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Selecting the optimal surgical treatment strategy in patients below the age of 65 years (i.e., non-elderly
patients) with aortic valve or aortic root disease remains challenging. The objective of the current study is
to summarize contemporary research on clinical and quality of life outcomes after aortic valve replacement
(AVR) and aortic root surgery in non-elderly patients. Recent systematic reviews on clinical outcome after
biological and mechanical AVR, the Ross procedure and aortic root surgery show that event occurrence is
considerable after any type of AVR or aortic root surgery and—with the exception of the Ross procedure—
survival is suboptimal. Although thromboembolism and bleeding events are more common after mechanical
AVR and root surgery, these events are also considerably present after biological AVR, the Ross procedure
and valve-sparing aortic root surgery (VSRR). Similarly, reoperation is more common after biological AVR,
the Ross procedure and VSRR, but also occurs frequently after mechanical AVR and root replacement.
Published evidence in AVR patients points to the direction of better health-related quality of life (HRQoL)
outcomes with a biological solutions, while the HRQoL after aortic root surgery is limited and contradictory.
This review illustrates that treatment for non-elderly aortic valve and aortic root disease patients needs to be
tailored to the individual patient, considering both clinical and HRQoL outcomes as crucial factors to reach

a treatment decision that best reflects the patient’s values and goals in life.

Keywords: Aortic valve replacement (AVR); aortic root surgery; clinical outcome; quality of life; perspective

doi: 10.21037/2a¢s.2019.04.07

Introduction

Due to continued improvements in surgical technique and
perioperative management, morbidity and mortality after
aortic valve and aortic root surgery has decreased (1,2). The
available tools in the tool-box of the cardiac surgeon have
expanded. Besides the more common surgical procedures (i.e.,
valve replacement with mechanical or tissue valve prosthesis,
with or without replacement of the aortic root), techniques
that may be considered include the Ross procedure (3),
valve-sparing root replacement and external aortic support
[Personalized External Aortic Root Support (4), Florida
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sleeve (5)]. Under-usage of the more demanding Ross
procedure is likely (6). However, not all procedures are
equally applicable and careful patient selection is required.
The choice for the optimal treatment strategy in patients
aged 18-65 years (i.e., non-elderly patients) with aortic valve
or aortic root disease is especially challenging. It requires
careful weighing of the risks associated with the various
treatment modalities, life expectancy and preferences of
these young, mostly active patients. The objective of the
current study is to present an overview of clinical outcomes
and quality of life after aortic valve replacement (AVR) and
aortic root surgery in non-elderly patients.
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AVR

To provide an overview of contemporary clinical outcomes
after AVR, three recently published systematic reviews with
meta-analysis and microsimulation analysis will be discussed.

Mechanical aortic valve replacement (MAVR)

“Mechanical Aortic Valve Replacement in Non-Elderly
Adults: Meta-Analysis and Microsimulation” by Korteland
et al. (7) is a systematic review and meta-analysis published
in 2017 including studies published between 01/1995—
12/2015 reporting clinical outcome after contemporary
MAVR in patients with a mean age >18 and <55 years.
Twenty-nine papers were included, encompassing 5,728
patients, 32,515 patient-years, and a pooled mean follow-up
of 5.7 years. A bileaflet mechanical valve was implanted in
99.9% of pooled patients.

Bioprosthetic aortic valve replacement (BAVR)

“Bioprosthetic Aortic Valve Replacement in Nonelderly
Adults: A Systematic Review, Meta-Analysis and
Microsimulation” by Etnel ez a/. (8) is a systematic review
and meta-analysis published in 2019 including studies
published between 01/2001-09/2016 reporting clinical
outcome after contemporary BAVR in patients with a mean
age between >18 and <55 years. Nineteen papers were
included, encompassing 2,686 patients, 21,117 patient-
years, and a pooled mean follow-up of 7.9 years. Fifty-two
percent of pooled patients received a porcine biological
valve, 47.9% received a bovine pericardial valve. Seventy-
eight point two percent of implanted valves were stented,
21.7% were stentless.

The Ross procedure (Ross)

“The Ross Procedure: A Systematic Review, Meta-Analysis,
and Microsimulation” by Etnel er /. (9) is a systematic
review and meta-analysis published in 2018 including
studies published between 01/2001-11/2017 reporting
clinical outcome after the Ross procedure in adult and/or
pediatric patients. Only the adult subgroup was considered
in this review, including 35 papers, 6,892 patients, 49,435
patient-years and a pooled mean follow-up of 8.4 years.
Ninety-five point three percent of pooled patients received
a total root replacement (TRR), 3.8% received an inclusion
cylinder and 0.8% received a subcoronary implantation.
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The right ventricle outflow tract conduit was an allograft in
86% and a bioprosthesis in 14%.

All three papers used a microsimulation model to
extrapolate pooled outcome estimates from the meta-
analyses. Details of the concept of microsimulation have
been previously published (9-11). In brief, meta-analysis-
based estimates of operative and long-term mortality
and surgery-related event rates are entered into the
microsimulation model.

Using this data, the model estimates age-specific lifetime
event risks, life expectancy, event free life expectancy and
causes of mortality.

Clinical outcome

Table 1 depicts the patient and procedural characteristics
of the AVR studies. The clinical outcome estimates are
depicted in Tuble 2.

Early morbidity and mortality

Early stroke rate in MAVR was comparable to early
thromboembolism rate in BAVR. Other early events could
not be presented due to inconsistent reporting in the
included studies. Early mortality risks were comparable
after MAVR and BAVR. Early mortality was slightly lower
after Ross compared to MAVR and BAVR. This difference
is possibly due to the Ross procedure being performed by
specialized surgeons (12). Furthermore, a selection bias in
Ross patients towards a lower pre-operative risk could be
present due to high-risk patients not being selected for the
Ross procedure.

Late morbidity

The valve-related reintervention rate was highest after
BAVR and slightly lower after the Ross procedure. Valve-
related reintervention rate after MAVR was significantly
lower compared to BAVR and Ross, however, still
considerable. The reinterventions after MAVR were mostly
caused by non-structural valve dysfunction (NSVD), valve
thrombosis or prosthetic valve endocarditis. As expected,
structural valve deterioration (SVD) was absent in the
MAVR population. In the BAVR population, SVD event
rate was 1.59%/y (95% CI, 1.21-2.10%/y). NSVD was
comparable between MAVR and BAVR. SVD and NSVD
rates could not be presented for the Ross population due to
insufficient reporting.
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Mechanical AVR Bioprosthetic AVR Ross

Variable Pooled Pooled Pooled

estimate Range estimate Range estimate Range

Surgical period 1977-2014 1976-2013 1986-2016

Mean follow-up (years) 5.7 1-12 7.9 2.1-14.2 8.4 1.4-15.9

Male (%) 72 50-91 53 0.2-85 73 51-87

Etiology (%)
Degenerative 22 0-78 36 7-85 8 1-44
Endocarditis 10 0-100 13 0-11 19 3-100
Rheumatic 36 0-78 30 2-89 14 2-30
Congenital 17 0-57 10 0-62 52 38-84
Prosthetic valve dysfunction 4 0-22 - - - -
Other/unknown 12 0-66 10 0-30 6 5-18

Bicuspid aortic valve (%) 25 1-100 15 14-19 63 34-94

Emergency/urgent surgery (%) 3 0-35 6 0-21 4 1-50

AVR, aortic valve replacement; Ross, the Ross procedure; Range, range of the means of included studies; NYHA, New York Heart
Association; CABG, coronary artery bypass grafting.

Thromboembolism rates were significantly higher after related events were considerable in BAVR and Ross and
MAVR compared to BAVR and Ross. Major bleeding event should be taken into consideration in prosthetic valve
rates were higher in MAVR compared to BAVR and Ross, selection. Event risks accumulate during the patients’ lifetime
due to the use of oral anticoagulant therapy after MAVR. and are considerable, especially in young patients. This
Although lower compared to MAVR, anticoagulant therapy accumulation of risks (“lifetime event risks”) can be calculated
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Mechanical AVR Bioprosthetic AVR Ross

Variable
Pooled 95% Cl Pooled 95% Cl Pooled 95% Cl
estimate estimate estimate

Late >30 days (%/y)

Overall mortality 1.55 1.25-1.92 2.39 1.13-2.94 0.59 0.46-0.76
Cardiac 0.95 0.71-1.27 0.96 0.71-1.29 0.24 0.17-0.33
Valve-related 0.6 0.44-0.81 0.6 0.37-0.98 0.21 0.14-0.32
SUUD 0.37 0.26-0.54 0.3 0.12-0.76 0.16 0.10-0.25

Valve-related reoperation 0.51 0.37-0.71 1.82 1.31-2.52 1.2 1.01-1.42
Ross autograft 0.83 0.68-1.01
Ross RVOT 0.47 0.37-0.59

Hemorrhage 0.85 0.65-1.12 0.22 0.16-0.32 0.1 0.01-0.67

Thromboembolism 0.9 0.68-1.21 0.53 0.42-0.67 0.17 0.11-0.27

Valve thrombosis 0.14 0.08-0.25 0.07 0.02-0.20 0.03 0.01-0.09

SVD 0.00 0.00-0.00 1.59 1.21-2.10

NSVD 0.39 0.21-0.76 0.24 0.10-0.58

Endocarditis 0.41 0.29-0.57 0.48 0.37-0.62
Ross autograft 0.18 0.09-0.39
Ross RVOT 0.14 0.09-0.21

Pacemaker implantation 0.25 0.05-1.17
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Lifetime event risks for a 45-year-old patient
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Figure 1 Microsimulation estimated lifetime event risks for a 45-year-old mechanical AVR, biological AVR or Ross patient. For Ross valve-

related reintervention both autograft and RVOT reinterventions are included: isolated autograft reintervention 43.46%, isolated RVOT

reintervention 14.09%, concomitant autograft + RVOT reintervention 5.23%. AVR, aortic valve replacement; RVOT, right ventricular

outflow tract.

using microsimulation. The lifetime event risks for a 45-year-
old patient receiving either a MAVR, BAVR or a Ross
procedure are presented in Figure 1. It is important to note
that these estimates should not be compared between the
populations due to the differences in patient characteristics.
Visualization of lifetime risks using microsimulation provides
more comprehensive insight into the risks for an individual
patient and can aid in decision-making.

Late mortality

Late overall mortality rates were highest after BAVR,
followed by MAVR. Late overall mortality after the Ross
procedure was significantly lower compared to mechanical
and bioprosthetic AVR. Late valve-related mortality rates
were comparable between mechanical and bioprosthetic
AVR and significantly lower after the Ross procedure.
Whether the observed difference is due to patient selection
or due to the Ross procedure providing the patient with a
living neo-aortic valve with excellent hemodynamics, is a
topic of debate.

The higher overall mortality in BAVR patients might
be due to a worse preoperative profile, including older
age, larger proportion of female patients and degenerative
etiology. BAVR patients also undergo concomitant CABG

© Annals of Cardiothoracic Surgery. All rights reserved.

and valve procedures more often, suggesting more advanced
cardiac disease. In addition, BAVR patients might have a
lower life expectancy due to various reasons and therefore
receive a BAVR, causing a selection bias.

The higher overall mortality in BAVR patients is not
likely to be attributable to the differences in valve-related
mortality causes, as is shown by the comparable late valve-
related mortality. This is important when considering
prosthetic valve selection.

Ross patients have lower postoperative endocarditis,
thromboembolism and bleeding rates, possibly explaining
the lower late mortality rate. The difference in overall and
valve-related mortality in Ross patients is small, suggesting
that there is little excess mortality. This might be due to
their preoperative profile (i.e., younger patients, lower
NYHA class, congenital etiology), specialized surgeons
and excellent hemodynamics following the Ross procedure
(12,13). In addition, patients receiving the Ross procedure
might experience better postoperative surveillance due
to the complexity of the surgery and the specialization of
institutions in which they are operated. Another factor that
might contribute is that congenital patients and patients
with a higher socio-economic status or education level
might be more involved in their disease and treatment
decision-making, do more research, and therefore choose
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Figure 2 Microsimulation estimated life expectancy following mechanical AVR, biological AVR and Ross surgery (solid lines) and age- and

sex-matched general population (dashed lines). AVR, aortic valve replacement.

the Ross procedure more often. This type of patient might
also be more involved in their postoperative care and thus
receive better care and in addition might generally live a
healthier lifestyle (14,15). This underlines the need for
more patient involvement and empowerment to improve
clinical outcome and quality of life.

The meta-analysis based microsimulation estimates of
life expectancy for patients undergoing MAVR, BAVR
and Ross are presented in Figure 2 alongside the respective
general population life expectancies. It is important to note
that the differences between the interventional population
estimates cannot be compared as they were derived from
different study populations.

Aortic root surgery

Two recent systematic reviews with meta-analysis give an
overview of current available evidence for outcomes after
mechanical TRR and valve-sparing root replacement.

Total root replacement (TRR)

Mookhoek et al. published a meta-analysis of the reported
outcomes after mechanical Bentall operations (16). They
included 46 studies and a total of 7,629 patients, operated
between 1968-2012. Mean clinical follow-up was 6.4 years

© Annals of Cardiothoracic Surgery. All rights reserved.

(range, 3.0-10.4 years), resulting in 49,175 patient-years.
The pooled average age was 49.8 years.

Valve sparing root replacement (VSRR)

Arabkhani et al. published a meta-analysis of reported
outcomes after valve-sparing aortic root replacement in
2015 (17). Their search resulted in 31 reports over a 14-year
period [2000-2014], including 4,777 patients, operated
between 1988-2012. Mean clinical follow-up was 4.4 years
(range, 1.5-13.2 years) and 21,716 patients-years. The
pooled average age was 51.0 years.

Clinical outcome

The pooled pre- and perioperative characteristics of both
studies are depicted in Table 3. Table 4 depicts the pooled
early and late clinical outcomes.

Early mortality

Early morbidity was not reported in the systematic reviews.
Pooled early mortality was higher after TRR compared
to VSRR. This difference can be explained by the higher
prevalence of emergency surgery, aortic dissections and
previous cardiac surgery in the TRR population.
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TRR VSRR

Variable

Pooled estimate Range Pooled estimate Range

Surgical period 1968-2012 1988-2012

Mean follow-up (years) 6.4 3-10.4 4.4 1.5-13.2

Male (%) 76 55-91 71 57-85

Type A dissection (%) 15 0-39 11 0-33

Connective tissue disease (%) 23 0-100 24 0-100

Prior cardiac operation (%) 16 1-7 4 2-12

Concomitant surgery (%)

CABG 12 0-31 9 0-19
Valve surgery 6 0-12 5 0-12
(Hemi)arch 12 0-39 22 0-68

Late morbidity

Reoperation rates were higher after VSRR compared to
TRR. Bleeding rates were higher after TRR, due to the
mandatory use of life-long anticoagulation therapy in TRR.

Late mortality

The pooled late mortality rate was lower after VSRR
compared to TRR. This difference can be explained by
the preoperative differences between the populations
and the lower overall event occurrence in the VSRR
population. However, it should be stressed that a direct
comparison between these two populations cannot be
made using these data.

© Annals of Cardiothoracic Surgery. All rights reserved.

Health related quality of life outcomes

There is a growing body of observational evidence on
quality of life after AVR. The landmark paper by Aicher
et al. studied quality of life and anxiety and depression after
mechanical valve implantation, the Ross procedure and
aortic valve repair. It found that quality of life, including
valve-related aspects such as valve sound, frequency
of doctor visits and fear of potential complications, is
influenced by the type of operation. Patients who received
mechanical prostheses had worse general health, physical
functioning and mental health and more cardiac-related
anxiety (18). These observations have been confirmed by
several other studies, that all point into the direction of a
better QoL with a biological solution (19,20).
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TRR VSRR
Variable
Pooled estimate 95% ClI Pooled estimate 95% Cl
Early <30 days (%)
Mortality 5.6 - 2.2 -
Late >30 days (%/y)
Overall mortality 2.02 1.77-2.31 1.53 1.19-1.96
Valve-related mortality 0.46 0.36-0.59
Valve-related reoperation 0.3 0.22-0.41 1.32 1.0-1.74
Root-related reoperation 0.46 0.36-0.59
Hemorrhage 0.64 0.47-0.87 0.23 0.13-0.42
Thromboembolism 0.77 0.60-1.00 0.41 0.22-0.77
Endocarditis 0.39 0.33-0.46 0.23 0.11-0.51
MAVRE 2.66 2.17-3.24 1.66 1.24-2.23

TRR, total root replacement; VSRR, valve-sparing root replacement; Cl, confidence interval; %/y, percentage per patient-year; MAVRE,

major adverse valve-related event.

Contemporary evidence on QoL outcomes after aortic
root surgery was reviewed by de Heer er 4/. and showed
that limited and only observational data with contradicting
results are available (21). Although a study by Olsson
et al. in 1999 showed significantly worse health-related QoL
outcomes for patients after thoracic aortic surgery compared
to the general population, an updated study in 2013 showed
comparable QoL (22,23). This may be the result of advances
in cardiac surgery and improved cardiovascular care in more
recent years and is in agreement with other recent studies
that report QoL in thoracic aortic surgery patients to be
comparable to the general population (24-26). There is
some evidence on differences in QoL between aortic root
surgery strategies: observational evidence suggests that QoL
after surgery is significantly worse in most of the domains
of the SF-36 in patients after TRR versus VSRR surgery.
TRR patients reported to be significantly more disturbed
by valve sound, more afraid that their valve will fail and
assigned a lower score to their overall condition (27). There
is no evidence that there is a difference between mechanical
versus biological TRR surgery (28).

Given these observations, the notion arises that it is
important to consider QoL as a crucial factor in treatment
selection for both AVR and aortic root surgery, in order
to reach an evidence-based and patient-centered treatment
decision that best reflects the patient’s values and goals

© Annals of Cardiothoracic Surgery. All rights reserved.

in life. The concept of shared decision-making allows
physicians and patients to reach such decisions, and is
gaining interest throughout the world and even in the
European and US guidelines for the management of
valvular heart disease (29,30). There is growing evidence
that tools to support shared decision-making in prosthetic
heart valve selection are indeed effective in reducing anxiety
and depression and improving mental health and knowledge
in patients who are facing heart valve replacement (31).

Future perspectives
Patient tailored treatment

The continued decline in mortality after aortic valve and
aortic root surgery over the years calls for a shift in focus
in clinical decision-making towards quality of life. As
demonstrated by the evidence outlined above, all currently
available options for aortic valve and root surgery remain
imperfect. The outcome profiles of the various treatment
options are in stark contrast to one another, each with
different implications for many aspects of patients’ lives,
both physical and psychosocial.

As treatment decisions have such an important impact on
patients’ lives, choosing the optimal treatment tailored for
each patient with regard for individual values, preferences and
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life planning is of utmost importance. Because preferences
and treatment goals vary between individual patients and
also between patients and their physicians, involvement of
patients in the decision-making process is essential. Although
both physicians and patients have been found to prefer
shared roles in decision-making, physicians still experience
substantial difficulty in adequately informing and involving
their patients (32-34). Thus, there is an urgent need for
innovative solutions to aid in more effectively informing and
involving patients. In this light, online patient information
portals and decision aids present promising opportunities
(31,35). Methods for elucidating patients’ values, preferences
and treatment goals and how these can effectively be
incorporated in decision-making should be explored.

The evolution of clinical outcome over the years should
also translate to a shift in research focus from classical
outcome measures such as survival and event occurrence
towards patient-centered outcomes that better reflect what
is valuable and meaningful to patients. It remains to be
elucidated which outcomes patients value most after aortic
valve and aortic root surgery. In any case, high quality
evidence on clinical outcome remains indispensable. The
AVIATOR initiative of the Heart Valve Society (HVS) is a
longitudinal multicenter international registry that focuses
on patients with aortic valve insufficiency and/or a dilated
ascending aorta. The wish is to embrace the complete disease
trajectory, starting from the diagnoses, including operation
and long-time follow-up. Since 2013 the AVIATOR
Adult Surgical Registry is enrolling patients and comprises
already 5,000 cases (36). Furthermore, the HVS started a
new initiative to evaluate prosthetic AVR: the LEOPARD
registry. These multicenter registries should provide a solid
evidence base, by applying uniform definitions, to evaluate
long-term patient outcomes for the different treatment
strategies for aortic valve root disease in non-elderly patients.
The addition of quality of life outcomes to the AVIATOR
and LEOPARD registries could be of great added value.

Novel treatment strategies

Unfortunately, “one valve for life” is not yet on the horizon.
Research into tissue engineered valves has made great
progress, however in vivo use in humans is not yet available
(37,38). Meanwhile, other novel treatment strategies are
available that are possibly underutilized.

Advances in aortic valve repair might provide improved
outcomes. Furthermore, minimally invasive techniques
are developing. In the prevention of further aortic root

© Annals of Cardiothoracic Surgery. All rights reserved.
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dilatation in Marfan patients, a new stabilization technique
was introduced: Personalized External Aortic Root Support
(PEARS). The individual’s aortic root is replicated by a
3-dimensional printed model to produce an individualized
polymer mesh sleeve, which is wrapped around the aorta.
Over a 12-year period [2004-2016] more than 60 patients
were treated with PEARS in six centers (4).

With the promise of more durable bioprostheses, the
possibility of transcatheter valve-in-valve procedures might
become available for younger patients. However, both the
prolonged durability of bioprostheses and transcatheter
valve-in-valve outcomes are not sufficiently researched in
non-elderly patients.

If anticoagulation therapy is unavoidable, reducing
associated events is of great importance. New mechanical
prostheses are being developed that require lower INR
levels (39). Optimized anticoagulation therapy through self-
management can achieve comparable survival between Ross
patients and MAVR patients (40). Two studies included
in the BAVR systematic review reported that at the end
of follow-up 25-30% of the BAVR patients required oral
anticoagulants, mostly due to atrial fibrillation (41,42).
In an effort to reduce anticoagulation-related events,
characteristics that put BAVR patients at risk for atrial
fibrillation should be explored. Furthermore, research into
the use of NOAC’s for atrial fibrillation shows this might be
a safe treatment strategy in BAVR (43).

Conclusions

This review provides an overview of current evidence on
aortic valve and aortic root replacement in non-elderly
adults. The differences in clinical outcome between
treatment options are not a black-and-white issue and this
underlines the need for individual patient tailored treatment
and shared decision-making. Involved and empowered
patients can make informed decisions and consequently
experience improved clinical outcome and quality of life.
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