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Key Points

Question
What is the long-term outcome of the Ross procedure in young and middle-aged adults?
Findings

In this cohort study including 1431 adult patients undergoing the Ross procedure, survival at
10 and 15 years was 95.1% and 88.5%, respectively. Reintervention on either the homograft or
autograft 15 years after surgery was uncommon, valve-related events were rare, and valve
function was excellent as determined by echocardiography.

Meaning

The Ross procedure should be considered in young adults with active lifestyles and good car-
diac health who are in need of aortic valve replacement, and patients should be referred to a
specialized center with a dedicated Ross program.

Abstract

Importance



There is no ideal valve substitute for young adults requiring aortic valve replacement.
Multicenter data supporting use of the Ross procedure with respect to long-term postopera-
tive valve-related mortality and reintervention, as well as function of the autograft and pul-
monary homograft, are needed.

Objective

To determine the long-term clinical and echocardiographic outcomes in young and middle-
aged patients undergoing the Ross procedure.

Design, Setting, and Participants

A retrospective multicenter international cohort study with a median follow-up period of 9.2
years was conducted in 5 experienced centers regularly performing the Ross procedure.
Consecutive patients aged 18 to 65 years were included by each center between 1991 and
2018.

Main Outcomes and Measures

Survival and autograft-related and homograft-related reintervention. Serial echocardiographic
measurements of valve function were analyzed using mixed-effects modeling.

Results

During the study period, 1431 patients (74.3% men; n = 1063) were operated on at a median
age of 48.5 years (mean [SD], 47.7 [9.5]; range, 18.1-65; interquartile range, 42.7-54.0).
Implantation techniques were root inclusion in 355 (24.9%), root replacement in 485 (34.0%),
and subcoronary implantation in 587 (41.1%). Right ventricular outflow tract reconstruction
was performed with homografts in 98.6% (n = 1189) and bioprostheses in 1.4% (n=17). Ten
patients (0.7%) died before discharge. Median follow-up was 9.2 years (13 015 total patient-
years). Survival after 10 and 15 years was 95.1% (95% Cl, 93.8%-96.5%) and 88.5% (95% CI,
85.9%-91.1%), respectively. Freedom from autograft and homograft reintervention after 15
years was 92.0% and 97.2%, respectively. Late events were autograft endocarditis in 14 pa-
tients (0.11% per patient-year), homograft endocarditis in 11 patients (0.08% per patient-
year), and stroke in 37 patients (0.3% per patient-year).

Conclusions and Relevance

Given its excellent short-term and long-term outcome in young and middle-aged adults in this
study, the Ross procedure should be considered in young and middle-aged adults who require
aortic valve replacement. Patients should be referred to an experienced center with a program
dedicated to the Ross procedure.

Introduction



Surgical alternatives for aortic valve replacement (AVR) in young and middle-aged adults are
limited. Mechanical and bioprosthetic valves have benefits and drawbacks, but both are subop-
timal in terms of survival and comorbidity. The pulmonary autograft procedure (Ross proce-
dure hereafter) has been the only alternative, restoring life expectancy to that of a sex- and
age-matched general population for at least 15 years after the operation.2224 Several single-
center studies with extensive follow-up indicated that patients younger than 50 years who
have active lifestyles, a long life expectancy, and a potential childbearing desire are better
served with the Ross procedure 122628210 Dagpite excellent results, the Ross procedure re-
mains an underused treatment, limited to experienced centers and surgeons. Its limited use is
often attributed to the complexity of the procedure and concerns about increased risks of
early mortality and late reintervention.11213 The 2017 guidelines'* on the management of
valvular heart disease do not recommend the Ross procedure in middle-aged patients and ad-
vise consideration only in selected young patients with contraindications or unwillingness to
anticoagulation (class Ilb, evidence level C). The Society of Thoracic Surgeons 2013 aortic valve
and ascending aorta management guidelines' do not recommend the Ross procedure (class
I11, evidence level C) for middle-aged or older adults. However, evidence indicating clear bene-
fits of the Ross procedure in selected young and middle-aged patients is accumulating. 1212 We
present an international, multicenter study focusing on the characteristics and clinical and
echocardiographic outcomes of the Ross procedure in adult patients aged 18 to 65 years.

Methods

Study Data

Patients operated on in 1 of 5 high-volume centers in Australia, Belgium, Brazil, Canada, and
Germany were pooled (eAppendix 1 in the Supplement). All consecutive young and middle-
aged patients who were aged 18 through 65 years at time of surgery and electively underwent
the Ross procedure between January 1991 and December 2018 were included. Indications for
the Ross procedure have been described by multiple reports by each center, including exact
surgical techniques 221812202122 Bjcyspid aortic valves, isolated severe aortic regurgitation,
concomitant coronary artery bypass surgery, or replacement of the ascending aorta were not
considered exclusion criteria. Patients who underwent emergency (<24-hour) operation or
concomitant mitral valve replacement or had an aortic dissection were excluded. Each center
prospectively and independently registered procedural and clinical outcomes as well as
echocardiographic measurements according to center-specific protoco] 121812202122
Anonymized individual patient data were merged into a single data set and analyzed by an in-
dependent biostatistician (G.P.) from the Erasmus University Medical Center. The institutional
review boards of all participating centers reviewed and approved this study. All participants

provided written informed consent.

End Points

Valve-related events and outcomes were reported according to recommended guidelines.22

Late all-cause mortality was thus defined as any death occurring beyond 30 days after surgery.
Homografts were used in 98.5% of all patients to reconstruct the right ventricular outflow
tract. Reintervention was defined as reintervention on either the autograft or homograft after
the initial procedure, regardless of concomitant procedures involving other (cardiac) struc-



tures. The peak transvalvular gradient and regurgitation grades were determined from a multi-
window perspective using m-mode Doppler echocardiography on a yearly basis. Aortic regur-
gitation (AR) was scored on a scale from 0 (none) to 4 (severe) according to the guidelines for

the assessment of valvular stenosis and regurgitation.2*

Statistical Analysis

Continuous data are presented as means with standard deviation or medians with range, after
testing for normality using the Kolmogorov-Smirnov test. Categorical data are presented as ab-
solute count with percentages. Descriptive analyses were performed with SPSS, version 23.0
(IBM SPSS Inc). Actuarial estimates of freedom from death and reintervention were performed
using Kaplan-Meier techniques. Mixed-effects models were used to analyze repeated measure-
ments as gradient and dimensions. Multivariable proportional hazards models were used to
investigate factors associated with the clinical end points. Owing to the low event rate and the
high number of candidate predictors, a penalized likelihood approach was used for the multi-
variable Cox regression models. To account for missing covariate data, we used a multiple im-
putation approach. Associations between baseline characteristics and outcomes of interest
were tested using the Wald test. The reported P values are not adjusted for multiple testing.
The regression analysis and mixed-effect models were performed using R software, version
3.6.1 (the R Foundation). A more detailed description of the statistical analysis is provided in
eAppendix 2 in the Supplement. All authors had direct access to any aspect of the data and
take responsibility for its integrity.

Results

Survival and Morbidity

The total study population consisted of 1431 patients (Australia [n = 201], Belgium [n =174],
Brazil [n=316], Canada [n=112], and Germany [n = 628]). Median age at operation was 48.5
years (interquartile range [IQR], 42.7-54.0). Valve morphology was known in 1022 patients, of
whom 778 (76.1%) had a bicuspid aortic valve. All baseline characteristics and intraoperative
and early outcomes are presented in the Table. Characteristics of the patients in each of the 5
centers are presented in eTable 1 in the Supplement.

Ten patients (0.7%) had in-hospital mortality. Median follow-up was 9.2 years (13.02 total pa-
tient-years; IQR, 4.2-14.0), during which autograft endocarditis occurred in 14 patients (lin-
earized occurrence rate [LOR], 0.11% per patient-year), homograft endocarditis in 11 patients
(LOR, 0.08% per patient-year), and stroke in 37 patients (LOR, 0.3% per patient-year). Overall
survival after 10 and 15 years was 95.1% (95% CI, 93.8%-96.5%) and 88.5% (95% (],
85.9%-91.1%), respectively (Figure 1). Figure 2 presents similar survival curves for specific
centers. Freedom from cardiac mortality (n =30) at 10 and 15 years was 98.6% (95% C],
97.9%-99.4%) and 96.5% (95% CI, 95.0%-98.0%), respectively (Figure 1). Higher age at opera-
tion (hazard ratio [HR], 1.07; 95% CI, 1.05-1.08), female sex (HR, 1.42; 95% CI, 1.01-2.01), pre-
operative comorbidities peripheral vascular disease (HR, 9.42; 95% CI, 3.92-22.63), chronic
obstructive pulmonary disease (HR, 5.06; 95% CI, 2.60-9.88), congenital heart disease (HR,
1.92,95% 1.16-3.20), and congestive heart failure (HR, 1.07; 95% CI, 1.05-1.08) were associ-
ated with an increased hazard of late death (eTables 2 and 3 in the Supplement).




Reintervention

Freedom from any reintervention on the autograft or homograft after 10 and 15 years was
93.9% (95% CI, 92.4%-95.5%) and 90.8% (95% CI, 88.6%-93.1%), respectively (Figure 3;
eTable 4 in the Supplement). Freedom from autograft reintervention at 10 and 15 years was
95.0% (95% CI, 93.6%-96.4%) and 92.0% (95% CI, 89.8%-94.2%) (Figure 3). Severe preopera-
tive regurgitation was associated with an increased hazard of autograft reintervention (HR,
3.07; 95% CI, 1.02-9.22) (eTable 4 in the Supplement). Likewise, a lower New York Heart
Association functional classification (HR, 0.67; 95% CI, 0.51-0.87), female sex (HR, 0.66; 95%
Cl, 0.45-0.98), the subcoronary implantation technique (vs the root inclusion technique) (HR,
0.44; 95% CI, 0.25-0.77), and severe comorbidities were associated with a lower hazard of au-
tograft reintervention (eTable 5 in the Supplement). Freedom from homograft reintervention
at 10 and 15 years was 98.4% (95% CI, 97.6-99.2) and 97.2% (95% CI, 95.9%-98.5%), respec-
tively (Figure 3; eFigure 1 in the Supplement). Higher age of the homograft donor (HR, 0.97;
95% CI, 0.94-0.99) and larger homograft diameter (HR, 0.77; 95% ClI, 0.66-0.90) were associ-
ated with a lower hazard of reintervention on the homograft (eTable 6 in the Supplement).
Country-specific freedom from reintervention is presented eFigures 1 to 3 in the Supplement.

Echocardiographic Outcomes

In total, 8655 postoperative echocardiographic measurements were available for 1150
(82.8%) (mean echocardiograms available: 7.5; range, 1-20) for a median period of 9.2 years
(range, 0.01-25.4 years). eFigures 4 and 5 in the Supplement depict the predicted evolution of
gradient and regurgitation grade for the autograft and homograft for a patient with median
characteristics. Female sex, a tricuspid native aortic valve, and higher preoperative gradient
were significantly associated with a higher autograft gradient (eTable 7 in the Supplement).
Moderate (odds ratio [OR], 2.72; 95% CI, 0.97-7.64) or severe (OR, 2.12; 95% CI, 0.56-8.03)
preoperative aortic valve regurgitation were not significantly associated with an increased like-
lihood to develop significant postoperative autograft regurgitation (eTable 8 in the
Supplement). Furthermore, the likelihood of developing significant regurgitation was indepen-
dent from surgical technique (ie, root inclusion vs root replacement vs subcoronary). The pre-
dicted prevalence of moderate or severe regurgitation after 20 years was less than 1% in a pa-
tient with median characteristics.

eFigures 4 and 5 in the Supplement depict the predicted evolution of the gradient and regurgi-
tation grade for the homograft, respectively. The gradient initially increases during the first
postoperative decade, after which it slopes down and plateaus during the second postopera-
tive decade. Female sex was significantly associated with a lower gradient (eTable 9 in the
Supplement) but also with an increased likelihood of developing significant regurgitation (OR,
2.63; 95% (I, 1.60-4.32). In contrast, use of a homograft instead of a bioprosthesis (OR, 0.05,
95% 0.01-0.29) and older donor age (OR, 0.97; 95% CI, 0.95-0.99) were associated with a
lower likelihood to develop significant regurgitation (eTable 10 in the Supplement).

Discussion



This international multicenter cohort study of consecutive young and middle-aged adults un-
dergoing the Ross procedure shows excellent survival and outstanding clinical and echocardio-
graphic outcomes. Both the autograft and homograft show a stable and predictable evolution
of transvalvular gradient during the first 20 years postoperatively, with low rates of reinter-
vention on both the autograft and homograft.

Current Challenges

Approximately 25% of all patients undergoing AVR are currently younger than 60 years, with
most receiving mechanical valves.22 With life expectancy expected to further increase, the im-
plantation of an aortic valve substitute that minimizes complications and optimizes quality of
life is important. All available valve substitutes have their advantages and disadvantages that
need to be considered in counseling patients in a shared decision-making prosthetic valve se-
lection process. This study shows that the Ross procedure is an operation with potentially sig-
nificant value in terms of survival and quality of life in young and middle-aged adults. The Ross
procedure continues to be the only living-valve alternative in young and middle-aged patients
with a reported survival that compares with the general population well into the second post-

operative decade. Despite several studies unanimously indicating superior long-term results
2356789102226

of the Ross procedure compared with conventional AVR it represents only a
modest share of all AVR performed in young and middle-aged patients who could have been
eligible.2Z Current challenges for a broader use of the Ross procedure are the need for more
proctoring, specialized training and education, and better access to the small number of spe-
cialized centers.

Early Mortality

One of the main reasons for lagging interest in the procedure has been the complexity of both
the initial procedure and reoperation suggesting limited generalizability of the results pub-
lished by specialized centers.11213 An analysis of the Society of Thoracic Surgeons Adult
Cardiac Surgery database suggested a 3-fold increased operative mortality (2.7% vs 0.9%)
compared with conventional mechanical AVR.2Z However, operative risks have a well-known
inverse association with center volume, and a significant proportion of mortality was account-
able to centers performing the procedure only sporadically.2% Bouhout et al22 showed by
propensity-matched comparison that the Ross procedure yields comparable perioperative out-
comes and risks as mechanical AVR. Early mortality in the study was only 0.7% and ranges be-
tween 0.4% and 2.3% in experienced centers, which is comparable with many routine surgical
procedures124210.26.29303132 Tachnijcal complexities can thus be overcome without increased
early mortality given sufficient operative volumes.

Late Survival

The Ross procedure is the only aortic valve substitute that is associated with a life expectancy
and quality of life comparable with an age- and sex-matched population up to atleast 15 years
of follow-up.23333435 I our study, survival after 15 years was 88.5%, with older age, female
sex, and significant preoperative comorbidity as risk factors for reduced survival. Survival at
15 years in large contemporary series ranges between 88% and 97%,~~>~=~>4>=2 with sur-

vival being reported up to 97% at 20 years in experienced centers.218 In contrast, young and



middle-aged patients who undergo either mechanical AVR or bioprosthetic AVR both show ex-
cess mortality compared with an age-matched general population.222832 This difference can
on the one hand be explained by the implanted prosthesis; on the other hand, selection bias
may also play a role.

Multiple propensity score-matched comparisons have unanimously indicated freedom from
both death and reintervention in favor of the Ross procedure compared with mechanical
AVR 342226294041 11y 2018, the group of Skillington'8 presented superior survival after 20

years (94% vs 84%) among 275 patients who underwent the Ross procedure who were
matched with patients who underwent mechanical AVR.2 Again, mechanical AVR was an inde-
pendent risk factor for mortality in that study. Sharabiani et al2 showed that in a matched pop-
ulation of young adults who underwent either a Ross procedure, mechanical AVR, or biopros-
thetic AVR, the former 2 had comparable hazards for both death and reintervention that were
superior to the bioprosthetic group. Andreas et al*? showed that patients who underwent the
Ross procedure enjoyed survival comparable with an age- and sex-matched Austrian popula-
tion. In contrast, observed survival of patients who underwent mechanical AVR was signifi-
cantly less than predicted, with mechanical AVR again being an independent risk factor for late
mortality. Mazine et al2® showed that cardiac- and valve-related mortality was less frequent in
patients who underwent the Ross procedure than in a matched group of patients undergoing
mechanical AVR. Survival during the first postoperative decade of patients undergoing me-
chanical AVR has been equated to patients undergoing the Ross procedure in a setting of opti-
mal anticoagulation therapy in terms of intensive monitoring and self-management.*

Reintervention

Potential failure of both valves in a patient who originally only had single-valve disease has
been regarded as another major drawback of the Ross procedure.2! Freedom from reinter-
vention in our study after 15 years was 97.2% for the homograft and 92.0% for the autograft.
Freedom from reintervention in large contemporary series on the either the pulmonary auto-
graft or homograft after 20 years ranges between 81.8 and 85.0% and 82.6 and 95.0%, re-
spectively.222%32 Transcatheter pulmonary valve implantation may be able to reduce the fre-
quency of surgical reintervention even further*2 Compared with AVR with bioprostheses or
homografts, combined freedom from reintervention on both valves is superior in matched pa-
tients who underwent the Ross procedure 4344 Moreover, reintervention after mechanical
AVR is not negligible with freedom from reoperation ranging between 82% and 96% after 10
years owing to valve thrombosis, pannus, endocarditis, or paravalvular leakage 24547

Common mechanisms of failure in patients who underwent the Ross procedure are currently
better understood and often are associated with dilatation at either the annulus, sinus, or sino-
tubular junction.*® Severe preoperative aortic regurgitation was confirmed to be a risk factor
for autograft dysfunction. Reoperation can be challenging depending on which valve or valves
are involved and the extent of other pathology, but in experienced hands, mortality is low,
ranging from 0% to 5.6% as reported in a number of fairly large contemporary

series 2111213414950 pregperative echocardiography and chest computed tomographic an-
giography can identify which patients are especially at risk of late root dilatation, in which case
other surgical options may be more appropriate or surgical modifications designed to prevent
dilatation can be included in the operative plan. Good initial results have been reported with an
autograft support strategy, but solid long-term data are not yet available 221 Furthermore, if



reoperation on the pulmonary autograft is required, restoration and preservation may some-
times be possible, preserving the benefits of the living valve. Therefore, the risks of reinterven-
tion after the Ross procedure are acceptable, certainly manageable, and should not be a rea-
son to avoid the procedure altogether.

Valve-Related Events

One of the major advantages of the Ross procedure is the avoidance of permanent anticoagula-
tion. No other durable AVR substitute that does not require anticoagulation is available.
Especially for young and middle-aged patients, there is an unambiguous need for a durable
valve alternative without the lifestyle restraints and risks inherent to permanent anticoagula-
tion. In our study, the stroke and overall endocarditis rates were 0.3% and 0.19% per patient-
year, respectively, which is comparable with results of other studies and meta-analyses. A 2018
meta-analysis'® in patients who underwent the Ross procedure showed linearized occurrence
rates in adults of thromboembolism of 0.17% per patient-year, bleeding of 0.10% per patient-
year, right ventricular outflow tract endocarditis of 0.14% per patient-year, and autograft en-
docarditis of 0.18% per patient-year. The authors concluded that the risks of bleeding and
thromboembolism in patients undergoing the Ross procedure are comparable with those in
the general population.’® A comparable 2017 meta-analysis22 about mechanical AVR in
nonelderly adults (ie, <55 years) indicated higher incidences of thromboembolism (0.90% per
patient-year), bleeding (0.85% per patient-year), and endocarditis (0.41% per patient-year).22
Note that the cumulative risks of severe stroke owing to the permanent use of anticoagulation
are extensive,>>=>==2=222 causing young adults who undergo mechanical AVR to experience ex-
cess mortality compared with a sex- and age-matched general population.2222946 Younger age
in patients undergoing mechanical AVR is an independent risk factor for mortality.28
Furthermore, self-monitoring and lowering the therapeutic range of international normalized
ratio have had a limited effect on reducing thromboembolic or bleeding events and the subse-
quent hazard of death.2422 Full discussion of the long-term prospects of the different valve al-
ternatives should be presented to young and middle-aged adults, including the evidence-based
superiority of the Ross procedure in terms of valve-related events.

These and other studies232828210.2226 gypnort the need for active proctoring, more surgical
training, and education and reference to experienced centers if patients are eligible and willing
to undergo the procedure. Careful selection of patients and reference to one of the specialized
and experienced centers is essential. Both patients and cardiologists should be aware that for
patients with long (>15 years) life expectancy, feasible anatomy, a pregnancy wish, contraindi-
cations to anticoagulation, or physically active lifestyles, the Ross procedure can be a more
suitable option than mechanical AVR.

Strengths and Limitations

This study is, to our knowledge, the largest pooled analysis of previously described prospec-
tively included young and middle-aged patients undergoing the Ross procedure in experienced
centers. Mixed-effects models of serial echocardiographic measurements were used for the
first time to identify risk factors for late graft deterioration and mortality. A limitation to these
results is that they were achieved by experienced surgeons in highly specialized centers, mak-
ing it perhaps difficult for less-experienced surgeons to instantly mimic the results. Differences
in surgeons and surgical techniques could not completely be accounted for, and follow-up of



the Canadian cohort was limited. The positive results after the Ross procedure might be par-
tially explained by the careful selection of patients besides avoidance of anticoagulation and
superior valve hemodynamics alone. Future studies should include even longer follow-up, ide-
ally into the third decade, including matched comparisons with patients undergoing mechani-
cal AVR and the general population. Furthermore, new studies addressing the quality of life
given permanent oral anticoagulation are needed to more closely determine its effect on long-
term quality of life.

Conclusions

In this study, excellent short- and long-term outcomes after the Ross procedure are observed
in appropriately selected patients treated in experienced centers. The Ross procedure should
be considered in young and middle-aged adults who need AVR and can be referred to dedi-
cated centers with expertise in this operation.

Notes
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eTable 1. Baseline and surgical characteristics per center

eTable 2. Risk factor analysis by penalized Cox regression: All-cause mortality

eTable 3. Risk factor analysis by penalized Cox regression: Cardiac mortality

eTable 4. Risk factor analysis by penalized Cox regression: Freedom from any reintervention
eTable 5. Risk factor analysis by penalized Cox regression: Freedom from autograft reintervention
eTable 6. Risk factor analysis by penalized Cox regression: Freedom from homograft reintervention
eTable 7. Model Coefficients for peak autograft gradient

eTable 8. Odds Ratios, 95% Cls and Univariate Wald tests of covariates with autograft regurgitation
eTable 9. Model Coefficients for peak homograft gradient

eTable 10. Odds Ratios, 95% ClIs and Univariate Wald tests of covariates with homograft regurgitation
eFigure 1. Kaplan-Meier plots of overall reintervention per country

eFigure 2. Kaplan-Meier plots of autograft reintervention per country

eFigure 3. Kaplan-Meier plots of homograft reintervention per country

eFigure 4. Effect plots of Autograft gradient and homograft gradient
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Figures and Tables




Table.

Baseline and Surgical Characteristics



Characteristic No. (%)

Patients, No. 1431
Age, mean (SD), y 47.7 (9.5)
<20 20

20-40 192
40-60 1114

>60 105

Male 1064 (74.3)
Hypertension 374 (32.0)
Total No. 1167
Diabetes 43 (4.1)
Total No. 1055
Coronary artery disease 52 (4.9)
Total No. 1056
Chronical obstructive lung disease 21 (2.0)
Total No. 1056
Congestive heart failure 15 (1.2)
Total No. 1230
Dyslipidemia 223

Total No. 1056
Peripheral arterial disease 5(0.5)
Total No. 1056

Aortic valve morphology

Total No. 1022
Bicuspid 778 (76.1)
Tricuspid 191 (18.7)
Other/prosthetic 53 (5.2)

Concomitant procedures

CABG 45 (3.7)
Total No. 1230
Previous cardiac surgery 85 (5.9)
Echocardiographic

LVEDD, mean (SD), mm 53 (9.5)

Abbreviations: CABG, coronary artery bypass grafting; CPB, cardio-pulmonary bypass; LVEDD, left ventricular end-dias-
tolic diameter; LVEF, left ventricular ejection fraction; LVESD, left ventricular end-systolic diameter; NYHA, New York

Heart Association; RVOT, right ventricular outflow tract.
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Kaplan-Meier Plots of Freedom From All-Cause Mortality and Cardiac Mortality

Cumulative freedom from all-cause mortality (A) and cardiac mortality (B) in years after the Ross operation, with the
shaded areas representing 95% Cls.
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Cumulative freedom from any reintervention (A), autograft reintervention (B), and homograft reintervention (C) in

years after the Ross operation, with the shaded areas representing 95% ClIs.



