the Ross 
procedure have been recognized in the young adult population, it remains challenging, especially in infants, due 
to a higher early mortality rate and the unavoidable need for reintervention for the pulmonary allogra�. Con-
tinued research, technological innovations, and collaborative e�orts among healthcare providers are essential to 
re�ne this technique further, ensuring its widespread applicability and improving the quality of life for pediatric 
patients with aortic valve disorders.
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Introduction
�e Ross procedure is an excellent option for aortic 

valve replacement in neonates, infants, children, and 
adolescents. �ere are signi�cant bene�ts in the younger 
cohort due to the growth potential, very good durability, 
the ready availability of a properly sized valve for the 
replacement, and freedom from lifelong anticoagula-
tion. As children grow up, the excellent hemodynam-
ics of a Ross procedure, as well as the freedom from 
anticoagulation allows for full participation in sports. 

While growth is less of an issue, adolescents with aortic 
valve disease also bene�t from the advantages of a Ross 
procedure. �is patient group also includes women 
contemplating pregnancy, who bene�t particularly from 
the lack of the need for anticoagulation. �e Ross proce-
dure, introduced by Dr. Donald Ross in 1967,1) has been 
proven to be one of the best options for this population. 
Since then, the Ross procedure has been performed 
for over 50 years. �e number of Ross procedures has 
increased dramatically,2) showing excellent long-term 
survival, long-term autogra� durability, and high rates 
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of freedom from reoperation.
However, the Ross procedure proposes the technical 

challenges, higher mortality and morbidities in younger 
age groups, and necessity of reintervention for pulmo-
nary allogra�, especially in children.3‒5) In this article, 
we review the Ross procedure in children in terms of 
indications, surgical technique, and early and long-term 
outcomes, including data form the most recent the 
Society of �oracic Surgeons (STS) Congenital Heart 
Surgery Database report, the largest patient cohort in 
North America, single-center institutional studies, mul-
ticenter registry data, and our institutional experiences. 
For our institutional data, a retrospective single center 
cohort study was performed, including 240 of consecutive 
patients aged younger than 18 years undergoing Ross or 
Ross/Konno procedures between 1991‒2013 at the Uni-
versity of Michigan Congenital Hear Center. �e data was 
collected by electric chart review. �e survival status was 
obtained by public record query and follow up data was 
obtained by cardiology records. To evaluate outcomes 
a�er the Ross procedure, the long-term survival, reinter-
vention rates were calculated using Kaplan‒Meier curves 
and Cox proportional hazard models. �e outcomes 
were strati�ed by age spectrums with infant (<1 year), 
children (1‒12 years), and Adolescent (12‒18 years).3)

Indication and Timing for Ross  
in Pediatric Patients

�e STS data reported 2,805 children undergoing the 
Ross procedure between 2000 and 2018, including the 
primary diagnosis of valvar aortic stenosis (AS) (n=873, 
31%), aortic insu�ciency (AI) (n=706, 25%), Aortic 
Stenosis and Insu�ciency (ASI) (n=688, 25%), sub-
valvar AS (n=231, 8%), and others. For neonates and 
infants, valvar AS was the most common diagnosis (54% 
in neonates [<30 days], 47% in infants [30‒365 days]). 
In older patients, the proportion of AI and ASI is higher 
(54% in children [1‒12 years], 65% in adolescents [13‒17 
years]). Although 87% of neonates underwent the Ross 
procedure without any previous cardiac intervention, 
56% of infants, 48% of children, and 33% of adolescents 
underwent Ross a�er more than one previous cardiac 
procedure, assuming the history of aortic valve inter-
vention are partly contributing to the deviation of the 
indications (Table 1).

Congenital AS is an ideal indication for the Ross 
procedure. It is one of the �ve most common congeni-

tal heart diseases, and it is classi�ed with valvar (70%), 
supravalvar (5‒10%), and subvalvar stenosis (10‒20%). 
Approximately 10% of congenital AS present as critical 
AS in their newborn or infant period. In utero, systemic 
cardiac output is maintained through patent ductal 
arteriosus (PDA), and severe AS is well tolerated. A�er 
birth as the PDA closes, patients may present with 
acute congestive heart failure with depressed le� ven-
tricular (LV) function due to the signi�cant a�erload 
and decreased cardiac output. �us, in the postnatal 
period, the patency of PDA with prostaglandin infu-
sion is critical and urgent surgical intervention may 
be required. Per the STS report, the Ross procedure 
was performed more in urgent situations in neonates 
(57%) and infants (33%), compared to children (4.5%) 
or teenagers (3.6%) (Table 1). In non-critical AS, as the 
stenosis progresses, symptoms such as angina, syncope, 
or heart failure may appear. Any of these symptoms 
with hemodynamically signi�cant pressure gradient 
across the aortic valve (peak-to-peak pressure gradient 
of greater than 50 mmHg) is an indication for aortic 
valve intervention. For asymptomatic patients, severe 
stenosis with a peak-to-peak gradient across the aortic 
valve of 75 mmHg is an indication for intervention. 
�erapeutic intervention should be considered if there 
is any evidence of progressive LV hypertrophy, isch-
emia, dysfunction, or arrhythmia. Mild to moderate AS 
(peak-to-peak pressure gradient of less than 40 mmHg) 
with an asymptomatic patient should be managed with 
regular follow-up with an echocardiogram.

A Strategy of Aortic Valve Intervention  
for Congenital AS

A choice of initial interventional approach for congen-
ital AS is controversial. A catheter-based balloon valvot-
omy and open surgical valvuloplasty are o�en palliative 
and reinterventions may be required, although both 
methods can provide equivalent survival outcomes.6) 
Data showed survival a�er aortic valve intervention at 
ten years was approximately 90%, freedom from opera-
tion at ten years for balloon valvuloplasty was 27‒36%, 
compared to 65‒66% for surgery, and freedom from aor-
tic valve replacement at ten years was 60% for balloon 
valvuloplasty compared to 79% for surgery.6, 7) �ese 
data suggest that surgical intervention can minimize the 
need for reoperation and e�ectively delay aortic valve 
replacement, including the Ross procedure, compared 
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to balloon valvuloplasty. Since the higher mortality and 
necessity of reintervention for pulmonary valve a�er the 
Ross procedure in infants is well recognized,2, 3, 8) delay-
ing the Ross procedure would bene�t this population.

Surgical Techniques for Ross Operation
General Technique

A standard cardiopulmonary bypass with ascending 
aortic and bicaval cannulation is performed. Cold blood 
cardioplegia and topical cooling are used for myocardial 
protection. When patients need arch reconstruction, 
deep hypothermic circulatory arrest or regional cerebral 
perfusion can be utilized. A�er cardioplegic arrest, the 

aortic root was open 2 to 3 mm above the sinotubular 
junction, and the aortic valve should be assessed for pos-
sible aortic valve repair before resecting the valve lea�ets 
and aortic wall or harvesting the pulmonary autogra�. 
�e pulmonary artery is transected at its bifurcation, 
and the pulmonary valve annulus size is approximated 
with calibrated dilators before the excision of the auto-
gra�. If the valve is not amenable to repair, the diseased 
aortic valve is excised, and the coronary ostia were 
removed with buttons of aortic tissue. �e pulmonary 
autogra� is then harvested with a 2- to 3-mm muscle 
cu�, and care was taken to avoid injury to the underlying 
le� main coronary artery and the septal perforators pos-

Table 1　Patient characteristics and outcomes

Variables, n (%)
All

Neonate 
(<30days)

Infant  
(30‒365 days)

Child  
(1‒12 years)

Teenagers 
(13‒17 years) p value

N=2,805 N=163 N=448 N=1,444 N=750

Primary diagnosis
Aortic stenosis 873/2790  

(31.3)
88/162  
(54.3)

208/445  
(46.7)

389/1435  
(27.1)

188/748  
(21.5)

<0.01

Aortic insufficiency 706/2790  
(25.3)

7/162  
(4.3)

44/445  
(9.9)

405/1435  
(28.2)

250/748  
(33.4)

<0.01

Aortic stenosis and insufficiency 688/2790  
(24.7)

24/162  
(14.8)

61/445  
(13.7)

372/1435  
(25.9)

231/748  
(30.9)

<0.01

Status <0.01
Elective 955/1101  

(86.7)
24/65  
(36.9)

115/178  
(64.6)

523/554  
(94.4)

293/304  
(96.4)

Urgent 132/1101  
(12.0)

36/65  
(56.9)

59/178  
(33.2)

25/554  
(4.5)

11/304  
(3.6)

Emergent/Salvage 14/1101  
(1.3)

4/65  
(6.2)

4/178  
(2.2)

6/554  
(1.1)

0/304  
(0)

Previous cardiac procedures <0.01
No 1536/2718  

(56.5)
136/157  
(86.6)

190/437  
(43.5)

720/1398  
(51.5)

490/726  
(67.5)

Yes 1182/2718  
(43.5)

21/157  
(13.4)

247/437  
(56.5)

678/1398  
(48.5)

236/726  
(32.5)

Concomitant procedures
Aortic coarctation 29  

(1.0)
18  

(11.0)
6  

(1.3)
5  

(0.3)
0  

(0)
<0.01

Aortic arch 163  
(5.8)

58  
(35.6)

55  
(12.3)

40  
(2.8)

10  
(1.3)

<0.01

Mitral 179  
(6.4)

23  
(14.1)

69  
(15.4)

70  
(4.9)

17  
(2.3)

<0.01

Konno 1013  
(36.1)

139  
(85.3)

326  
(72.8)

460  
(31.9)

88  
(11.7)

<0.01

Outcomes
Operative mortality 116/2790  

(4.2)
39/162  
(24.1)

50/446  
(11.2)

21/1433  
(1.5)

6/749  
(0.8)

<0.01

Mechanical circulatory support 120  
(4.3)

37  
(22.7)

46  
(10.3)

28  
(1.9)

9  
(1.2)

<0.01

Unplanned reoperation 149  
(5.3)

24  
(14.7)

44  
(9.8)

59  
(4.1)

22  
(2.9)

<0.01

Respiratory insufficiency requiring 
mechanical ventilation or reintubation

187  
(6.7)

62  
(38.0)

75  
(16.7)

40  
(2.8)

10  
(1.3)

<0.01

Bleedind requiring reoperation 96  
(3.4)

11  
(6.7)

26  
(5.8)

38  
(2.6)

21  
(2.8)

<0.01

Reprinted with permission from Reference 2).
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teriorly. Aortic anulus tailoring is performed if there was 
a more than 2 mm larger aortic annulus than pulmonary 
autogra�.9) It was begun by excising a triangular wedge 
of tissue from the aortic valve annulus at the level of the 
commissure between the le� and noncoronary cusps, 
extending into the anterior lea�et of the mitral valve 
(Fig. 1). �e V-shaped defect was then reapproximated 
over a calibrated dilator, which was adjusted to achieve 
a �nal diameter of 2 mm less than that of the pulmonary 
annulus. �e edges are reapproximated with interrupted, 
pledgeted, horizontal mattress polypropylene sutures. 
�e autogra� is then sutured to the tailored aortic root 
with a continuous polypropylene suture beginning 
below the origin of the le� coronary artery. �e coronary 
arteries are then implanted into the facing sinuses of the 
autogra�. �e distal autogra� anastomosis is performed, 
and the cross clamp removed. �e right ventricular out-
�ow tract is reconstructed with an appropriately sized 
cryopreserved pulmonary allogra� while the patient was 
being rewarmed.

Ross/Modified Konno Procedure
An aortic annulus enlargement procedure is com-

monly needed in neonates and in some infants. �e 
modi�ed Konno technique is used for aortic annulus 
enlargement entailing an incision through the aortic 

annulus and into the septum between the right and le� 
coronary cusps. �is septal incision is partial thickness, 
and the endocardium of the right ventricular out�ow 
tract is maintained intact. If subaortic stenosis is present, 
a wedge resection of the septal can also be performed. 
�e autogra� was anastomosed proximally to the 
enlarged annulus. In the region of the divided aortic 
annulus and septal incision, the annulus of the autogra� 
was sewn to the endocardium of the right ventricular 
out�ow tract. In our institutional experience, the Ross/
modi�ed Konno procedure was performed in 78 (33%) 
patients (n=240) between 1991 and 2013. Signi�cantly, 
68% (30 out of 44) of infants required the Ross/modi�ed 
Konno procedure. �e mean size di�erential between 
the aortic and pulmonary annuli was 5.7± 1.0 mm (4.2 
to 7.4 mm).10) Per the STS report, between 2000 and 
2018, the Ross/Konno procedure was performed on 
1013 patients (36.1%), including 139 neonates (85.3%) 
and 326 infants (72.8%) (Table 1).

Ross Modification for Late Autograft Dilation
Although initially, Dr. Ross performed the Ross pro-

cedure with sub-coronary autogra� implantation, more 
recently full root replacement is more popular since the 
operative technique is more easily reproducible and the 
valve more consistently competent due to the preserved 
cylindrical geometry of aortic root.11) �e data show a 
signi�cant advantage of full root replacement over the 
subcoronary technique in avoiding regurgitation.12) 
However, late autogra� dilation with an unsupported 
autogra� has been well recognized.13) Annular and sino-
tubular junction dilation was found to distort the coap-
tation of the lea�ets and cause neoaortic valve regurgita-
tion. Various surgical modi�cations have been reported 
to avoid late autogra� dilation and regurgitation.14‒18)

In children, these technical modi�cations may not be 
applicable because the external support may preclude 
the potential of somatic growth, which is one of the 
advantages of the Ross procedure in children. Although 
there is no speci�c age or body weight cuto� to utilize 
an external support technique, if the autogra� is 19 mm 
or greater, we use a polyethylene terephthalate (Dacron) 
Valsalva gra� 3‒4 mm larger in diameter than the auto-
gra� to wrap the autogra� to help prevent late dilatation. 
Multi-institutional data showed excellent mid-term 
outcomes in patients between 10‒35 years old with a 
supported Ross. �ese data showed that 98% of patients 

Fig. 1 Aortic root tailoring. The coronary arteries 

have been excised as buttons, and the V-shape 

excision was made to tailor the aortic annulus 

to accept the pulmonary autograft (The broken 

lines). The annulus is then sized to a diame-

ter 2 mm smaller than the autograft, and the 

V-shaped area is reapproximated with horizon-

tal mattress sutures
Reprinted with permission from Reference 9).
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had mild or less regurgitation with a median sinus size 
Z-score of 1.4 with a median follow-up of 3.5 years.19) 
Another option to support the autogra� in younger 
patients is to utilize the original inclusion technique. 
Ozturk et al. reported that they performed the Ross pro-
cedure with the inclusion technique as young as three 
years old.17)

Early Outcomes
Excellent short outcomes have been reported in the 

Ross procedure in the young adult population with 
0.4‒2.7% of operative mortality.20) In children, it is well 
recognized that there is a higher risk of operative mor-
tality.3, 4, 8) Although the STS data showed the improving 
early operative mortality in neonates and infants over 
the two decades (17.2% from 2000 to 2012 and 11.6% 
from 2013 through 2018), the early mortality in neonate 
and infant remains high compared to children (2.1%) 
and adolescents (1.2%). �e risk factors of early mor-
tality were neonatal age (OR 3.0 [1.9‒4.8, p<0.01]), 
concomitant mitral, aortic, or Konno procedure (OR 3.1 
[1.1‒8.7], p=0.03), low volume center (OR 2.1 [1.1‒3.9], 
p=0.03).3, 8)

�e postoperative mechanical circulatory support 
incidence rate was higher in neonates and infants than 
in children or adolescents. �e overall incidence of 
mechanical circulatory support a�er the Ross procedure 
was 4.3%, with 22.7% in neonates and 10.3% in infants.2) 

A meta-analysis showed that the rate of mechanical 
circulatory support a�er the Ross procedure in neonates 
was 15% (95% CI 5%‒28%).8) �e operative mortality 
in the mechanical circulatory support group was 29%, 
consistent with another study.4) �e other complications, 
including unplanned reoperation, respiratory failure, 
postoperative bleeding, or arrhythmia, are also higher in 
the younger age group (Table 1).2, 3)

Long-Term Outcomes
Survival Outcomes

Excellent long-term survival outcomes a�er the Ross 
procedure have been published, with 87‒95% survival at 
15 years (Table 2).3‒5, 13, 21, 22) �e survival rates strati�ed 
by age groups showed consistently lower survival in the 
neonate/infant group compared to children or adoles-
cents, showing 71‒80% survival rates a�er ten years in 
neonate/infant (Fig. 2).3, 4) Although early mortality has 
improved over the last two decades,2) the nature of aortic 
valve disease including patients presenting in extremis as 
the PDA closes, comorbidities, a highly technical oper-
ation, and challenging perioperative management all 
contribute to lower survival. Critical congenital AS o�en 
also with complex le� heart disease, such as endocardial 
�broelastosis, abnormal mitral valve structures, le� ven-
tricular out�ow obstruction, or impaired systolic and 
diastolic le� ventricular function.2) Conversely, children 
and adolescents tend to be stable clinically, presenting as 

Fig. 2 Kaplan‒Meier survival curves overall (heavy black line) and by child/adolescent agegroups (converging gray 

lines) and infant group (thin black line)
Reprinted with permission from Reference 3).
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outpatient cases at the time of surgery with a low pro-
portion of the concurrent procedures.

Reintervention
Reinterventions a�er the Ross procedure are a key 

metric in assessing the role of the procedure since it 
converts a single valve problem into two valve disease; 
the aortic and pulmonary valves both become at risk 
of reintervention. �e main reasons for reintervention 
are autogra� valve regurgitation, autogra� root dilata-
tion with or without AI, and pulmonary allogra� dys-
function. Freedom from le� ventricular out�ow tract 
(LVOT) reintervention at ten years has been reported 
to range from 75% to 97%, indicating a cumulative risk 
of 1‒1.5%/ patient-year20) (Table 2). Using age-strati-
�ed data, freedom from reintervention for LVOT was 
highest in the infant population with 83‒100% at 5‒15 
years (Fig. 3).3, 4) On the contrary, the adolescent group 

tended to have higher LVOT reintervention rates com-
pared to other groups, which trend was observed as 
age increased. While there was no signi�cant di�erence 
in age based on the adjusted hazard ratio, over 40% 
underwent LVOT intervention within ten years post-
operatively in an adolescent group.4) �e most common 
indications for LVOT reintervention were neo-aortic 
root dilation, aortic insu�ciency, or both.3, 4) Between 
2001 and 2021, 40 patients were presented for LVOT 
reintervention a�er our institution’s Ross procedure 
in childhood. Among them, 25 patients underwent 
valve-sparing root replacement with root remodeling 
(n=7), reimplantation (n=11), and remodeling plus 
annuloplasty ring (n=7) with 96% operative survival.23) 
One would be hopeful that the recent addition of auto-
gra� wrapping in the older child and adolescent Ross 
procedures will result in fewer autogra� reintervention 
in this age group.

Fig. 3 Kaplan‒Meier curves for freedom from left ventricular outflow tract (LVOT) reintervention overall (heavy 

black line) and by infant (thin black line), child (top gray line), and adolescent (bottom gray line) age group
Reprinted with permission from Reference 3). LVOT, left ventricular outflow tract.

Table 2　Reviews of long-term outcomes after the Ross procedure by the other literature

Authors
Number of 

patients
Patient age

10-year  
survival (%)

15-year  
survival (%)

10 years  
Freedom fron 
reintervention 
for LVTO (%)

10 years  
Freedom from 
reintervention 
for RVOT (%)

El-Hamamsy I, et al 13) 108 18‒69 years old 97 95 97 83
Sievers HH, et al 21) 630 mean 45 years old 95 87 96 97
David TE, et al 22) 212 28‒41 years old 98 95 95 98
Fricke TA, et al 25) 443 15‒66 years old 99 95 98
Nelson JS, et al 3) 240 <18 years old 89 87 75 77
Bansal N, et al 4) 305 0‒70 years old 92 at 8 years N/A 79 at 8 years 85 at 8 years
Donald JS, et al 5) 140 children 92.5 N/A 86 74
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�e rate of pulmonary allogra� dysfunction a�er the 
Ross procedure varies among reports, depending on 
how dysfunction is de�ned. Recent data showed favor-
able durability of pulmonary valve function a�er the 
Ross procedure with over 95% freedom from reinter-
vention of right ventricular out�ow tract (RVOT) at 20 
years in adult populations.24, 25) In children, the overall 
freedom from RVOT reintervention has been reported 
to be 77‒85% at ten years (Table 2).3‒5) Unlike LVOT, not 
surprisingly the infant population demonstrated shorter 
durability of the pulmonary allogra�, showing 52‒58% 
freedom from RVOT reintervention (Fig. 4).3, 4) �e 
younger age and smaller pulmonary allogra� (<14 mm) 
are shown as the signi�cant risk factors for pulmonary 
allogra� reintervention.3, 26) Although with the advent of 
catheter-based pulmonary valve implantation, pulmo-
nary valve dysfunction is being mitigated, novel surgical 
strategy will be warranted to avoid RVOT reinterven-
tion, especially in the infant population.

Conclusions
�ese contemporary data show the increased utili-

zation of the Ross procedure and improved survival 
outcomes over the decades. Outcomes a�er the Ross 
procedure in children vary by age at the operation. 
�e Ross procedure in the neonate/infant population 
remains challenging, with higher early mortality due to 
the complex le� heart disease and the severity of the dis-

ease. However, this is balanced by the better long-term 
durability of the neoaortic valve in infants, but in the 
context of a higher reintervention rate on the RVOT in 
this younger age population. Further study, perioper-
ative management strategy, or surgical innovation will 
lead to improve the outcomes of the Ross procedure in 
the youngest children. For older children and adults, the 
Ross procedure performs well, albeit with a higher rate 
of autogra� reintervention than neonates and infants, 
which will hopefully be mitigated by wrapping tech-
niques when the diameter of the autogra� allows.

Overall, the Ross procedure is excellent option for 
neonates, infants, children and adolescents encompass-
ing many of the characteristics of an ideal aortic valve 
replacement, including excellent long-term survival, 
relatively low rates of reintervention, low thromboge-
nicity and the lack of the need for anticoagulation, ready 
availability of the proper sized valve, growth potential, 
and excellent hemodynamic performance.
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