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Abstract 

OBJECTIVES: The potential risk of autograft dilatation and homograft stenosis after the Ross procedure mandates lifelong follow-up. This 
retrospective cohort study aimed to determine long-term outcome of the Ross procedure, investigating autograft and homograft failure 
patterns leading to reintervention.

†The first two authors contributed equally to this study.
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METHODS: All adults who underwent the Ross procedure between 1991 and 2018 at the University Hospitals Leuven were included, 
with follow-up data collected retrospectively. Autograft implantation was performed using the full root replacement technique. The pri-
mary end-point was long-term survival. Secondary end-points were survival free from any reintervention, autograft or homograft 
reintervention-free survival, and evolution of autograft diameter, homograft gradient and aortic regurgitation grade over time.

RESULTS: A total of 173 adult patients (66% male) with a median age of 32 years (range 18–58 years) were included. External support at 
both the annulus and sinotubular junction was used in 38.7% (67/173). Median follow-up duration was 11.1 years (IQR, 6.4–15.9; 2065 
patient-years) with 95% follow-up completeness. There was one (0.6%) perioperative death. Kaplan–Meier estimate for 15-year survival 
was 91.1% and Ross-related reintervention-free survival was 75.7% (autograft: 83.5%, homograft: 85%). Regression analyses demonstrated 
progressive neoaortic root dilatation (0.56 mm/year) and increase in homograft gradient (0.72 mmHg/year).

CONCLUSIONS: The Ross procedure has the potential to offer excellent long-term survival and reintervention-free survival. These long- 
term data further confirm that the Ross procedure is a suitable option in young adults with aortic valve disease which should be consid-
ered on an individual basis.

Keywords: Ross procedure • Reintervention • Pulmonary autograft • Pulmonary homograft

ABBREVIATIONS   

AR Aortic regurgitation  
AS Aortic stenosis  
AV Aortic valve  
CI Confidence interval  
HR Hazard ratio  
TTE Transthoracic echocardiography 

INTRODUCTION

The pulmonary autograft procedure—commonly known as the 
Ross procedure—was introduced in the 1960s and remains the 
only type of aortic valve (AV) replacement known to restore 
survival to that of the age- and sex-matched general population 
[1–6]. As it provides a living valve substitute, the Ross procedure 
offers excellent haemodynamic outcome, low thrombogenicity 
and low risk of endocarditis [7]. The operation itself presents a 
technical challenge and should be performed in centres with 
sufficient expertise [5, 8]. After the freestanding root technique, 
follow-up is warranted regarding the risk of progressive auto-
graft dilatation, which may lead to neoaortic regurgitation and 
require reoperation. Both autologous aortic inclusion and exter-
nal support using vascular graft material can be used to prevent 
dilatation and subsequent reintervention [5, 9–12]. Pulmonary 
homograft dysfunction—including pulmonary homograft regur-
gitation or stenosis—is another potential consequence of the 
Ross procedure [2]. Continued data collection is needed from as 
many high-volume centres as possible to gain insight into the 
outcomes associated with the Ross procedure, including mortal-
ity, autograft and pulmonary homograft failure and reinterven-
tion. While clinical series often represent the experience of 
renowned centres, reproducibility of their outcomes remains 
uncertain [3, 6, 13, 14]. In addition, the evidence regarding long- 
term follow-up after the Ross procedure in Belgium is limited 
[15, 16]. The current study presents the long-term outcomes of 
patients who underwent the Ross procedure at the University 
Hospitals of Leuven, Belgium.

METHODS

Study design and ethical statement

A longitudinal single-centre single-arm cohort study was carried 
out. All adults (�18 years) who underwent the Ross procedure 
from July 1991 to November 2018 at the University Hospitals 
Leuven were included. Clinical follow-up data until March 2020 
were retrospectively collected. The Ethics Committee Research 
UZ/KU Leuven approved the current study (S63569) and due to 
the retrospective design, the need for patient consent was waived.

Data collection

Perioperative and follow-up data were collected from electronic 
medical records. The last documented clinical visit was consulted 
to determine survival. If no recent visit (2019—March 2020) was 
available, the national health register was consulted. During 
follow-up, imaging was performed at the discretion of the moni-
toring cardiologist, including transthoracic echocardiography 
(TTE), computed tomography (CT), and magnetic resonance imag-
ing (MRI). TTE reports were screened to define neoaortic root 
diameter at sinus level, aortic regurgitation (AR) grade and peak 
pulmonary homograft gradient in the first two months postopera-
tively. TTE, CT or MRI—whichever was performed last during fol-
low-up—was used to define the last neoaortic root diameter 
before a potential reintervention. To define AR grade and peak 
homograft gradient during last follow-up before a potential rein-
tervention, the last available TTE report was consulted.

Endpoints

The primary end-point was long-term survival. Secondary end- 
points included operative mortality and in-hospital complications, 
autograft reintervention-free survival, survival free from surgical or 
percutaneous homograft reintervention and any Ross-related 
reintervention-free survival (on autograft and/or homograft, com-
bined or separate). Furthermore, evolution of autograft diameter, 
homograft gradient, occurrence of pulmonary homograft failure 
and aortic regurgitation grade over time was evaluated.
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Definitions

Patients were categorised based on haemodynamic lesion type: 
aortic stenosis (AS), aortic regurgitation (AR), or mixed AV disease 
(AS and AR). Patients with severe preoperative AR (�grade 3/4) 
and a peak trans-AV gradient �40 mmHg (mild AS) were included 
in the AR group. Patients with moderate-severe AS (peak gradient 
>40 mmHg) and up to moderate AR (�grade 2/4) were included 
in the AS group. Severe AR in combination with moderate or 
greater AS was defined as mixed AV disease [17].

Statistical analysis

Continuous variables were reported as median [interquartile 
range, IQR], while categorical variables were reported as n (%). 
Completeness of follow-up was defined as the follow-up index 
for the entire study population, calculated by dividing the docu-
mented postoperative years by the optimal follow-up, as previ-
ously reported [18]. Risk factors for mortality and reintervention 
were expressed by hazard ratios (HRs) with 95% confidence inter-
val (CI) and P-values and obtained by univariate Cox regression 
analyses. To account for potential confounding, a multivariate Cox 
regression model was constructed using all significant predictors 
identified by univariate Cox regression analysis. Kaplan–Meier 
curves were used to obtain survival percentage estimates and 
visually summarize time-to-event data. In addition, mortality rates 
were compared between the study population and the general 
population. To this end, a Kaplan–Meier estimate was constructed 
for the general population matched for sex, age, calendar year, 
and country of birth, based on publicly available life tables pub-
lished by the Human Mortality Database [19]. All time-to-event 
data were truncated at 20 years of follow-up.

A Kaplan–Meier estimate was constructed for survival free 
from at least moderate AR (grade �2/4) during follow-up. Neo- 
aortic root diameter and peak pulmonary homograft gradient 
were plotted against their respective postoperative time-point, 
with drop-out due to loss of follow-up, death, or reoperation. 
Linear regression was performed to assess the global changes in 
these parameters over time, and unstandardized coefficients (B) 
with 95% CIs and P-values were reported. Analyses were ex-
ploratory in nature, 95% confidence intervals were not adjusted 
for multiple comparisons and inferences drawn from them may 
not be reproducible. P-values � 0.05 were considered statistical-
ly significant throughout the study, and all tests were two-sided. 
Analyses were executed using Microsoft Excel (Microsoft) or R (R 
Foundation for Statistical Computing).

RESULTS

Study population and patient characteristics

From July 1991 to November 2018, 173 patients (65.9% male; 
median age 32 years, IQR 25–41 years, range 18–58 years) 
underwent the Ross procedure via the freestanding root tech-
nique. Five surgeons carried out a median of 26 operations, 
ranging from 14–57. Most operations (67.1%) were performed 

in the second half of the study period (2005–2018) 
(Supplementary Material, Fig. S1). Patients were followed for a 
median of 11.1 [IQR: 6.4–15.9] years. In total, 2065 postopera-
tive patient-years were documented, while optimal clinical 
follow-up for the 172 patients (excluding 1 early death) corre-
sponded with 2168 postoperative patient-years. Therefore, 
follow-up completeness amounted to 95%. Twelve patients 
(6.9%) had follow-up beyond 25 years and 33 (19.1%) had a 
follow-up beyond 20 years.

Patients predominantly had a bicuspid aortic valve (105, 
60.7%), 38.7% had an isolated AR, 18.5% of patients previously 
underwent AV surgery, and 16.2% received a percutaneous bal-
loon dilatation during childhood. A complete overview of base-
line patient characteristics and echocardiographic parameters is 
listed in Table 1. In our study, external support (83/173, 48%) 
using a ring of Dacron graft was employed systematically since 
2009, with 80.7% (67/83) of patients receiving support at both 
the aortic annulus and sinotubular junction, with a technique 
similar to that later proposed by El-Hamamsy [5]. The choice of 
external support was independent of haemodynamic lesion, such 
that approximately half of all patients with either AS, AR or mixed 
AV disease received support. For patients in whom external sup-
port was not used, median follow-up was 13.6 years, while for 
patients with external support, median follow-up was 6.4 years. 
Operative details are listed in Table 2. A descriptive overview of 
baseline patient characteristics, echocardiographic parameters 
and operative details can be found in Supplementary Material, 
Results section.

Early mortality and in-hospital outcomes

One patient (0.6% early mortality), a 25-year-old male with a 
prior mechanical valve and patient-prosthesis mismatch, died 
3 days after the Ross procedure due to LV failure. A complete 
overview of early outcomes is shown in Table 3. The mean 
neoaortic root diameter at sinus level on first postoperative 
echocardiography, at most 2 months postoperatively, was 33 
(IQR: 30–35.5) mm. Four patients (2.3%) demonstrated early 
neoaortic root dilatation >40mm. Six patients (3.5%) had mod-
erate AR on their first postoperative echocardiography. The me-
dian peak pulmonary homograft gradient was 8 (IQR: 4–14) 
mmHg, with 5 patients (2.9%) showing a pulmonary homograft 
gradient �25mmHg. Two patients (1.2%) demonstrated pulmon-
ary homograft regurgitation �grade 2.

Survival

Among 172 patients, excluding 1 early death, 10 patients (5.8%) 
died during follow-up. Causes of death were sepsis (n¼ 2), pros-
thetic aortic valve endocarditis complicated by intracranial 
bleeding in a patient who received a mechanical valve 7 years 
after the Ross procedure (n¼ 1), multiple organ failure not 
otherwise specified (n¼ 1), malignancy (n¼ 3), and unknown 
cause (n¼ 3). The Kaplan–Meier estimate for survival is shown in 
Fig. 1A. Estimates for 10-, 15- and 20-year survival were 97.4, 91 
and 88.5%, respectively. Kaplan–Meier analysis of long-term 
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survival in Ross patients vs the sex- and age-matched population 
suggested that survival in the Ross group at 10 and 20 years 
postoperatively was slightly lower than that of the age- and sex- 
matched population (97.4 vs 97.9% and 88.5 vs 93.3%, respect-
ively, Log-rank P¼ 0.047). Univariate Cox regression identified 
higher age at the Ross procedure (HR: 1.06; 95% CI: 1.01–1.13; 
P¼ 0.032), a native tricuspid AV (HR: 14.26; 95% CI: 1.71–118.67; 
P¼ 0.013), non-congenital AV disease (HR: 5.12; 95% CI: 1.27– 
20.59; P¼ 0.027), and a smaller pulmonary homograft size (HR: 
0.68; 95% CI: 0.47–0.99; P¼ 0.042) as the only baseline, proced-
ural or early postoperative risk factors for long-term mortality 
(Supplementary Material, Table S1). In a multivariable Cox re-
gression model which incorporated all the significant univariate 
predictors, only the presence of a native tricuspid AV remained 
significantly associated with long-term mortality (HR: 10.27; 95% 
CI: 1.68–244.14; P¼ 0.031; Fig. 1B; Supplementary Material, 
Table S2).

Reintervention

Thirty-seven patients (21.5%) needed a reintervention after a 
median of 12.8 [IQR: 6.7–19.2] years. Twenty-five patients 
(14.5%) had an autograft reoperation, 24 (14.0%) underwent a 

Table 1: Baseline patient characteristics and echocardio-
graphic data

Variable All 
patients (n¼ 173)

Demographics and clinical characteristics
Age (y) 32 [25–41]
Male 114 (65.9)
NYHA functional class

I–II 142 (82.1)
III–IV 31 (17.9)

Preoperative comorbidities
Pulmonary hypertension 18 (10.4)
Transient ischaemic attack or stroke 4 (2.3)
Renal failure 2 (1.2)
Myocardial infarction 2 (1.2)

Previous interventions
Patients with previous AV procedure(s) 55 (31.8)

Patients with percutaneous balloon dilatation(s) 28 (16.2)
Patients with previous AV surgery 32 (18.5)

Valvotomy/-plasty 28 (16.2)
Mechanical valve replacement 4 (2.3)
Aortic homograft 3 (1.7)

Coarctation repair 5 (2.9)
AV haemodynamics
Aortic regurgitation 67 (38.7)
Aortic stenosis 59 (34.1)
Mixed—primary 21 (12.1)
Mixed—iatrogenica 26 (15.1)
AV morphology at time of Ross
Bicuspid 105 (60.7)
Tricuspid 43 (24.9)
Dysplastic/unicuspid 12 (7.0)
Prosthetic valve 7 (4.0)
Unknown 6 (3.5)
Acute infective aortic valve endocarditis 8 (4.6)
Dilated LV: LVEDD (>59 mm/>53 mm)b 49 (28.3)
LVEF
Normal (�55%) 125 (72.3)
Reduced (<55%) 24 (13.9)
Unknown 24 (13.9)

Continuous and categorical variables presented as median [IQR] and n (%), 
respectively.
aOccurring in patients with primary aortic stenosis who underwent a bal-
loon valvuloplasty.
bLVEDD > 59 mm and > 53 mm in male and female patients, respectively.
AV: aortic valve; LVEDD: left ventricular end-diastolic diameter; LVEF: left 
ventricular ejection fraction.

Table 2: Operative characteristics

Variable All 
patients (n¼ 173)

Aortic dimensions
Aortic annulus diameter (mm) 23.3 [21–26]
Aortic root diameter (mm) 32 [29–36]
Sino-tubular junction diameter (mm) 29 [26–32]
Preoperative aortic dilatation 80 (46.2)
Ascending aorta 55 (31.8)
Root 13 (7.5)
Both 12 (6.9)
Freestanding root replacement 173 (100)
External autograft support 83 (48.0)

Annulus 13 (7.5)
Sino-tubular junction 3 (1.7)
Both 67 (38.7)

Patients undergoing concomitant procedures 55 (31.8)
Ascending aorta replacement 48 (27.7)
Mitral valve repair 3 (1.7)
Coronary artery bypass grafting 2 (1.2)

Preoperatively planned 1 (0.6)
Due to right ventricular ischaemia 1 (0.6)

Ventricular septal defect repair 1 (0.6)
Cardiopulmonary bypass time (min) 138 [127–157]
Cross-clamp time (min) 115 [105–125]
Pulmonary homograft size (mm) 23 [25–26]

Continuous and categorical variables presented as median [IQR] and n (%), 
respectively.

Table 3: Early postoperative outcomes

Variable All 
patients (n¼ 173)

In-hospital adverse events
In-hospital death 1 (0.6)
Severe, non-fatal postoperative complications

Pacemaker implantation 9 (5.2)
Myocardial infarction 5 (2.9)
Transient ischaemic attack or stroke 3 (1.7)
Endocarditis 3 (1.7)
Deep sternal wound infection 2 (1.2)

Hospitalisation time (days) 9 [8–11]
Early echocardiographic follow-up (<2 months)

Autograft regurgitation
Grade 0 36 (20.8)
Grade 1 97 (56.1)
Grade 2 6 (3.5)
Grade 3–4 0 (0.0)
Unknown 34 (19.7)

Neo-aortic root diameter (mm) 33 [30–36]
Normal (�40 mm) 116 (67.1)
Dilated (>40 mm) 4 (2.3)
Unknown 53 (30.6)

Mean pulmonary homograft gradient (mmHg) 8 [4–14]
�25 mmHg 127 (73.4)
>25 mmHg 3 (1.7)
Unknown 43 (24.9)

Continuous and categorical variables presented as median [IQR] and n (%), 
respectively.
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homograft reintervention (surgical: 15 [8.7%]; transcatheter: 9 
[5.2%]), and 12 (7.0%) had a reintervention on both the autograft 
and the homograft. The main indication for autograft reopera-
tion was root dilatation with AR (16/25, 64%, with mean root 
diameter 53 ± 7mm at 15 ± 5 years), followed by AR without root 
dilatation (4/25, 16%, with mean root diameter 36 ± 5mm at 22 ± 
2 years). In accordance, the most common modality of autograft 
reintervention was mechanical valved root replacement in fifteen 
patients, five patients underwent mechanical valve replacement, 

three patients received a biological valve replacement and 2 
patients underwent valve-sparing root replacement. The most com-
mon indication for homograft reintervention was progressive sten-
osis (15/24, 62.5%) with an average peak gradient of 63 ± 14 mmHg 
at 12 ± 8 years. Five patients underwent surgical homograft 
replacement during a reoperation with as main indication autograft 
failure. There were three reoperations for homograft endocarditis 
and one percutaneous valve replacement for severe homograft 
regurgitation.

Figure 1: (A) Kaplan–Meier estimate of survival in the study population vs the age- and sex-matched general population. (B) Survival according to native AV morph-
ology. (C) Survival based on preoperative AV haemodynamic lesion. Time-to-event data were compared between groups using the log-rank test.
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Kaplan–Meier estimates for autograft, homograft and any Ross- 
related reintervention-free survival are shown in Fig. 2A. Autograft 
reintervention-free survival was 94.2, 82.9 and 74.7% at 10, 15 
and 20 years, respectively, while homograft reintervention-free 
survival was 92.7, 84.9 and 73.9% at 10, 15 and 20 years. Estimates 
for any Ross-related reintervention-free survival at 10, 15 and 
20 years were 88.7, 74.7 and 61.9%, respectively.

Early postoperative pulmonary homograft gradient was the 
only parameter significantly associated with homograft reinter-
vention (HR: 1.05; 95% CI: 1.02–1.08; P¼ 0.004). Univariate Cox 
regression identified early postoperative grade 2/4 autograft re-
gurgitation as the only significant predictor of autograft 

reintervention (HR: 3.6; 95% CI: 1.0–12.9; P¼ 0.04; 
Supplementary Material, Table S2). The use of external support 
(HR: 1.18; 95% CI: 0.5–2.9; P¼ 0.72) was not associated with 
lower need for autograft reintervention.

Autograft and pulmonary homograft function. An 
overview of echocardiographic data at last follow-up (median 
9.9, IQR 5.7–15.3 years) is shown in Table 4. Survival free from 
AR grade �2/4 was 95.1, 88.7, 74.7 and 61.9% at 5, 10, 15 and 
20 years, respectively. There was no significant difference 
based on preoperative AV type or haemodynamic 
lesion (Fig. 3).

Figure 2: (A) Reintervention-free survival. (B) Autograft reintervention-free survival according to native AV morphology. (C) Autograft reintervention-free survival by 
preoperative AV haemodynamic lesion. Time-to-event data were compared between groups using the log-rank test. AV: aortic valve.
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Mean neoaortic root diameter increased significantly over 
time; for each additional year of follow-up, the root diameter 
increased on average by 0.56 mm (B¼ 0.56 mm/year; 95% CI: 
0.46–0.67; P< 0.001). The growth rate was 1.35, 1.04, 0.31 and 
1.67 mm/year for <5, 5–<10, 10–<15 and 15–<20 postopera-
tive years, respectively. In this linear regression model of root 
diameter over time, there was no nominally significant inter-
action between presence of external support and follow-up time 
(P¼ 0.45), suggesting no difference in root diameter evolution in 
the presence of support. Linear regression demonstrated that 
peak pulmonary homograft gradient significantly increased over 

time (B¼ 0.72 mmHg per year of follow-up; 95% CI: 0.55–0.88; 
P< 0.001). This gradient increased by 2.93 mm/year, 0.12 mmHg/ 
year and 1.91 mmHg/year for 0–<5, 5–<10 and 10–<20 postop-
erative years, respectively.

DISCUSSION

In this longitudinal study with over 25 years of follow-up in 
adults, we confirm the excellent survival as well as the estab-
lished concerns regarding autograft and homograft dysfunction 
over time. In addition, we demonstrate reintervention-free sur-
vival rates in line with national and international series of the 
Ross procedure [2, 15, 20, 21]. Overall demographics in our 
study were typical of patients undergoing the Ross procedure in 
other series [2–4, 8, 15, 20]. Approximately 11.2% of all adult 
Ross patients had a previous history of AV surgery in a recent 
meta-analysis by Etnel et al., as opposed to 18.5% in our study 
[22]. The prevalence of endocarditis was lower in our study (4.6 
vs 19.4%) than in the meta-analysis by Etnel et al.

Early and late mortality

In our cohort of 173 Ross patients, 11 deaths (6.4%) were noted 
during the follow-up period, including 1 early and 10 late deaths. 
The early mortality of 0.6% was in line with that observed in other 
experienced, high-volume centres of 0.3–1.1% [2, 3, 8]. Several 
short- and midterm studies have shown that the Ross procedure 
can offer excellent long-term survival equivalent to that of the 
general population [2, 4, 15]. We equally found that the chance of 
being alive 20 years after the Ross procedure was slightly lower 
than that of the general population, with excellent long-term sur-
vival rates of 97.5 and 88.7% at 10 and 20 years postoperatively, 
respectively. Similarly, other Belgian Ross studies demonstrated 
10-year survival estimates of approximately 95% [15, 16]. Likewise, 
Martin et al. recently performed a similar investigation of 310 

Table 4: Outcomes at last echocardiographic follow-up 
(median 9.9, IQR 5.7–15.3 years)

Variable All patients with late  
follow-up (n¼ 172)

Autograft regurgitation
Grade 0 57 (32.9)
Grade 1 56 (32.4)
Grade 2 19 (11.0)
Grade 3 3 (1.7)
Grade 4 1 (0.6)
Underwent reoperation 25 (14.5)
Unknown 11 (6.3)

Neo-aortic root diameter (mm) 39 [35–44]
�40mm 60 (34.8)
>40mm 46 (26.7)
Underwent reoperation 25 (14.5)
Unknown 41 (23.8)

Mean pulmonary homograft gradient (mmHg) 16 [10–24]
�25 mmHg 105 (61)
>25 mmHg 28 (16.3)
Underwent reintervention 24 (13.9)
Unknown 15 (8.7)

Continuous and categorical variables presented as median [IQR] and n (%), 
respectively.

Figure 3: (A) Survival free from AR grade � 2/4 for patients with preoperative bicuspid aortic valve (BAV) versus tricuspid aortic valve (TAV). (B) Survival free from AR 
grade � 2/4 stratified by preoperative haemodynamic lesion.
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patients, showing survival rates of 94.1 and 83.6% after 10 and 
20 years [20]. In contrast, for young patients receiving a biopros-
thetic or mechanical AVR, life expectancy may be significantly 
reduced due to the cumulative risk of thrombo-embolism, endo-
carditis, bleeding and reintervention [3, 23–25]. With optimal self- 
management of anti-coagulation and newest generation bileaflet 
valves, however, there may be no late survival difference after 
mechanical valve replacement compared to the Ross procedure 
[26]. In this study, only the presence of a native tricuspid AV was a 
risk factor for long-term mortality in a multivariable Cox regres-
sion model. We suspect that this is a coincidental finding as there 
were only 10 late deaths with limited cardiovascular mortality, 
and that our study is likely underpowered to reliably identify and 
discriminate between risk factors for survival and reintervention.

Reintervention-free survival

We found 94.8 and 75.6% autograft reintervention-free survival at 
10 and 20 years, respectively, while homograft reintervention-free 
survival was 92.7 and 73.9% at 10 and 20 years. Our autograft 
reintervention-free survival is nearly identical to that in recent 
meta-analyses reporting 84–85% freedom from autograft reinter-
vention at 15 years, as compared to 83.5% in our study [21, 22]. 
Homograft reintervention-free survival at 15 years in our study 
was slightly lower than in recent meta-analyses (85 vs 91–93.5%) 
[21, 22]. Importantly, the largest study included in these meta- 
analyses only reports on surgical homograft reoperation [2]. 
Furthermore, comparison is challenging as studies including 
decellularized homografts and bioprosthetic conduits implanted 
into the right ventricular outflow tract were involved, with decel-
lularized allografts recently showing promising results, and the lat-
ter having a significantly greater reintervention rate [21, 27]. As 
previously established, early postoperative homograft gradient 
was a major predictor of homograft longevity [28, 29].

We observed a gradual increase in neoaortic sinus diameter 
and pulmonary homograft gradient over time without evident 
break-point after which failure rates begin to increase, similar to 
previous reports [2, 28–32]. In our study, survival free from neo-
aortic AR �2/4 was 88.7% at 10 years and 61.9% at 20 years, 
similar to a large single-surgeon experience by David et al. with 
90.3 and 62.6% freedom from neoaortic AR �2/4 at 10 and 
20 years, respectively [33].

As commonly reported, neoaortic root dilatation with auto-
graft regurgitation was the most common cause of autograft fail-
ure and reintervention [21, 22, 34]. There are three main surgical 
approaches to prevent dilatation and subsequent reintervention 
after the freestanding Ross. Inclusion of the autograft within the 
patient’s native aortic wall may produce excellent outcomes, yet 
this technique is not applicable in case of size mismatch [11]. 
Wrapping the autograft within a vascular tube graft has shown 
to prevent long-term dilatation and may reduce the risk of rein-
tervention [10, 12]. Personalized support using a macroporous 
mesh is a recent and promising technique aiming avoid the 
potential risks of wall atrophy, loss of compliance and seroma 
formation associated with vascular tube grafts [35]. Most 
commonly performed nowadays, support at the aortic annulus 
and sinotubular junction is proposed by El-Hamamsy in patients 
at risk for dilatation [12, 36]. Similarly, in our study, external 
support at both the aortic annulus and sinotubular junction was 
systematically performed since 2009 (38.7%, 67/173).

We did not observe a significant difference in neoaortic sinus 
dilatation or reintervention free survival with use of external sup-
port. Here we must note a crucial historical bias with patients 
receiving external support having shorter follow-up (median 
follow-up 13.6 years vs 6.4 years) so that it may be too soon to 
observe differences. Accordingly, in the German-Dutch Ross regis-
try, most reinterventions for dilatation were after 12 years postop-
eratively [34]. Furthermore, the aim of support at the annulus and 
sinotubular junction is primarily to preserve valve geometry while 
preserving sinus geometry and compliance. We believe that the 
progressive dilatation observed in this study further supports the 
importance of external support and, perhaps even more import-
ant, minimizing the amount of wall tissue exposed to aortic pres-
sures, by trimming and by sub-annular implantation [32]. In most 
recent years, our group has put more emphasis on this last aspect 
while also suturing the remnant aortic commissures to the distal 
anastomosis to provide longitudinal support.

Limitations

While our study presents long-term data with near-complete 
follow-up and a comprehensive evaluation of survival, reinter-
vention, as well as autograft and homograft function, several 
limitations must be considered. First, all operations were per-
formed in one single centre by five different surgeons. While this 
may reduce the generalizability of the results presented in the 
current study, our baseline characteristics, perioperative param-
eters, and outcome rates were similar to those of many recent 
studies. Second, the echocardiographic data during follow-up 
were obtained without standardised protocol and provided by 
various referring cardiologists, likely increasing the heterogeneity 
and decreasing the signal-to-noise ratio of the imaging parame-
ters assessed in this study. Third, we were confronted with miss-
ing data due to gaps in medical reports, which limited the 
statistical power of the analyses. Therefore, we focused on sur-
vival and reintervention-free survival. Due to sample size and 
limited event rate, we consider our study underpowered to de-
liver robust regression analyses for survival and reintervention. 
Finally, it should be noted that our findings apply to the 
freestanding Ross procedure, as no other variations on the Ross 
procedure were included.

CONCLUSIONS

This study with up to 25 years of follow-up shows that the Ross 
procedure offers long-term survival similar to that of the sex- and 
age-matched general population. Continued surveillance of auto-
graft and homograft function is needed, yet excellent 
reintervention-free survival can be achieved. More research is 
needed to identify the role of external support in promoting auto-
graft adaptation and longevity. Our long-term data further confirm 
that the Ross procedure is a suitable option in young adults with 
AV disease which should be considered on an individual basis.

SUPPLEMENTARY MATERIAL

Supplementary material is available at EJCTS online.
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