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The Ross procedure is the optimal solution for young adults with
unrepairable aortic valve disease
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While aortic valve repair remains the ideal intervention to restore normal valvular function, the optimal
aortic valve substitute for patients with a non-repairable aortic valve remains an ongoing subject for
debate. In particular, younger patients with a non-repairable valve represent a unique challenge because of
their active lifestyle and long life expectancy, which carries a higher cumulative risk of prosthesis-related
complications. The Ross procedure, unlike prosthetic or homograft aortic valve replacement (AVR), provides
an expected survival equivalent to that of the age and gender-matched general population. Contemporary
data has shown that the Ross procedure can be performed safely in centers with expertise, and is associated
with improved valvular durability, hemodynamics and quality of life.
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Introduction
The optimal aortic valve substitute in young adults remains
controversial. Aortic valve repair remains the best primary
intervention to restore normal valvular function and
circumvent early and late complications related to valve
replacement. However, a large patient population does
not exhibit favorable anatomical characteristics that would
allow for an effective and durable repair, necessitating
an aortic valve replacement (AVR) (1). The ideal aortic
valve substitute would provide excellent hemodynamics,
low thrombogenicity, low risk of prothesis dysfunction
or endocarditis and good long-term durability. Currently
available valve replacement options include conventional
mechanical or biological prostheses, rapid deployment
prostheses, stentless biological prostheses, aortic
homografts and pulmonary autografts (Ross procedure).
Although standard mechanical or biological prostheses
remain the most common choice selected across most age
groups, young adults represent a unique group of patients
because of their anticipated long life expectancy and thus
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higher cumulative risk of prosthesis-related complications.
The Ross procedure, unlike conventional bioprosthetic or
mechanical AVR, provides an expected survival equivalent
to that of the age and gender-matched general population
by minimizing prosthesis-related complications, avoidance
of anticoagulation, and superior hemodynamics (2,3).
Background
The Ross procedure was first described more than sixty
years ago by Lower and colleagues when an excised
pulmonic valve was implanted in the descending aorta
in a canine model (4). Less than a decade later, Ross and
colleagues described the use of the living pulmonary
autograft in the aortic position with the hope that it would
overcome the late degeneration of the aortic homografts (5).
Since the first report in 1967, the popularity of the Ross
procedure has fluctuated over time, but more recently has
nearly disappeared from the armamentarium of most cardiac
surgery centers. In the last decade, the Ross procedure has
constituted less than 0.1% of all AVRs performed in the
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United States (6). Despite that, a small group of centers
have continued to perform and refine the procedure
and have provided long-term reports that support the
superiority of the Ross procedure over other AVR options
for selected adults with aortic valve disease (7-13).
Survival
As previously mentioned, conventional AVR has long
been considered the mainstay therapy in adults with nonrepairable aortic valve disease, with younger adults (less than
fifty years of age) preferentially receiving mechanical valves
and those over the age of seventy receiving bioprostheses (14).
Several contemporary studies have suggested this approach
to be outdated and especially at odds with the available
body of evidence supporting the imperative role of the Ross
procedure in younger adults (7-12). In fact, when implanted
in young and middle-aged adults, both bioprosthetic and
mechanical valves are associated with excess mortality,
which appears to be inversely proportional to patient age
at the time of surgery (15-18). The majority of recent
studies examining long-term outcomes following AVR
have shown that the Ross procedure is the only operation
capable of restoring expected survival equivalent to that
of the age and gender-matched general population (2,3).
Whereas no study has shown similar results following AVR
with conventional prostheses or aortic homografts, even
in highly selected patient series (7,16). Moreover, when
performed in centers of excellence, the Ross procedure
carries a risk of perioperative mortality and major morbidity
that is similar to mechanical AVR (19). The superior longterm survival conferred by the Ross procedure in younger
adults is believed to be the result of reduced prosthesisrelated complications, absence of anticoagulation and
superior hemodynamics attributable to a living aortic valve
substitute. The survival advantage with the Ross operation
has been demonstrated repeatedly in several single and
multi-center cohort series (8-12,17,20-25), meta-analyses
(18,26,27) and a randomized controlled trial (7).
Valve-related complications
The Ross procedure, despite its technical complexity
and steep learning curve, provides an opportunity to
reduce valve-related complications as compared to
conventional AVR. In young adults, bioprostheses (stented
or stentless) are associated with excess rates of structural
valve deterioration requiring reoperation (28,29). This
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limited durability is further accentuated by the presence
of patient-prosthesis mismatch, which can be seen in up to
25% of patients with stented prostheses (30-32). With the
expanding indications of transcatheter AVR and valve-invalve options, there has been a steady increase in the use of
bioprostheses for AVR over the last twenty years. However
the majority of implanted bioprosthesis have an aortic
annulus of 21 and 23 mm, both of which can potentially
result in suboptimal hemodynamics with the currently
available valve-in-valve technologies (33). Additionally,
serial valve-in-valve strategies, which would undoubtedly be
necessary in young patients undergoing a tissue AVR, are
prone to exponentially increasing transvalvular gradients
and reduced durability with each successive valve-in-valve
intervention, prompting re-operation due to serial-valve
failure.
In young adults, several randomized and observational
studies have demonstrated superior outcomes with the use
of mechanical valves versus bioprosthetic valves (34-36).
However, the use of mechanical prostheses brings forward
the challenges of thromboembolism, valve thrombosis and
bleeding events secondary to anticoagulation. In fact, it is
estimated that one-half of patients with mechanical AVR
aged twenty-five years, and one-third of those aged fiftyfive years will experience a thrombotic or bleeding event
during their lifetime (37). Even in a highly regulated and
closely monitored FDA trial, annual risks of bleeding and
thromboembolism following mechanical AVR exceeded 5%
per patient year (38).
In contrast, the current literature reports lower incidences
of thromboembolism, bleeding and valve-related events
with the Ross procedure. One major hindrance to the
widespread use of the Ross procedure stems from concerns
regarding the adaptability of the pulmonary autograft
to its new aortic position. Some early studies postulated
that long-term exposure to systemic pressures could lead
to progressive autograft dilatation in some patients and
consequently a potentially higher rate of reintervention
(39-43). Since then, the growing body of evidence
has shown this to be true, especially amongst patients
undergoing the Ross procedure specifically for aortic
regurgitation (AR). Patients with significant AR were found
to be more prone to autograft dilatation and reintervention
than those with isolated aortic stenosis (AS) (44,45). Recent
studies attribute these earlier findings to incomplete
stabilization of the aortic root at the index surgery, resulting
in autograft dilatation at the level of the annulus, sinuses of
Valsalva and sinotubular junction (46-49). When a tailored
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approach is employed in a high-volume center to ensure
adequate support of the pulmonary autograft, the Ross
procedure results in excellent autograft durability (50). On
the other hand, the pulmonary homograft, when implanted
into the low-pressure pulmonary circulation, is expected to
be less vulnerable to structural degeneration (51). However,
the durability of the pulmonary homograft remains the
Achilles heel of the Ross procedure. Fortunately, reoperation for pulmonary homograft failure remains low at
approximately 1% per year and transcatheter techniques
have helped to mitigate the impact when needed.
The choice of AVR procedure in aortic infective
endocarditis presents its own set of challenges. This is in
part due to the risk of recurrent infection of the prosthetic
valve which despite being low, still remains an important
consideration. In young adults, this is further compounded
by the risk of reoperation, implication to lifestyle and the
need for anticoagulation in the case of mechanical valves.
A recent multicenter study found that in selected patients
with infective endocarditis, the Ross procedure was a safe
and reasonable alternative to AVR with good mid-term
outcomes and excellent freedom from recurrent infection,
supporting the potential role of the living autograft in this
challenging patient population (52).
Hemodynamics
The aortic root is a dynamic, physiologic structure that
allows adaptive blood flow to both the systemic and
coronary circulation. Various studies have demonstrated
that the aortic root is not simply “three cusps in a pipe”, but
that in fact the four structures that make up the aortic root
(aortic annulus, cusps, sinuses and sinotubular junction) are
highly dynamic and act dependently in response to systolic
and diastolic forces (53). Impairment of at least one of
these structures is believed to impact the overall function
of the aortic root and results in sub-optimal systemic and
coronary perfusion. Biological and mechanical prostheses
consist of a fixed inflow ring, which effectively fixes the
aortic annulus and impairs the dynamic function of the
aortic root. As for the Ross procedure, the pulmonary
autograft is a living structure that allows for remodeling and
adaptive hemodynamic performance. In fact, the pulmonary
autograft is associated with significantly lower and nearphysiologic transvalvular gradients at discharge and followup versus conventional AVR (54). When compared with
aortic homografts, both the pulmonary autograft (i.e.,
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Ross procedure) and the homograft have excellent early
hemodynamics; however, only the pulmonary autograft
maintains consistently low transvalvular gradients at
long-term follow-up (7,55). Pulmonary autografts are
vascularized, highly viable and immunoprivileged living
tissues, whereas homografts are cryopreserved, partially
viable and less biologically active (52,54-56). This
superior hemodynamic profile has been demonstrated
with transaortic blood flow patterns analyzed by magnetic
resonance imaging (57). The hemodynamic advantages
of the pulmonary autograft can be seen under resting
conditions, but the difference with other valve substitutes
is further accentuated during periods of exertion. In fact,
several studies have demonstrated that gradients across
the pulmonary autograft do not significantly increase with
maximal exercise, which closely emulates the hemodynamic
performance of native aortic valves in healthy individuals,
as opposed to the significantly increased gradients expected
with exercise in normally functioning prosthetic AVR
(20,55,58,59). Hence, the pulmonary autograft should
be given strong consideration as the valve of choice in
younger, physically active patients because of their increased
hemodynamic demands and the optimal near-physiologic
performance of the pulmonary autograft. Additionally, the
favorable hemodynamics of the pulmonary autograft may
contribute to more rapid and complete left ventricular mass
regression and reduced congestive heart failure, which is
believed to be a driving force behind the improvement in
mortality and quality of life (60,61).
Quality of life
Another important advantage of the Ross procedure in
young adults is the improvement in the quality of life
compared to conventional AVR. The Ross procedure
was shown to rank higher on both the physical and
psychological health scales (62-64). Importantly, the Ross
procedure obliviates the need for anticoagulation incumbent
with mechanical valves, which constitutes an important
consideration in this patient population where individuals
are more physically active and where anticoagulation is
sometimes not practical or better avoided, such as in women
of childbearing age contemplating pregnancy (65). The
impact of warfarin dosing and international normalized
ratio (INR) management should not be underestimated
particularly in this active, mobile population, as it requires a
significant commitment and change in quality of life.
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Tailored approach
To mitigate the risk of potential early changes in autograft
root dimensions following exposure to systemic pressures
and the consequent autograft failure, several groups
advocate for the institution of an individualized, tailored
approach (50,66). Patients undergoing the Ross procedure
for aortic insufficiency and those with a dilated aortic
annulus greater than or equal to 27 mm preoperatively
are particularly prone to this complication (66). Reducing
the size of the aortic annulus with suture plication was
proposed as a safeguard measure to prevent early dilatation;
however, this technique was not shown to prevent late
failure based on the available long-term data (66). Extraaortic annuloplasty has recently been added to the cardiac
surgeon’s toolbox and has shown promising results in
reducing the risk of later aortic annular dilatation (67-69).
This technique is currently used at our center as well as at
other institutions. However, longer follow-up is needed to
support its effectiveness in stabilizing the aortic annulus of
Ross procedure patients. A study by Hokken et al. reinforced
the predictive role of early autograft annular stabilization on
late outcomes and showed that most of the increase in aortic
diameter was already reached at the time of discharge from
the hospital (43). Based on similar principles, it is important
to stabilize the sinotubular junction when the ascending
aorta measures greater than 35–40 mm in diameter.
Thus, the ideal candidate for the Ross procedure is
a patient with a projected life expectancy of more than
fifteen years, who presents with aortic valve disease (ideally
isolated AS), a nondilated aortic annulus (less than 27 mm)
and normal aortic dimensions (44,45,50,66,70) The Ross
procedure should also be given particular consideration
in female patients of childbearing age contemplating
pregnancy, patients with a high level of physical activity
and those who have contraindications to or prefer to avoid
anticoagulation. Conventional AVR is not well suited to
women contemplating a future pregnancy given the major
setbacks of both bioprosthetic and mechanical prostheses.
Mechanical valves are associated with an accrued risk of
thrombosis during pregnancy and the currently available
options for anticoagulation carry a safety concern to both
the mother and fetus (65,71). The bioprostheses on the
other hand may have limited durability with accelerated
degeneration during pregnancy, which could in fact be
related to the younger age of the patient (72,73). The Ross
procedure is contraindicated in patients with connective
tissue disorders or familial aortopathy, due to a prohibitive
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risk of autograft dilatation and failure, and relatively
contraindicated in some autoimmune diseases (such as
lupus erythematosus and rheumatoid arthritis) because of
concerns of acquired cusp disease (74).
Other technical tips and tricks
Several technical refinements have been proposed at each
step of the operation to improve its performance and
durability (46-48,50,75,76). At our institution, we routinely
try to preserve as much native aortic wall as possible, such as
the non-coronary sinus and the bridge of aortic wall between
the left/right sinus (Figure 1A), which we later incorporate
into the anastomosis with the ascending aorta to provide
external support for the pulmonary autograft (Figure 1B).
During autograft harvesting, the pulmonary autograft
is trimmed at its base to eliminate any excess muscle
(within 2–3 mm below the cusp insertion line) and the
base of the autograft is tailored to the shape of the native
aortic annulus, whether tricuspid, bicuspid or unicuspid.
We prefer to implant the autograft deep within the left
ventricular outflow tract to stabilize the annulus using a
full-root technique to avoid any mismatch between the
aortic and pulmonary roots, which often exhibit different
dimensions and commissural orientations (Figure 2). We
believe that the single interrupted suturing technique allows
more accurate suture placement and allows us to implant
the pulmonary autograft symmetrically within the left
ventricular outflow tract, which we believe is important for
valvular competence. As mentioned, we routinely perform
an external aortic annuloplasty using a ring of Dacron graft
for annular diameters of 27 mm or greater on preoperative
imaging or in patients presenting with significant AR or
mixed AS/aortic insufficiency to prevent late dilatation
(Figure 3). This is carried out with a Dacron aortic ring
using a subannular row of six non-pledgeted 2-0 Ethibond
sutures. We usually implant the pulmonary homograft
prior to anastomosing the distal end of the autograft to
facilitate distal homograft reconstruction at the pulmonary
bifurcation. During the distal aortic anastomosis of the
pulmonary autograft, the distal end of the autograft is
kept as short as possible by leaving only 2 mm above the
commissural insertion level to minimize the amount of
pulmonary autograft tissue exposed to systemic pressures.
When the ascending aorta is dilated greater than 35–40 mm,
we routinely replace a short segment of the ascending aorta
with a 24 or 26 mm Dacron graft to avoid distracting the
sinotubular junction of the pulmonary autograft in order to
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Figure 1 Preservation of non-coronary sinus and bridge of aortic wall between the left/right sinus (A) to be later incorporated into the
anastomosis with the ascending aorta for further pulmonary autograft external support (B).

Figure 2 Multiple interrupted 5-0 polypropylene sutures for
proper pulmonary autograft implantation into the LVOT and
exclusion of infundibular muscle. LVOT, left ventricular outflow
tract.

27 mm or greater on preoperative imaging or in patients
presenting with significant aortic regurgitation or mixed AS/AI to
prevent late dilatation. AS, aortic stenosis; AI, aortic insufficiency.

optimize valve function and durability.
In the post-operative period, it is crucial to avoid elevated
systemic pressures which may lead to early dilatation of
the pulmonary autograft, and to allow the neoaortic root
to adapt to its new hemodynamic environment. This is
based on previous biomechanical studies showing that
physiological adaptation of the autograft is only possible
when the wall stress is kept in the lower range of the strainstress curve, and is generally achieved by aiming for a
systolic blood pressure of less than 100 to 110 mmHg,
particularly during the first six to twelve months (adaptive
period) following the operation (77).
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Figure 3 External aortic annuloplasty for annular diameters of

Guidelines
Despite the convergence of studies supporting its safety
and effectiveness, the Ross procedure has not yet gained
widespread acceptance and the most recent guidelines
do not yet reflect its important role in treating aortic
valve disease, particularly in young adults. The latest
American guidelines give the Ross procedure a class
IIb recommendation in young patients, whereas both
bioprosthetic and mechanical prostheses were given class
1 and 2a recommendations respectively, with several
considerations (14). Oddly, the most recent European

Ann Cardiothorac Surg 2021;10(4):454-462 | http://dx.doi.org/10.21037/acs-2021-rp-26

Annals of cardiothoracic surgery, Vol 10, No 4 July 2021

guidelines do not even mention the Ross procedure (78,79).
It is difficult to reconcile these guideline recommendations
in the face of the published cohort, meta-analyses and
randomized evidence supporting the advantages of the Ross
procedure over conventional AVR options, particularly
when performed in centers of expertise. Skeptics of the Ross
procedure have argued that most published studies on its
outcomes originate from specialized high-volume centers,
which limits the external validity of this body of data
(7-12,17,18,20-27,80). However, this argument also applies
to other highly specialized procedures such as complex
valve repair, aortic arch or thoracoabdominal aortic repair
and transcatheter valve interventions, which appear to have
gained much broader appeal and guideline support than the
Ross procedure. Strong consideration should be made to
re-evaluate AVR guidelines to reflect the increasing body of
evidence supporting the Ross procedure in young patients.
Conclusions
Selecting the most appropriate valve substitute for nonrepairable aortic valves is a difficult task, particularly
for younger patients. Interest in the Ross procedure has
recently seen a revival as a growing body of evidence has
demonstrated its superior outcomes in adults compared to
conventional AVR options. The Ross procedure provides
excellent long-term survival, freedom from valve-related
complications and improved quality of life in selected
patients when the procedure is performed in experienced
centers. With this resurgence, refinements to the procedure
have been made to extend its durability, in particular
by stabilizing the aortic annulus. Accordingly, there is
a dire need to revisit the current guidelines to reflect
the contemporary evidence supporting the pulmonary
autograft, rather than the perceived biases thrust upon it.
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