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ABSTRACT

Objective(s): Identifying the optimal solution for young adults requiring aortic
valve replacement (AVR) is challenging, given the variety of options and their life-
time complication risks, impacts on quality of life, and costs. Decision analytic tech-
niques make comparisons incorporating these measures. We evaluated lifetime
valve-related outcomes of mechanical aortic valve replacement (mAVR) versus
the Ross procedure (Ross) using decision tree microsimulations modeling.

Methods: Transition probabilities, utilities, and costs derived from published re-
ports were entered into a Markov model decision tree to explore progression be-
tween health states for hypothetical 18-year-old patients. In total, 20,000 Monte
Carlo microsimulations were performed to model mortality, quality-adjusted-life-
years (QALYs), and health care costs. The incremental cost-effectiveness ratio
(ICER) was calculated. Sensitivity analyses was performed to identify transition
probabilities at which the preferred strategy switched from baseline.

Results: From modeling, average 20-year mortality was 16.3% and 23.2% for Ross
and mAVR, respectively. Average 20-year freedom from stroke and major bleeding
was 98.6% and 94.6% for Ross, and 90.0% and 82.2% for mAVR, respectively.
Average individual lifetime (60 postoperative years) utility (28.3 vs 23.5 QALYs)
and cost ($54,233 vs $507,240) favored Ross over mAVR. The average ICER demon-
strated that each QALY would cost $95,345 more for mAVR. Sensitivity analysis re-
vealed late annual probabilities of autograft/left ventricular outflow tract disease
and homograft/right ventricular outflow tract disease after Ross, and late death af-
ter mAVR, to be important ICER determinants.

Conclusions: Our modeling suggests that Ross is preferred to mAVR, with superior
freedom from valve-related morbidity and mortality, and improved cost-utility for
young adults requiring aortic valve surgery. (JTCVS Open 2024;17:185-214)
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CENTRAL MESSAGE

The Markov model decision
analysis demonstrated that the
Ross procedure had superior
lifetime mortality, cost-utility, and
freedom from complications
relative to mechanical aortic
valve replacement.
PERSPECTIVE
The optimal surgical approach for young adults
with aortic valve pathology is debated. Estimated
complications from our model provide critical in-
formation on lifetime patient expectations after
either a Ross procedure or mechanical aortic
valve replacement. Through decision analysis,
the Ross procedure was determined to be the
preferred aortic valve replacement strategy in
the young adult population.
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Abbreviations and Acronyms
AV ¼ aortic valve
AVR ¼ aortic valve replacement
bAVR ¼ bioprosthetic aortic valve replacement
CI ¼ confidence interval
ICER ¼ incremental cost-effectiveness ratio
LVOT ¼ left ventricular outflow tract
mAVR ¼ mechanical aortic valve replacement
PPY ¼ per-patient-year
QALY ¼ quality-adjusted life years
QoL ¼ quality of life
RVOT ¼ right ventricular outflow tract
WTP ¼ willingness-to-pay

Congenital: Aortic Valve Sarnaik et al
Aortic valve replacement (AVR) remains the mainstay of
guideline-informed treatment for patients with symptomatic
aortic valve (AV) disease, demonstrating improvement in
survival, functional status, and symptomatic relief.1 Howev-
er, the expanding armamentarium of options available for
treatment of symptomatic AV disease and the lack of head-
to-head prospective comparative data create difficulty in
the selection process for both patients and providers. The
risk of postoperative complications, reintervention, and mor-
tality, as well as the potential requirement for lifetime antico-
agulation for certain AVR choices, must be considered. This
dilemma regarding best approach across a lifetime is partic-
ularly challenging for young and middle-aged patients, as
their longer life expectancies and active lifestyles impart
not only a greater cumulative risk of adverse outcomes but
also a critical need for long-term valve durability.

Mechanical aortic valve replacement (mAVR) has been
commonly used as a treatment for AV disease in young
adult patients, primarily due to its hemodynamic durability,
low rate of prosthesis re-replacement, and ease of implanta-
tion.2,3 However, mechanical prostheses are inherently
thrombogenic and require lifetime anticoagulation, thereby
placing patients at an increased risk of major bleeding
events and compromising health-related quality of life
(QoL). The Ross procedure, which substitutes the diseased
AV with the autologous pulmonary valve, circumvents this
need for lifetime anticoagulation while maintaining long-
term durability, unlike biologic valve replacements.4-8

Furthermore, the autograft, by virtue of its inherent
favorable hemodynamic profile, often reduces the need
for annulus enlargement procedures and is, therefore,
more acceptable for small aortic roots. Nevertheless, the
greater complexity of the Ross operation, in combination
with the potential for autograft dilation with subsequent
valvular insufficiency, as well as pulmonary homograft
failure, has limited its widespread adoption.
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There is a paucity of longitudinal prospective cohort and
retrospective investigations comparing lifetime outcomes
between the 2 procedures. Given the unique advantages
and disadvantages of each procedure, randomized
controlled trials comparing complications, mortality, and
reintervention between mAVR and the Ross procedure
would be ideal and necessary to provide sufficient evidence
to establish a standard of care for young adults with AV dis-
ease. However, such investigations remain unlikely for 2
primary reasons. First, achieving equipoise would be chal-
lenging, given strong provider, and sometimes, patient pref-
erences for a given AVR strategy. Second, the necessity of
prolonged, uninterrupted follow-up over several decades
to study cumulative outcomes is neither logistically nor
financially feasible.

Decision analytic techniques are underused, yet valuable
tools to make comparisons between health strategies, espe-
cially in situations in which randomized controlled trials are
unlikely or implausible, and where each option is associated
with a different array of outcomes. They allow for the com-
parison of 2 or more options by incorporating probabilities
of combinations of potential clinical outcomes, along with
the utilities and economic strain associated with these out-
comes, without the need for assembling patient cohorts.
The present study sought to compare the lifetime valve-
related complications, QoL, and health care costs of
mAVR and the Ross procedure using decision tree microsi-
mulations modeling informed by probabilities derived from
published studies. See Figure 1 for a graphical abstract of
the study.

METHODS
The decision analysis modeled lifetime postoperative valve-related

outcomes, QoL, and health care cost expenditures of 18-year-old patients

with symptomatic AV disease undergoing either mAVR or the Ross

procedure.
Model Construction
AMarkov model decision tree (Figure 2) with Monte Carlo simulations

was developed using open-source Amua modeling software version 0.3.0.9

Hypothetical cohorts of 10,000 patients were assigned to undergo either

mAVR or the Ross procedure, permitting derivation of the quality-

adjusted-life-years (QALYs) and lifetime health care costs associated

with each procedure. The incremental cost-effectiveness ratio (ICER),

which describes the ratio of incremental cost to difference in QALYs be-

tween the procedures, of the favored strategy was calculated.

It was assumed that all patients entering the model had symptomatic AV

disease without comorbidities or complications, and that all were suitable

candidates for either treatment. The cycle length used was 30 days, allow-

ing for input probabilities of both early (<30 days) and late (>30 days)

complications. The maximum number of cycles was 720, corresponding

to a follow-up duration of 60 total postoperative years. This was chosen

such that a maximum age of 78 years, corresponding to modern estimates

of life expectancy in the United States, was modeled for patients surviving

until the termination of the simulation.10
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FIGURE 1. Decision analysis was employed to compare the Ross procedure vs mechanical aortic valve replacement in young adults with aortic valve

disease. The Ross procedure was found to possess superior lifetime (60 postoperative years) freedom from morbidity and mortality, as well as cost-utility,

in young adult patients requiring aortic valve replacement. mAVR, Mechanical aortic valve replacement; AVR, aortic valve replacement; RVOT, right ven-

tricular outflow tract; LVOT, left ventricular outflow tract.
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Input Parameters
Postoperative early and late transition probabilities specific to mAVR

(Table E1) and the Ross procedure (Table E2) were derived from published

reports.2,3,5,7,8,11-16 These transition probabilities reflected risks of

developing various procedure-specific complications and reinterventions,

in addition to the mortality associated with these adverse events.

Given that the series of published reports yielded variable transition

probabilities, a baseline analysis was performed using values obtained from

the most relevant and representative studies. A probability rangewas initially

derived from the available literature, and the following study characteristics

were evaluated to determine the most representative transition probability

for baseline analysis: patient demographics, sample size, follow-up time,

definition of complication, recency, and percentage of patients lost to

follow-up. The representative transition probability was then incorporated

into a sensitivity analysis encompassing the entire range of probabilities

identified in the literature. Specifically, one-way deterministic sensitivity

analysis, which varied the transition probabilities used in themodelingwithin

the predetermined ranges, was performed to identify important determinants

of the preferred strategy. Subsequently, threshold analysis was performed on

these determinants to identify values that transition probabilities must reach

for the preferred strategy of the baseline analysis to switch.

Published reports were also used to obtain health outcome information,

and utility metrics for various postoperative complications that were

entered into the model are depicted in Table E3.17-25 QALYs were
calculated by multiplication of the utilities by the duration that the

modeled. patients spent in the given health state. The lowest utility score

was used in the calculation of QALYs for patients that were modeled to

have had more than one complication. Lastly, healthcare cost

expenditures associated with various transition states and postoperative

complications were derived from published reports (Table E4).26-36 To

adjust for inflation, the Consumer Price Index was used to convert the

obtained cost values into August 2023 United States Dollar amounts

before model entry. More information regarding the literature sources

used for deriving input parameters for both baseline and sensitivity

analysis can be found in Tables E5-E9.

Simulation and Analysis
The model was constructed and initially analyzed in Amua, and further

calibration and analyses were performed using R (Version 4.2.2, Vienna,

Austria). After 150 total model iterations, average values and 95% confi-

dence intervals (CIs) were calculated for all outputs of the model, including

complications, mortality, QALYs, and health care costs. Various

willingness-to-pay (WTP) thresholds commonly used in the United States

($25,000/QALY to $150,000/QALY) were used to determine the preferred

strategy in both baseline and sensitivity analyses.37-39 The WTP threshold

is used by governments and insurance systems to define the maximum

amount to pay for an additional QALY gained if 2 health strategies differ

with respect to cost-utility (eg, if one procedure was cheaper yet the
JTCVS Open c Volume 17, Number C 187



Go to Late Survival
Survival

Early mAVR
Survival

Early Ross
Survival

START: 18-year-old
Patients with Aortic

Valve Disease

mAVR

Late mAVR
Survival

Dead Dead

mAVR
Reintervention

Homograft/RVOT
Reintervention

Autograft/LVOT
Reintervention

Late Ross
Survival

Go to Dead

Go to Late Survival
Survival

Go to Dead

Go to Late Survival
Major Bleeding

Go to Dead

Go to Late Survival
Stroke

Go to Dead

Go to Late Survival
TIA

Go to Dead

Go to Late Survival
Myocardial Infarction

Go to Dead

Go to Late Survival
Autograft Failure

Go to Dead

Go to Late Survival
Arrythmia

Go to Dead

Go to Late Survival
Infection

Go to Dead

Go to Late Survival
Survival

Go to Dead

Go to Late Survival
Major Bleeding

Go to Dead

Go to Late Survival
Stroke

Go to Dead

Go to Late Survival

Go to Dead

Go to Dead

Go to Late Survival
Thrombembolism

Infective Endocarditis

Go to Dead

Go to
Autograft/LVOT
Reintervention

Autograft/LVOT
Disease

Homograft/RVOT
Disease

Go to Dead

Go to
Homograft/RVOT

Reintervention

Go to Late Survival
Major Bleeding

Go to Dead

Go to Late Survival
Stroke

Go to Dead

Go to Late Survival
TIA

Go to Dead

Go to Late Survival
Myocardial Infarction

Go to Dead

Go to Late Survival
Valve Failure

Go to Dead

Go to Late Survival Atrial
Fibrillation/FlutterGo to Dead

Go to Late Survival
Arrythmia

Go to Dead

Go to Late Survival
Infection

Go to Dead

Go to Late Survival
Acute Renal Failure

Go to Dead

Go to Late Survival
Survival

Go to Dead

Go to Late Survival
Major Bleeding

Go to Dead

Go to Late Survival
Stroke

Go to Dead

Go to Late Survival
Infective Endocarditis

Go to Dead

Go to Late Survival

Go to Dead

Go to Dead

Go to Late Survival
Thrombembolism

Go to Dead

Go to mAVR
Reintervention

Valve Failure
Go to Dead

Go to Late Survival

Go to Dead

Go to Late Survival

Go to Dead

Go to Dead

ROSS

FIGURE 2. Markov decision tree model comparing mAVR and the Ross procedure in 18-year-old patients with symptomatic AV disease. The model used

transition probabilities derived from published reports specific to each procedure. Hypothetical patients undergoingmAVR or the Ross procedure entered the

model before progressing between the various procedure-specific health states depicted. Atrial fibrillation/flutter and acute renal failurewere exclusive to the

mAVR cohort, as they were not reported as specific early complications in the published reports evaluating the Ross procedure. TIA, Transient ischemic

attack; mAVR, mechanical aortic valve replacement; LVOT, left ventricular outflow tract; RVOT, right ventricular outflow tract; AV, aortic valve.

188 JTCVS Open c February 2024

Congenital: Aortic Valve Sarnaik et al



Sarnaik et al Congenital: Aortic Valve
alternative was associated with greater QALYs). Finally, QALYs were dis-

counted at a rate of 1.5% per year, and a half-cycle correction was applied

to adjust for events and transitions occurring on a continuous interval rather

than the discrete 30-day cycles used in the model.
RESULTS
Baseline Analysis

From initial baseline analysis, the Ross procedure began
to show a survival benefit relative to mAVR after 20 cycles
(�1.67 years), and the benefit increased through further cy-
cles of the simulation (Figure 3). Upon termination, the 60-
year mortality for those who underwent the Ross procedure
and mAVR was 41.0% (95% CI, 40.0-41.9) and 54.3%
(95% CI, 53.4-55.2), respectively. The proportion of
modeled patients that were estimated to be free from late
mortality and postoperative valve-related complications
associated with each procedure at various time intervals
are reported in Table 1 and depicted in Figure E1. Freedom
from major bleeding, stroke, thromboembolism, and infec-
tive endocarditis was superior for the Ross procedure rela-
tive to mAVR at the onset of the late period of the
simulation, and the benefit increased through further cycles
of the simulation. Although freedom from developing late
autograft or left ventricular outflow tract (LVOT) disease af-
ter the Ross procedure was superior to freedom from devel-
oping valve failure after mAVR throughout the late period
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shaded areas represent 95% confidence intervals at each year. mAVR, Mechan
of the simulation, freedom from developing late homograft
or right ventricular outflow tract (RVOT) disease after the
Ross procedure became inferior to freedom from devel-
oping valve failure after mAVR approximately 37 years
into the simulation.
The average individual postoperative utility from

modeling was 28.3 QALYs for the Ross procedure and
23.5 QALYs for mAVR (Table 2). Moreover, average indi-
vidual postoperative healthcare expenditures for mAVR ex-
ceeded that of the Ross procedure ($507,240 vs $54,233,
respectively). The derived ICER showed that each additional
QALY would cost $95,345 more on average for mAVR rela-
tive to the Ross procedure. Thus, the Ross procedure was
determined to be the preferred strategy from baseline anal-
ysis due to its superior lifetime utility and cheaper health
care expenditures. Furthermore, since the Ross procedure
strongly dominated mAVR with respect to both QALYs
and health care costs, the WTP threshold did not factor
into determining the preferred strategy (Figure E2).
One-Way Sensitivity Analysis
One-way sensitivity analysis of 29 transition probabili-

ties demonstrated that late per-patient-year (PPY) probabil-
ities of developing autograft/LVOT disease and homograft/
RVOT disease after the Ross procedure, as well as late death
 Simulation

ulated Ross and mAVR Patients

30 40 50 60

R Ross

odel after 150 iterations. Lines represent average values at each year, and

ical aortic valve replacement.
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TABLE 1. Baseline analysis: average freedom from late (>30 days) complications of Ross and mAVR with 95% confidence intervals

Complication

Time in simulation

Early, mo Late, y

1 1 10 20 30 40 50 60

Freedom from late mAVR

complications

Mortality 99.5%

(99.4-99.6)

98.4%

(98.2-98.7)

87.5%

(87.0-88.1)

76.8%

(76.2-77.7)

67.5%

(66.7-68.4)

59.3%

(58.4-60.2)

52.0%

(51.1-52.9)

45.7%

(44.8-46.6)

Major bleeding 94.8%

(94.4-95.2)

94.2%

(93.8-94.6)

87.9%

(87.3-88.6)

82.2%

(81.5-83.1)

77.6%

(76.6-78.4)

73.8%

(73.0-74.7)

70.8%

(69.9-71.7)

68.4%

(67.4-69.3)

Stroke 98.5%

(98.3-98.8)

98.1%

(97.8-98.4)

93.9%

(93.5-94.4)

90.0%

(89.4-90.6)

86.8%

(86.2-87.5)

84.1%

(83.4-84.8)

81.8%

(81.1-82.5)

79.9%

(79.1-80.7)

Thromboembolism (not stroke) 100.0%

(99.9-100.0)

99.6%

(99.4-99.7)

95.6%

(95.2-96.0)

91.8%

(91.4-92.4)

88.7%

(88.1-89.3)

86.1%

(85.4-86.7)

83.9%

(83.2-84.5)

82.1%

(81.3-82.8)

Valve failure 97.5%

(97.2-97.8)

97.1%

(96.7-97.4)

92.6%

(92.1-93.1)

88.4%

(87.7-89.1)

84.9%

(84.1-85.6)

82.0%

(81.2-82.7)

79.6%

(78.8-80.4)

77.6%

(76.8-78.4)

Infective endocarditis 97.1%

(96.8-97.4)

96.8%

(96.5-97.1)

94.4%

(93.9-94.8)

92.0%

(91.5-92.5)

90.0%

(89.4-90.6)

88.3%

(87.7-88.9)

86.8%

(86.2-87.4)

85.6%

(85.0-86.2)

Freedom from late Ross

procedure complications

Mortality 99.5%

(99.4-99.6)

98.8%

(98.6-99.0)

91.3%

(90.7-91.9)

83.7%

(82.9-84.5)

76.7%

(75.8-77.6)

70.3%

(69.5-71.3)

64.4%

(63.6-65.5)

59.0%

(58.1-60.0)

Major bleeding 98.1%

(97.9-98.3)

97.9%

(97.7-98.2)

96.3%

(95.9-96.6)

94.6%

(94.2-95.1)

93.1%

(92.6-93.6)

91.8%

(91.2-92.4)

90.6%

(90.0-91.3)

89.5%

(88.9-90.3)

Stroke 99.5%

(99.4-99.6)

99.5%

(99.3-99.6)

99.0%

(98.9-99.2)

98.6%

(98.4-98.8)

98.2%

(98.0-98.5)

97.9%

(97.6-98.1)

97.5%

(97.3-97.8)

97.2%

(97.0-97.5)

Thromboembolism (not stroke) 100.0%

(100.0-100.0)

99.9%

(99.9-100.0)

99.1%

(98.9-99.2)

98.2%

(98.0-98.5)

97.4%

(97.1-97.7)

96.7%

(96.4-97.1)

96.1%

(95.7-96.5)

95.5%

(95.1-95.9)

Autograft/LVOT disease 98.8%

(98.6-99.0)

98.3%

(98.1-98.6)

94.1%

(93.7-94.5)

89.9%

(89.3-90.5)

86.3%

(85.7-87.0)

83.2%

(82.5-84.0)

80.5%

(79.7-81.3)

78.1%

(77.4-78.9)

Homograft/RVOT disease 99.9%

(99.9-99.9)

99.4%

(99.3-99.5)

94.0%

(93.4-94.4)

88.7%

(88.0-89.3)

84.2%

(83.5-85.0)

80.3%

(79.6-81.0)

77.1%

(76.3-77.8)

74.2%

(73.4-75.0)

Infective endocarditis 98.8%

(98.6-99.0)

98.7%

(98.5-99.0)

97.7%

(97.4-98.0)

96.7%

(96.3-97.0)

95.8%

(95.3-96.2)

94.9%

(94.5-95.4)

94.2%

(93.7-94.6)

93.5%

(93.1-94.0)

mAVR, Mechanical aortic valve replacement; LVOT, left ventricular outflow tract; RVOT, right ventricular outflow tract.
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after mAVR, had the strongest impacts in determining the
preferred strategy from modeling based on derived ICER
(Figure 4). However, as depicted in Table 3, the Ross pro-
cedure remained superior to mAVR with respect to both
QALYs and healthcare expenditures for all probabilities
tested in the sensitivity analysis. None of the 29 transition
probabilities subject to sensitivity analysis resulted in a
switch to mAVR as the preferred procedure at any of the
predefined WTP thresholds.

DISCUSSION
The present decision analysis modeled lifetime postoper-

ative valve-related mortality, QALYs, and health care costs
TABLE 2. Baseline analysis: mean costs, utility, and incremental cost-effe

Procedure

Individual utility (QALYs) Indiv

Mean 95% CI Mean

mAVR 23.51 (23.49-23.52) 507,240

Ross 28.26 (28.24-28.28) 54,233

QALY, Quality-adjusted life year; USD, United States Dollars; mAVR, mechanical aortic v

190 JTCVS Open c February 2024
experienced by 18-year-old patients with symptomatic AV
disease undergoing either mAVR or the Ross procedure.
The key findings of the analysis are 2-fold: (1) the Ross pro-
cedure was superior to mAVR with respect to modeled
valve-related mortality, QALYs, and health care costs after
60 simulated postoperative years, and (2) the Ross proced-
ure remained superior to mAVR after sensitivity analyses
that varied transition probabilities within the predefined
ranges derived from the literature. These findings supple-
ment emerging evidence supporting the use of the Ross pro-
cedure as a viable strategy for AVR in the young adult
population not only due to superior survival, but also due
to superior cost-utility. However, the model’s sensitivity
ctiveness ratio (ICER) with 95% CI

idual cost (USD) ICER (USD/QALYs)

95% CI Mean 95% CI

(507,181-507,300) �95,345 (–95,882 to �94,808)

(54,126-54,340) Baseline strategy

alve replacement; CI, confidence interval.
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Tornado Diagram of Stacked One-Way Sensitivity Analysis
Ross Late Homograft/RVOT PPY

mAVR Late Death PPY
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mAVR Early Atrial Fibrillation/Flutter
Ross Early Death

mAVR Early Death
Ross Late Death PPY

Ross Early Major Bleeding
Ross Early Arrhythmia
Ross Late Stroke PPY

mAVR Late Infection PPY
mAVR Late Stroke PPY

Ross Late Infection PPY
mAVR Late Valve Failure PPY

mAVR Early Valve Failure
Ross Early Infection

Ross Late Major Bleeding PPY
mAVR Late Major Bleeding PPY
Ross Early Myocardial Infarction

mAVR Late Thromboembolism (Not Stroke) PPY
mAVR Early Arrhythmia

Ross Early Stroke
Ross Early Autograft Failure

mAVR Early TIA
Ross Late Thromboembolism (Not Stroke) PPY

mAVR Early Stroke
mAVR Early Major Bleeding

mAVR Early Myocardial Infarction
Ross Early TIA

–100,000 100,0000

ICER (US$ / QALYs)

Upper Bound Lower Bound

Willingness To Pay Threshold 25k 50k 100k 150k

FIGURE4. Tornado diagram of stacked one-way sensitivity analysis. Lower and upper bounds of each transition probability indicate the lowest and highest

ICER values achieved when varying the given probability within the published range of values. Thewillingness to pay threshold values represent predefined

maximum costs that entities such as governments and insurance systems would incur for an incremental QALY between 2 health strategies. However, given

that Ross procedure maintained cheaper costs and greater QALYs in all sensitivity analyses, mAVR was strongly dominated without a need to factor in the

willingness to pay threshold. RVOT, Right ventricular outflow tract; PPY, per-patient-year; mAVR, mechanical aortic valve replacement; LVOT, left ventric-

ular outflow tract; TIA, transient ischemic attack; ICER, incremental cost-effectiveness ratio; QALY, quality-adjusted life year.
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analysis findings maintain that the principal limiting factors
for widespread clinical adoption of the Ross procedure
continue to be the high risk of reoperation secondary to
RVOT/LVOTand replacement autograft/homograft disease.

In addition, the incorporation of procedure-specific com-
plications in the model allowed for the calculation of life-
time valve-related risks associated with each AVR
strategy. These risks are not well characterized by existing
literature, and their projections from our model provide crit-
ical information related to patient expectations over their
lifetimes after undergoing either procedure, without the
need for a direct prospective comparison.Moreover, the pre-
sent model may also help facilitate data-driven discussions
between young adult patients and their providers regarding
lifetime risks of valve-related complications such as stroke,
major bleeding, and reoperation associated with either pro-
cedure, as well as QoL and health care expenditures.

Superior Lifetime Utility and Cost of the Ross
Procedure

In recent years, several studies have demonstrated the
Ross procedure to be a viable alternative to other AVR
strategies in the young adult population, with many studies
supporting its implementation due to low all-cause
mortality and high freedom from postoperative
complications.2,4-8,13,15,40,41 El-Hamamsy and colleagues40

recently reported superior long-term (median follow-up of
12.5 years) survival and freedom from valve-related com-
plications for the Ross procedure relative to prosthetic
AVR strategies—including mAVR—in adults ages 18 to
50 years. This investigation also reported decreased rates
of postoperative major bleeding and stroke for the Ross pro-
cedure relative to mAVR. The findings of the present model
align with those of the investigation from El-Hamamsy and
colleagues40; the Ross procedure was found to have supe-
rior freedom from stroke and major bleeding events, as
well as lower valve-related mortality, throughout the late
period of the simulation. This alignment may serve as a
form of quality control for the present decision analytic
model, as the investigation by El-Hamamsy and col-
leagues40 was not incorporated into our modeling.
Nevertheless, the present model found that the Ross pro-

cedure achieved a survival benefit at approximately
1.67 years, which is early relative to previous studies. For
instance, Gofus and colleagues42 reported this survival
benefit at 5 years. It is most likely that this discrepancy is
JTCVS Open c Volume 17, Number C 191



TABLE 3. Sensitivity analysis—minimum and maximum ICERs for each transition probability

Transition

probability Value

Favored

strategy

Incremental values relative to the Ross procedure ICER at threshold

relative to Ross

procedure

(USD/QALYs)QALYs USD

mAVR transition probabilities in

sensitivity analysis

Early major bleeding 4.96% Ross �4.68 þ452,094 �96,514

5.11% Ross �4.69 þ452,107 �96,375

Early stroke 1.44% Ross �4.69 þ452,107 �96,375

1.65% Ross �4.71 þ452,171 �95,995

Early TIA 0.00% Ross �4.64 þ451,917 �97,311

0.89% Ross �4.69 þ452,090 �96,306

Early myocardial infarction 0.84% Ross �4.69 þ452,094 �96,450

0.91% Ross �4.69 þ452,108 �96,348

Early valve failure 2.40% Ross �4.69 þ452,107 �96,375

5.79% Ross �4.90 þ453,394 �92,562

Early arrhythmia 3.78% Ross �4.69 þ452,119 �96,375

4.96% Ross �4.76 þ452,254 �94,960

Early atrial fibrillation/flutter 4.33% Ross �4.69 þ452,107 �96,375

31.33% Ross �6.75 þ456,049 �67,541

Early all-cause mortality 0.50% Ross �4.69 þ452,107 �96,375

5.50% Ross �5.84 þ450,697 �77,059

Late major bleeding 0.68% Ross �4.62 þ451,113 �97,587

0.94% Ross �4.72 þ452,760 �95,828

Late stroke 0.29% Ross �4.35 þ446,701 �102,733

0.52% Ross �4.69 þ452,107 �96,375

Late thromboembolism (not stroke) 0.17% Ross �4.59 þ449,175 �97,890

0.49% Ross �4.69 þ452,107 �96,375

Late valve failure 0.55% Ross �4.64 þ451,424 �97,247

0.76% Ross �4.89 þ452,050 �92,416

Late infective endocarditis 0.18% Ross �4.42 þ449,091 �101,624

0.27% Ross �4.76 þ450,087 �94,630

Late all-cause mortality 1.30% Ross �4.69 þ452,107 �96,375

1.85% Ross �7.25 þ447,544 �61,745

Ross transition probabilities in

sensitivity analysis

Early major bleeding 13.04% Ross �4.20 þ451,252 �107,419

1.90% Ross �4.69 þ452,107 �96,375

Early stroke 0.49% Ross �4.69 þ452,107 �96,375

0.00% Ross �4.76 þ452,274 �95,040

Early TIA 0.48% Ross �4.69 þ452,107 �96,375

0.49% Ross �4.69 þ452,109 �96,348

Early myocardial infarction 2.40% Ross �4.66 þ452,008 �97,019

0.49% Ross �4.74 þ452,233 �95,430

Early autograft failure 1.19% Ross �4.69 þ452,107 �96,375

0.49% Ross �4.75 þ452,365 �95,182

Early arrhythmia 5.77% Ross �4.40 þ451,667 �102,721

0.00% Ross �4.93 þ452,453 �91,772

Early infection 2.50% Ross �4.54 þ451,777 �99,414

1.19% Ross �4.69 þ452,107 �96,375

Early all-cause mortality 4.16% Ross �3.78 þ453,958 �120,015

0.50% Ross �4.69 þ452,107 �96,375

Late major bleeding 0.20% Ross �4.69 þ452,107 �96,375

0.00% Ross �4.86 þ453,652 �93,421

Late stroke 0.26% Ross �4.21 þ446,191 �106,060

0.05% Ross �4.69 þ452,107 �96,375

(Continued)
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TABLE 3. Continued

Transition

probability Value

Favored

strategy

Incremental values relative to the Ross procedure ICER at threshold

relative to Ross

procedure

(USD/QALYs)QALYs USD

Late thromboembolism (not stroke) 0.16% Ross �4.65 þ451,364 �96,989

0.11% Ross �4.69 þ452,071 �96,345

Late autograft/LVOT disease 2.11% Ross �3.09 þ397,818 �128,743

0.52% Ross �4.69 þ452,107 �96,375

Late homograft/RVOT disease 2.92% Ross �2.60 þ372,390 �143,234

0.48% Ross �5.04 þ458,771 �91,078

Late infective endocarditis 0.22% Ross �4.52 þ447,950 �99,205

0.11% Ross �4.84 þ452,875 �93,621

Late all-cause mortality 0.97% Ross �4.11 þ454,776 �110,694

0.88% Ross �4.72 þ453,099 �95,950

ICER, Incremental cost-effectiveness ratio; QALY, quality-adjusted life year; USD, United States Dollars; mAVR, mechanical aortic valve replacement; TIA, transient ischemic

attack; LVOT, left ventricular outflow tract; RVOT, right ventricular outflow tract.
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due to the present model’s use of long-term PPY mortality
averaged over the follow-up period of the published reports
used in the derivation of transition probabilities. As such,
instead of the relatively similar survival achieved by both
the Ross procedure and mAVR after a few years and then
relatively steeper decrease in survival in later years for
mAVR reported in previous literature, the present model
likely accounted for the steeper decrease earlier in the late
follow-up period.

The present model also demonstrated greater lifetime
QALYs and lower costs for the Ross procedure relative to
mAVR. To our knowledge, 2 cost-effectiveness models
comparing the Ross procedure with other AVR strategies
have been previously constructed, yet both incorporated
transition probabilities obtained from older patient popula-
tions and analyzed fewer postoperative complications rela-
tive to the present model.43,44 The 2019 model constructed
by Thom and colleagues43 similarly showed superior life-
time QALYs for the Ross procedure relative to conventional
AVR strategies (mAVR and bioprosthetic aortic valve
replacement [bAVR]). However, the lifetime costs of the
Ross procedure in this model exceeded the comparative
conventional AVR strategies, which contrasted with find-
ings of the present model. This discrepancy may be due to
the incorporation of bAVR into the comparison group in
the Thom and colleagues43 investigation rather than
mAVR alone; the joint bAVR and mAVR comparison group
may have experienced fewer major bleeding and thrombo-
embolic events, as well as their associated financial bur-
dens, in the simulation relative to an mAVR-only
comparison group. Nevertheless, both decision-analytic
cost-effectiveness models previously published reported su-
perior cost-efficacy for the Ross procedure relative to other
AVR strategies, aligning with the findings of the present
study.
Importantly, reoperation after the Ross procedure has been
shown to be a primary limiting factor for its widespread
clinical adoption.2,40,41 El-Hamamsy and colleagues40

reported greater cumulative incidence of reoperation for
the Ross procedure relative to mAVR. The findings of the
present model align with this trend; sensitivity analysis found
that varying probabilities of developing late homograft/
RVOT and autograft/LVOT disease within the predefined
range derived from literature after the Ross procedure
achieved the greatest change in the calculated ICER. Speci-
fically, the financial burden associated with reinterventions
required for these post-Ross complications increased greatly
in the sensitivity analysis. Therefore, further research must
be conducted to assess postoperative interventions that may
help lower the risk of developing outflow tract disease and
replacement graft disease after the Ross procedure before
widespread clinical adoption for the young adult population.
This is especially important given the increasing adoption of
the Ross procedure by noncongenital cardiac surgeons.

Clinical Significance and Strengths
Decision-analytic models have been used previously for

various medical applications to analyze predicted clinical
outcomes, utility, and costs of diagnostic and therapeutic
interventions.17-25 The present model not only supports
findings of recent retrospective investigations studying
long-term outcomes of the Ross procedure in relation to
other AVR strategies, but also provides novel context
into its lifetime cost-effectiveness and QoL benefit.
Furthermore, since a multicenter, randomized control trial
directly comparing the Ross procedure to alternative AVR
strategies is not feasible, the present decision analytic
modeling approach may help to fill the knowledge gap
pertaining to long-term valve-related outcomes of AVR
strategies in the young adult population.
JTCVS Open c Volume 17, Number C 193
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The primary strengths of the present decision-analytic
model include the high granularity of procedure-specific
complications analyzed, incorporation of both early and
late complications, and its high complexity. The present
model analyzed postoperative complications as individual
entities for each procedure rather than grouping these com-
plications into composite entities, as is commonly done in
medical decision analyses.22 This greater granularity was
maintained in order to avoid simplifying the effects of
grouping these complications, which each have varying
probabilities, utilities, and costs. The sensitivity analysis
also provided robustness to the findings, as the preferred
strategy did not switch from the Ross procedure to mAVR
in any of the 29 transition probability ranges analyzed.

Limitations and Future Directions
By nature, findings of decision-analytic models are a

result of simulation, which inherently introduces numerous
potential limitations. Regarding the present model specif-
ically, several complications of both procedures in the late
period were omitted from analysis, including pacemaker
implantation, reintervention due to postoperative complica-
tions other than replacement graft reoperation, and length of
hospital stay due to the primary procedure, reoperation, or
various postoperative complications.7,11 Such omissions
may have undermined the accuracy of the model’s cost
and utility findings for both the Ross procedure and
mAVR, yet they were done due to lack of availability of
relevant published data. Similarly, several simplifying as-
sumptions were made in the model, and these primarily
included the use of a completely hypothetical patient cohort
for each procedure, use of the same PPY probabilities
throughout the simulation in the late period, use of actuarial
probabilities for some transition states, and lack of granu-
larity and forward-adjustment of published utility and cost
values associated with specific postoperative complica-
tions. Furthermore, there was a relative paucity of published
reports investigating mAVR in the young adult patient pop-
ulation of interest compared to those pertaining to the Ross
procedure. Therefore, we assumed that certain transition
probabilities derived from both prepubertal and older co-
horts with comorbidities were applicable to the hypothetical
18-year-old patients in our simulation. This, in addition to
the published reports of both procedures being primarily
single-center and retrospective in nature, may have limited
the generalizability of the model’s findings.

Moreover, several alternative AVR strategies such as
bAVR, the Ozaki procedure, surgical repair, and transcatheter
aortic valve intervention, were not analyzed in the present
model. Even within the spectrum of the Ross procedure
alone, modifications such as the simultaneous Konno tech-
nique (LVOT enlargement) are performed.7 Although these
techniques (eg, Konno and subcoronary, unsupported root,
and supported root implantation) were accounted for in
194 JTCVS Open c February 2024
many of the published transition probabilities used as inputs
in the present model, such procedure-specific granularity was
not maintained during analysis as separate decision nodes.
Moreover, the heterogeneity of the specific Ross technique
used in observations of the published reports may be another
limitation of our model, especially given that RVOT/homo-
graft and LVOT/autograft disease were important determi-
nants of the ICER. As investigations of various AVR
strategies in the young adult population continue to be devel-
oped, implemented, and studied, future decision-analytic
models might incorporate other AVR strategies, as well as
specific techniques such as Ross–Konno using separate deci-
sion nodes. Future models might also simulate actual patient
cohorts reflecting the young adult population of interest (eg,
additionally including high-risk patients that have root dila-
tion and aortic insufficiency), provide greater granularity
with regard to utility and cost input values associated with
specific postoperative complications, and incorporate higher
complexity subtrees that closely analyze reintervention out-
comes associated with various postoperative complications.

CONCLUSIONS
The present decision-analytic model indicates that the

Ross procedure may be the preferred strategy relative to
mAVR for symptomatic young adult patients requiring
AV surgery. From modeling, the Ross procedure had supe-
rior lifetime mortality and cost-utility relative to mAVR af-
ter 60 total simulated postoperative years. Probabilities of
developing late outflow tract disease and late valvular graft
disease after the Ross procedure, as well as late mortality
after mAVR, were found to be important determinants of
the preferred strategy. The findings of the present model
add to recent literature supporting the use of the Ross pro-
cedure as a viable alternative to other AVR strategies in
the young adult population, though further research is
necessary to assess interventions that may address its
limitations.
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FIGURE E1. Simulated freedom from various complications in the mAVR and Ross procedure cohorts. A, Major bleeding. B, Stroke. C, Thromboembo-
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yellow. mAVR, Mechanical aortic valve replacement; LVOT, left ventricular outflow tract; RVOT, right ventricular outflow tract.
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TABLE E1. Mechanical aortic valve replacement transition state probabilities

Outcome Baseline probability Probability range (sensitivity analysis)

Early (<30 d) complications and mortality

Major bleeding 5.11%E1 4.96%-5.11%E1,E2

Stroke 1.44%E3 1.44%-1.65%E1-E3

TIA 1.11%E1 0.00%-1.11%E1,E3

Myocardial infarction 0.89%E1 0.83%-0.96%E1-E3

Valve failure 2.40%E3 2.40%-5.79%E2,E3

Arrhythmia 3.78%E1 3.78%-4.96%E1,E2

Infection 2.89%E1 2.89%E1

Atrial fibrillation/flutter 4.33%E3 4.33%-31.33%E1,E3

Acute renal failure 3.78%E1 3.78%E1

All-cause mortality 0.50%E3 0.50%-5.50%E1-E3

Late (>30 d) complications and mortality

Major bleeding 0.83%/yE2 0.68%-0.94%/yE1-E3

Stroke 0.52%/yE1 0.29%-0.52%/yE1-E3

Thromboembolism (not stroke) 0.49%/yE1 0.17%-0.49%/yE1-E3

Valve failure 0.57%/yE3 0.49%-0.79%/yE2,E3

Infective endocarditis 0.31%/yE3 0.18%-0.31%/yE1-E3

All-cause mortality 1.30%/yE1 1.30%-1.85%/yE1,E2

Death after reintervention

Valve failure 7.30%E4 7.30%E4

Values in superscripts correspond to reference numbers from which the data were obtained. TIA, Transient ischemic attack.

TABLE E2. Ross procedure transition-state probabilities

Outcome Baseline probability Probability range (sensitivity analysis)

Early (<30 d) complications and mortality

Major bleeding 1.19%E5 1.19%-13.04%E5-E8

Stroke 0.49%E6 0.00%-0.49%E3,E6

TIA 0.48%E3 0.48%-0.49%E3,E6

Myocardial infarction 1.25%E8 0.49%-2.40%E3,E6-E8

Autograft failure 1.19%E5 0.49%-1.19%E5,E6,E9

Arrhythmia 2.46%E5 0.00%-5.77%E3,E5-E8

Infection 1.19%E5 1.19%-2.50%E5,E8

All-cause mortality 0.50%E3 0.50%-4.16%E3,E7-E10

Late (>30 d) complications and mortality

Major bleeding 0.20%/yE6 0.00%-0.20%/yE3,E6

Stroke 0.05%/yE3 0.05%-0.26%/yE3,E6,E7

Thromboembolism (not stroke) 0.10%/yE3 0.10%-0.16%/yE3,E6

Autograft/LVOT disease 0.52%/yE3 0.52%-2.11%/yE3,E6,E7,E9,E11

Homograft/RVOT disease 0.66%/yE3 0.48%-2.92%/yE3,E6,E7,E9,E11

Infective endocarditis 0.12%/yE5 0.11%-0.23%/yE3,E5-E7

All-cause mortality 0.87%/yE8 0.87%-0.97%/yE8,E10

Death after reintervention

Autograft/LVOT reintervention 0.00%E12 0.00%E12

Homograft/RVOT reintervention 4.00%E13 4.00%E13

Values in superscripts correspond to reference numbers from which the data were obtained. TIA, Transient ischemic attack; LVOT, left ventricular outflow tract; RVOT, right

ventricular outflow tract.
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TABLE E3. Utilities for health states

State Utility

Stroke 0.534E14

Major bleeding 0.8E15

Infective endocarditis 0.525E16

TIA 0.88E17

Myocardial infarction 0.8E18

Valve failure 0.67E19

Arrhythmia 0.628E20

Thromboembolism (not stroke) 0.87E21

Acute renal failure 0.54E22

Values in superscripts correspond to reference numbers from which the data were ob-

tained. TIA, Transient ischemic attack.

TABLE E4. Health care expenditures for conditions

Condition

Health care cost

per patient

(August 2023 USD)

Stroke $57,510.61E23

Major bleeding $15,656.28E24

Infective endocarditis $52,405.82E25

TIA $21,720.02E26

Myocardial infarction $24,062.10E27

Valve failure with surgical reintervention $76,354.87E28

Arrhythmia $28,085.13E29

Thromboembolism (not stroke) $20,777.81E30

Acute renal failure $11,005.60E31

INR testing (mAVR) $7792.27/yE32

Warfarin (mAVR) $95.58/yE33

Values in superscripts correspond to reference numbers from which the data were ob-

tained. USD, United States dollars; TIA, transient ischemic attack; INR, international

normalized ratio; mAVR, mechanical aortic valve replacement.
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TABLE E5. Description of sources used for transition-state probabilities, quality-of-life utility metrics, and costs in the model

Transition-state probability sources

Mazine et alE3

Description This single-center retrospective cohort study (1990-2014) used propensity-score matching (n¼ 208 pairs) to compare the

Ross procedure (n ¼ 258) to mAVR (n ¼ 1444).

Strengths/applicability This study draws from a large cohort of consecutive patients who underwent the Ross procedure with a large mAVR

cohort. It was used for many input parameters in our model. The supplementary text provided a detailed description of

the complications and characteristics of the patients who died in each propensity-matched group.

Limitations This is a single-center observational study describing the outcomes of predominantly 2 surgeons. The median age

following propensity matching was 37 y and is not the best approximation of a simulated 18-y-old undergoing a Ross or

mAVR.

Bouhout et alE1

Description This single-center retrospective cohort study (1997-2006) evaluated the long-term outcomes for consecutive patients

<65 y old (n ¼ 450) who underwent a mAVR.

Strengths/applicability This is a large study that provides robust data regarding early complications and late morbidity and mortality in patients

undergoing mAVR. It provided several input parameters to our model.

Limitations This is a single-center study, and results may not be generalizable. Although this study included adults whowere 18 y old,

therewere only 17 patients of this cohort from 18 to 35 y old.We assume that the results from this entire cohort (18-65 y

old) are applicable to the hypothetical 18-y-old patients in our simulation.

Pasquali et alE9

Description This single-center retrospective cohort study (1995-2004) evaluated the mid-term outcomes (median follow-up 6.5 y) for

consecutive patients from infancy to young adulthood (n ¼ 120) who underwent the Ross procedure.

Strengths/applicability This is a sizable study that provides robust data regarding early- and mid-term morbidity and mortality for this patient

population specifically with respect to right and left ventricular outflow tract reinterventions.

Limitations The median age of this cohort is 8.2 y (4 d-34 y); thus, we assume that the probabilities are applicable to a hypothetical 18-

y-old in our simulation requiring aortic valve intervention.

Charitos et alE6

Description This single-center retrospective cohort study (1994-2011) evaluated the long-term outcomes (mean follow-up 12.3 y) for

consecutive subcoronary Ross patients (n ¼ 203).

Strengths/applicability This is a large study that provides robust data regarding in-hospital course and long-term follow-up visits. Outcomes

include survival, reintervention, embolisms, bleeding, and endocarditis.

Limitations This is a single-center study describing their experience with consecutive Ross patients; it is not broadly applicable to all

centers. The mean age of this cohort is 47.2 y; thus, we assume that the probabilities are applicable to a hypothetical

18-y-old in our simulation requiring aortic valve intervention.

Aboud et alE10

Description This is a multicenter retrospective cohort study that draws from the Ross Registry, a multicenter repository that

conglomerates clinical data from 12 European centers dating back to 1988. This study evaluates clinical data from

patients who had their Ross procedure between 1988 and 2001 and were 16 y of age at procedure (n¼ 2444). The mean

age of the cohort was 44.1 y, and median follow-up time was 9.2 y.

Strengths/applicability This study evaluates a large cohort of patients who have undergone the Ross procedure and provides granular details

regarding specific reinterventions performed, morbidity, and mortality for this cohort. Because this is a large

multicenter study is more broadly applicable centers performing Ross procedures.

Limitations This study does not differentiate between age groups in its analysis, making it impossible to distinguish between younger

(16-40 y old) patients and older (>65 y old) patients; thus, we assume that the probabilities gathered from this study are

applicable for a hypothetical 18-y-old requiring a Ross procedure.

Bansal et alE5

Description This is a single-center, single-surgeon, retrospective cohort study (1992-2012) for patients who have undergone the Ross

procedure (n ¼ 305) aged 4 d to 70 y stratified into 5 cohorts (<1 y, 1-10 y, 10-20 y, 20-40 y, and>40 y). The median

follow-up time was 8.2 y.

Strengths/applicability This is a large, stratified study that includes a large number (n ¼ 84) of patients 10-20 y of age and applicable to our

simulation. It provides granular details regarding morbidity and mortality for each age group and was used for many

input parameters in our simulation.

Limitations This is the experience of a single surgeon, and the long-term results may not be broadly applicable to different centers or

even surgeons within the same center.

(Continued)
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TABLE E5. Continued

Transition-state probability sources

Nelson et alE8

Description This single-center retrospective cohort study (1991-2013) evaluated long-term outcomes for infants (n ¼ 44), children

(n ¼ 116), and adolescents (n ¼ 80) who underwent a Ross or Ross–Konno procedure.

Strengths/applicability This study draws from a large cohort of consecutive patients frommultiple decades who underwent the Ross/Ross–Konno

procedure at a single center. It was granular, had a substantial cohort for each age group, and provided input parameters

for both in-hospital and long-term follow-up components of our model.

Limitations This paper describes a single center’s expertise with the Ross procedure and may not be generalizable to all centers with

varying patient volume. The adolescent cohort (12-18 y) was used for input parameters, which is generalizable to

hypothetical 18-y-olds but not a perfect representation of our cohort from this simulation.

Myers et alE2

Description This single-center retrospective cohort study (2000-2014) evaluated the long-term outcomes for consecutive children and

young adults (median age 16.3 y) with congenital aortic valve disease (n ¼ 121) who underwent a mechanical aortic

valve replacement.

Strengths/applicability This is a sizable cohort with a median age similar to our simulated 18-y-old patients. This study contains granular data

describing predictors of reoperation, early outcomes, and late outcomes. It was used for several transition probabilities

in our simulation.

Limitations The inclusion criteria for this study consists of consecutive patients with congenital heart disease who had a mechanical

AVR; for this reason, it included patients with single-ventricle physiology (n ¼ 8) and patients with a previous arterial

switch operation (n ¼ 7), neither group would qualify for a Ross procedure. By including this study, we assume that

probabilities are representative of a hypothetical 18-y-old who could undergo either a Ross or mAVR. This is also a

single center’s experience, making it less generalizable to other centers with lower-volume or different care team.

Joshi et alE4

Description This is a single-center retrospective cohort study (2007-2016) that investigates the morbidity and mortality for patients

(n ¼ 316) who have had a 1 (n ¼ 263), 2 (n ¼ 42), and 3 (n ¼ 11) redo AVRs.

Strengths/applicability This is a large study that provides probabilities regarding the morbidity and mortality after a redo AVR; these are

probabilities that are infrequently reported and difficult to find in published reports.

Limitations This study does not distinguish between the age at which patients had their primary AVR; thus, we assume that this

probability is representative of hypothetical 18-y-old patients in this simulation who require a redo AVR. This is also a

single-center study and may not be the best representation of other centers with lower volumes or a different experience

with AVRs.

Mokhles et alE7

Description This is a single-center retrospective cohort study (1988-2010) which evaluated long-term results for consecutive patients

(n ¼ 161) who underwent the Ross procedure. This included patients who were included in the German Ross registry

who have a survival up to 21 y.

Strengths/applicability This is a large study with robust short- and long-term morbidity and mortality data. The mean age of patients was 20.9 y,

making this cohort a close approximation of our simulated 18-y-old patients.

Limitations This paper describes a single center’s expertise with the Ross procedure and may not be generalizable to all centers with a

different patient volume. This paper did stratify by age for preoperative characteristics but did not distinguish for peri-

and postoperative results; thus, we incorporated transition probabilities from results from the entire cohort, which

included neonates and elderly patients.

Nakayama et alE12

Description This is a retrospective cohort study (1993-2019) that assessed the autograft function, outcomes, and reinterventions for

patients (n ¼ 75, children ¼ 44, adults ¼ 31).

Strengths/applicability This study stratifies outcomes based on age of the patient population allowing for analysis of both children and adults who

have had the Ross procedure.

Limitations This study is small and the cohort size for children and adults is even smaller, reducing the external validity of its results. It

is also a single center’s experience.

Callahan et alE13

Description This large multicenter (n ¼ 29 centers) database study (2002-2016) conducted by the Society of Thoracic Surgeons–

Congenital Heart Surgeons Society to identify factors associated with risk of surgical or transcatheter reintervention

(n ¼ 630).

(Continued)
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TABLE E5. Continued

Transition-state probability sources

Strengths/applicability This is a large database study pulling from many centers and broadly applicable to other centers.

Limitations This study focuses on pulmonary outflow tract interventions and only includes 5 patients with previous Ross procedures.

We assume that the probabilities derived from this study are applicable to the hypothetical 18-y-old patients in our

simulation.

Buratto et alE11

Description This is a single-center retrospective cohort study (1995-2018) evaluating the Ross procedure in children as either the

primary operation or secondary option following an initial aortic valve intervention. The goal of this report was to

discuss their strategy of delaying the Ross procedure out of the infant window where there is a greater risk for mortality.

Strengths/applicability This study is granular and yields many input parameters. The primary Ross cohort is most consistent with the simulated

18-y-olds in our simulation. Probabilities from this propensity-matched cohort were included in our model.

Limitations The median age for the primary Ross procedure was 8.6 y with a range of 3.1-14.0 y, making this population not a true

representation of our desired population. For this reason, these probabilities were only used as alternatives for

sensitivity analysis rather than baseline probabilities.

Quality-of-life utility metric sources

Guzauskas et alE14

Description This is a decision analysis that evaluates cost-effectiveness of treating acute ischemic strokes in a primary stroke center

versus nonprimary stroke center.

Strengths/applicability This article provided key insight into the quality of life for patients who have suffered from an acute ischemic stroke.

Limitations This study is not specific to individuals with a history of congenital acquired or adult acquired heart disease; thus, we

assume that the quality of life from this study is representative of hypothetical 18-y-olds in our simulation who have had

a stroke following a Ross or mAVR.

Gerson and KamalE15

Description This is a decision analysis paper that aims to evaluate the cost-effectiveness for managing obscure GI bleeding.

Strengths/applicability This study presents a quality-of-life value for a gastrointestinal hemorrhage that was used in our model.

Limitations This decision analysis focuses on GI bleeding rather than general major bleeding events; thus, we assume that the quality-

of-life metrics gathered from this paper are applicable to our patients.

Franklin et alE16

Description This is a decision analysis investigating whether patients at risk of infective endocarditis should take prophylactic

antibiotics. The quality-of-life value used is for patients who require valve replacement or repair.

Strengths/applicability This paper presents quality-of-life metrics for patients who have survived infective endocarditis. It is generally applicable

to our patient population and should be considered a strong representation.

Limitations This study includes but does not specifically assume that the patient population are thosewith congenital heart disease and

received aortic valve replacement/repair.

Tholen et alE17

Description This decision analysis evaluates the cost-effectiveness of diagnostic imaging for patients with transient ischemic attacks or

minor strokes who have suspected carotid artery stenosis.

Strengths/applicability It provides a valuable quality-of-life utility value for individuals who have had a transient ischemic attack.

Limitations This quality of utility metric does not specifically represent individuals with congenital heart disease or thosewith either a

Ross or mAVR; thus, we assume that the quality-of-life value is applicable to the hypothetical 18-y-old patients in our

simulation.

Cohen et alE18

Description This decision analysis evaluates the cost-effectiveness of coronary stenting in acute myocardial infarctions.

Strengths/applicability Provides a quality-of-life utility value for patients who have recovered from a myocardial infarction.

Limitations This quality-of-life utility metric does not specifically evaluate individuals with congenital heart disease or those with

either a Ross or mAVR; thus, we assume that the quality-of-life value is applicable.

Gada et alE19

Description This decision analysis compares surgical aortic valve replacement with a transcatheter aortic valve implantation.

Strengths/applicability The study provides a quality-of-life utility value for patients who have had valve failure.

Limitations This quality-of-life utility metric does not specifically evaluate individuals with congenital heart disease or those

undergoing either Ross or mAVR; thus, we assume that the quality-of-life value is applicable.

(Continued)
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TABLE E5. Continued

Quality-of-life utility metric sources

Hendriks et alE20

Description This was a cost-effectiveness analysis in parallel to a randomized controlled trial (n¼ 712) to determine whether a nurse-

led integrated care approach would save costs, improve survival, and improve quality of life for patients with atrial

fibrillation.

Strengths/applicability This study used the Short Form 6D (SF-6D) Quality of Life questionnaire to determine the health-related quality of life

utility value for their analysis. This study also provided the quality-of-life utility associated with arrythmias.

Limitations This quality-of-life utility metric does not specifically evaluate individuals with congenital heart disease or those

undergoing either Ross or mAVR; thus, we assume that the quality-of-life value is applicable.

Preblick et alE21

Description The purpose of this study was to compare the cost-effectiveness of edoxaban and warfarin for treatment of venous

thromboembolism.

Strengths/applicability This study provides the quality-of-life utility for our venous thromboembolism transition state.

Limitations This quality-of-life utility metric does not specifically evaluate individuals with congenital heart disease or those

undergoing Ross or mAVR; thus, we assume that the quality-of-life value is applicable.

Gorodetskaya et alE22

Description This study uses the Kidney Disease Quality of Life Short Form 36 (KDQOL-36), Health Utilities Index (HUI)-3 and Time

Trade-off questionaries to determine the health-related quality of life for patients who have chronic kidney disease.

Strengths/applicability This study provides the quality-of-life utility for our acute renal failure transition state. Furthermore, the study used

standardized questionnaires to obtain their quality-of-life utility value.

Limitations This study does not evaluate the quality of life for acute renal failure; instead, it focuses on chronic kidney disease; thus,

we assume that the quality-of-life metric is applicable to instances of acute renal failure in our simulation. Furthermore,

this quality-of-life utility metric does not specifically evaluate individuals with congenital heart disease or those

undergoing either Ross or mAVR; thus, we assume that the quality-of-life value is applicable.

Health care expenditure input sources

DobbsE23

Description This article reviewed episode-based payment bundles in 2012 for ischemic stroke to determine the role of neurologists in

acute ischemic stroke care.

Strengths/applicability The article reviewed episodic ischemic strokes and the costs associated with these events, which is what our model was

intending to capture and use in the cost-effectiveness analysis.

Limitations The article did not account for the costs of episodic hemorrhagic strokes or the long-term complication costs associated

with episodic strokes (persistent neurologic deficits, quality-of-life implications, etc.).

Luengo-Fernandez et alE24

Description This investigation sought to determine the costs associated with major bleeding events for patients receiving long-term

antiplatelet treatment. The investigators evaluated hospital care costs associated with bleed management in 3166

patients from 2002 to 2012.

Strengths/applicability The investigators used a broad definition of major bleeding, including intracranial and extracranial sources. Furthermore,

the investigators included follow-up costs associated with the episode of major bleeding, which adds generalizability to

this input for our model.

Limitations The investigators additionally included costs associated with fatal events. When applying this to our model, we did not

assume that all patients would die from the major bleed they experienced. Therefore, we assume that the costs obtained

from this published report are applicable to the 18-y-old patients in our simulation.

Alkhouli et alE25

Description This investigation sought to broadly identify contemporary trends of infective endocarditis in the United States, including

but not limited to number of hospitalizations, demographics of patients, and inflation-adjusted costs. The study period

was from 2003 to 2016 and a total of 597,381 hospitalizations were included.

Strengths/applicability The study has a broad sample and large sample size. Furthermore, this study used data from the Nationwide Inpatient

Sample, which is relatively generalizable compared with a single center. The hospitalizations analyzed in the study also

occurred over a relatively long period of time, which adds robustness to the investigators’ findings.

Limitations The study did not discriminate their cost findings with respect to preinfective endocarditis comorbid conditions. In other

words, it is unknown how many of the hospitalizations reflected patients who had undergone valve replacement.

Therefore, we assume that the costs reported in this study are generalizable to the hypothetical 18-y-old patients in our

simulation.

(Continued)

204 JTCVS Open c February 2024

Congenital: Aortic Valve Sarnaik et al



TABLE E5. Continued

Health care expenditure input sources

Qureshi et alE26

Description This investigation aimed to identify factors associated with prolonged hospitalization due to transient ischemic attack and

evaluate the costs associated with these hospitalizations. The study’s cohort was 949,558 patients identified in the

Nationwide Inpatient Sample from 2002 to 2010.

Strengths/applicability The study had a robust sample size and study period. The study also used Nationwide Inpatient Sample data, which offers

substantial external validity. Furthermore, the study reported costs associated with episodic transient ischemic attack,

which was germane to the inputs required of our simulation.

Limitations The study did not discriminate based on age; thus, we assume that the costs reported in this report are generalizable to the

hypothetical 18-y-old patients in our simulation. Furthermore, the study reported hospital charges, which may not

reflect the total costs associated with an episode of transient ischemic attack.

Allen et alE27

Description This study investigated costs of illness in the 90-d period after acute myocardial infarctions from 2015 to 2016 in 96,546

patients using Centers for Medicare & Medicaid Services standard analytical files.

Strengths/applicability The study used multicenter data and had a large sample size, offering relatively substantial external validity. The study

reported costs associated with myocardial infarctions, which is an input parameter we tried to capture in our simulation.

Limitations The study did not discriminate based on age; thus, we assume that the costs reported in this article apply to the hypothetical

18-y-old patients in our simulation. Furthermore, the costs include procedures such as percutaneous coronary

interventions and medical management such as use of thrombolytics. We assume that these costs are applicable to

patients who experience myocardial infarctions in our simulation.

Goldsweig et alE28

Description This investigation aimed to evaluate costs associated with surgical aortic valve replacement among 190,563 patients with

aortic valve disease using the Nationwide Readmissions Database from 2012 to 2016.

Strengths/applicability The investigation had a large sample size drawing from a relatively generalizable database. The study clearly reported

aggregate inpatient costs of SAVR, which were the procedural costs we were intending to capture in our simulation.

Limitations This study did not discriminate based on age; therefore, we assume that the costs reported in this article apply to the

hypothetical 18-y-old patients in our simulation. Furthermore, the costs reported by the investigators were aggregate

expenditures, and they did not report the cost of a single surgical aortic valve replacement. Additionally, the study did

not specifically focus on costs of reintervention. This may limit its applicability into our simulation, since we used the

costs obtained from this article as the cost associated with reintervention on failing valves.

Kim et alE29

Description This investigation aimed to provide detailed information regarding the national cost of atrial fibrillation usingMarketScan

Commercial and Medicare Supplemental research databases from 2004 to 2006 in 89,066 patients aged at-least 20 y

with multiple atrial fibrillation diagnoses.

Strengths/applicability The study used a sample representative of our cohort over time. Furthermore, the study analyzed databases that possessed

relatively high external validity for their objective.

Limitations This investigation did not discriminate based on the underlying reason for atrial fibrillation. Therefore, we assumed that

the costs were applicable to our patients experiencing atrial fibrillation after valve replacement.

Fernandez et alE30

Description This investigation sought to determine cost estimates on venous thromboembolismmanagement in the United States using

a meta-analysis approach. The investigators gathered 18 studies from 2003 to 2014 using various databases.

Strengths/applicability The meta-analysis offers substantial external validity to the costs reported in this article. Furthermore, the investigators

included venous thromboembolism hospitalization cost in addition to pulmonary embolism.

Limitations The investigators did not discriminate based on age; thus, we assume that the costs reported in this article are applicable to

the patients in our simulation. Furthermore, the costs reported also included those estimated from studies conducted in

Europe and Canada, which may add error when converting these costs to US dollars.

Silver et alE31

Description This investigation sought to shed more light on the financial burden associated with acute kidney injuries in terms of

hospitalization costs and length of stay. It used data from the 2012 National Inpatient Sample reflecting 29,763,649

hospitalizations without end-stage renal disease.

Strengths/applicability The qualifier that the hospitalizations used in the study did not stem from patients with end-stage renal disease made the

costs reported in this article highly applicable to our model. Specifically, we sought to avoid costs reported from articles

in which acute kidney injury was not differentiated from acute kidney injury superimposed on end-stage renal disease or

in patients receiving dialysis.
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TABLE E5. Continued

Health care expenditure input sources

Limitations The investigation did not discriminate based on age or potential reason for acute kidney injury. Therefore, we assume that

the costs reported in this article are applicable to the hypothetical 18-y-old patients in our simulation receiving aortic

valve replacement.

Harrington et alE32

Description This investigation sought to estimate the cost-effectiveness in stroke prevention in patients receiving various

anticoagulation regimens. The investigation used data obtained from clinical trials and pharmaceutical databases to

achieve this endpoint.

Strengths/applicability The study used data obtained directly from pharmaceutical databases, which was useful to determine the costs associated

with INR checks for warfarin use, which was our goal.

Limitations The investigations primarily focused on stroke prevention in patients with nonvalvular atrial fibrillation. Although this

may limit the extension of the cost of INR checks to our simulation, we believe that they are still applicable due to the

consensus among routine monitoring programs for INR surveillance in patients on warfarin.

Troy and AndersonE33

Description This cross-sectional investigation sought to elucidate patterns of use of direct oral anticoagulants such as warfarin and this

associatedMedicare spending. The investigation used theMedicare Part D prescription drug event file from 2011-2019.

Strengths/applicability The study clearly reported annual costs associated with warfarin administration at atrial fibrillation dosing, which was

useful for our simulation. The study also used costs obtained from Medicare Part D, which makes their observations

relatively generalizable.

Limitations The study did not report on costs associated with yearly warfarin administration postvalve replacement. Therefore, we

assume that the costs reported in this investigation are applicable to the patients in our simulation.

Values in superscripts correspond to reference numbers from which the data were obtained. mAVR, Mechanical aortic valve replacement; AVR, aortic valve replacement; GI,

gastrointestinal; SAVR, surgical aortic valve replacement; INR, international normalized ratio.
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TABLE E6. Derivation and rationale for each mechanical aortic valve replacement transition state probability

Range Probability Source

Location in manuscript and

derivation Rationale for baseline

Early (<30 d)

complications

Major bleeding

Baseline/

maximum

5.11% Bouhout et alE1 Table 1. Bleeding necessitating

reoperation (<48 h): 23 (patients)/

450 (young adults) ¼ 0.0511

Large sample size (450)

Minimum 4.96% Myers et alE2 Text (p. 332)—Results, Early Outcomes: “Perioperative complications. of which

6 were re-explorations for bleeding.” 6 (major bleeding events)/121 (total

cohort) ¼ 6/121 ¼ 0.0496

Stroke

Baseline/

minimum

1.44% Mazine et alE3 Supplemental Table 1. Stroke,

Mechanical AVR. 3 (event)/208

(propensity-matched

cohort) ¼ 0.0144

Mean age of 37.2 y and long follow-

up period (14.2 y)

Maximum 1.65% Myers et alE2 Text (p. 332)—Results. Early Outcomes: “There were 7 early deaths (5.5%), 2 due

to neurologic injury” 2 (neurologic injury)/121 (total cohort)¼ 2/121¼ 0.0165

Alternative 1.56% Bouhout et alE1 Table 1. Stroke: 7 (patients)/450 (young adults) ¼ 0.0156

Transient ischemic

attack (TIA)

Baseline/

maximum

1.11% Bouhout et alE1 Table 1. Transient ischemic attack: 5

(patients)/450 (young

adults) ¼ 0.0111

Large sample size (450)

Minimum 0.00% Mazine et alE3 Supplementary Table 1. Transient ischemic attack: 0 (patients)/208 (propensity-

matched cohort) ¼ 0.000

Myocardial infarction

Baseline 0.89% Bouhout et alE1 Table 1. Mechanical AVR.

Myocardial infarction: 4 (patients)/

450 (young adults) ¼ 0.0089

Large sample size (450)

Minimum 0.83% Myers et alE2 Text (p. 331), Results, Early Outcomes: “There were 7 early deaths. 1 due to

coronary ischemia” 1 (coronary ischemia death)/121 (total cohort) ¼
1/121 ¼ 0.0083

Supplementary Table 1. Mechanical AVR. Myocardial infarction: 2 (patients)/208

(propensity-matched cohort) ¼ 0.0096

Maximum 0.96% Mazine et alE3

Valve failure

Baseline/

minimum

2.40% Mazine et alE3 Supplementary Table 1. Mechanical

AVR. Reoperation: 5 (patients)/208

(propensity-matched

cohort) ¼ 0.0240

Mean age of 37.2 y, long follow-up

period (14.2 y), and broad

definition of valve failure requiring

reoperation

Maximum 5.79% Myers et alE2 Text (p. 332), Results, Early Outcomes: “Perioperative complications included.

paravalvular leak in 7 patients”; 7 (valve failures)/121 (total cohort) ¼
7/121 ¼ 0.0579

Arrhythmia

Baseline/

minimum

3.78% Bouhout et alE1 Table 1. Arteriovenous block

necessitating pacemaker

implantation: 17 (patients)/450

(young adults) ¼ 0.0378

Large sample size (450)

Maximum 4.96% Myers et alE2 Text (p. 332), Results, Early Outcomes: “Perioperative complications included.

pacemaker placement in 6”; 6 (arrythmias requiring permanent pacemaker)/121

(total cohort) ¼ 6/121 ¼ 0.0496

(Continued)
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TABLE E6. Continued

Range Probability Source

Location in manuscript and

derivation Rationale for baseline

Infection

Baseline 2.89% Bouhout et alE1 Table 1. Deep wound infection: 13

(patients)/450 (young

adults) ¼ 0.0289

This was the only infection

probability identified from the

literature representative of this

paradigm.

Atrial fibrillation/flutter

Baseline/

minimum

4.33% Mazine et alE3 Supplementary Table 1. Mechanical

AVR. Atrial fibrillation: 9

(patients)/208 (propensity-

matched cohort) ¼ 0.0433

Mean age of 37.2 y, long follow-up

period (14.2 y)

Maximum 31.33% Bouhout et alE1 Table 1. Atrial fibrillation/flutter: 141 (patients)/450 (young adults) ¼ 0.3133

Acute renal failure

Baseline 3.78% Bouhout et alE1 Table 1. Acute renal failure: 17

(patients)/450 (young

adults) ¼ 0.0378

This was the only acute renal failure

probability identified from the

literature representative of this

paradigm.

All-cause mortality

Baseline/

minimum

0.50% Mazine et alE3 Text—Results, Perioperative

Outcomes: “Rates of early

mortality were similar between the

2 matched groups with 1 early

death in each group (Ross, 0.5%;

AVR, 0.5%; P ¼ 1.00)” ¼ 0.0050

Mean age of 37.2 y, long follow-up

period (14.2 y), and avoided

immediately discounting mAVR

relative to Ross. This study

reported similar early mortality

rates between both procedures.

Maximum 5.50% Myers et alE2 Text—Results, Early Outcomes: “There were 7 early deaths (5.5%)” ¼ 0.0550

Alternative 1.10% Bouhout et alE1 Text—Results, Early Complications: “Thirty-day mortality was 1.1%

(n ¼ 5).” ¼ 0.0110

Late (>30 d)

complications

Major bleeding

Baseline 0.83%/y Myers et alE2 Text (p. 332), Results, Follow-up

(paragraph 5); “5 patients (0.83%

per year) experienced bleeding

events during follow-up.”

Broad description of major bleeding

event and clearly reported per-

patient year probability

Minimum 0.68%/y Mazine et alE3 Table 2. Mechanical AVR, Major Bleeding: Freedom from Event at 20 y¼ 86.5%.

(100% � 86.5)/20 y ¼ 13.5/20 ¼ 0.68%/y

Maximum 0.94%/y Bouhout et alE1 Table 2. Major Bleeding Event: [38 (patients)/(450 (young adults) � 5 (deaths @

<30 d))]/9.1 y (mean follow-up time) ¼ (38/445)/9.1 ¼ 0.0094

Stroke

Baseline/

maximum

0.52%/y Bouhout et alE1 Table 2. Stroke: [21 (patients)/(450

(young adults) � 5 (deaths @

<30 d))]/9.1 y (mean follow-up

time) ¼ (21/445)/9.1 ¼ 0.0052

Large sample size (450)

Minimum 0.29%/y Mazine et alE3 Table 2. Mechanical AVR, Stroke: freedom from event at 20 y¼ 94.2%. (100%�
94.2)/20 y ¼ 5.8/20 ¼ 0.29%/y

Alternative 0.50%/y Myers et alE2 Text (p. 332), Results, Follow-up (paragraph 5) “Four patients (0.66% per patient-

year) presented thromboembolic complications (3 strokes).” 0.66%/patient

year (thromboembolic complications) * 3 (stroke events)/4 (total

thromboembolic complications) ¼ 0.66% * 3/4 ¼ 0.50%/y.

Thromboembolism

(not stroke)

Baseline/

maximum

0.49%/y Bouhout et alE1 Table 2. Thromboembolism/stroke:

[(41 (thromboembolism events) �
21 (stroke thromboembolisms))/

(450 (young adults) � 5 (deaths @

Large sample size (405)

(Continued)
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TABLE E6. Continued

Range Probability Source

Location in manuscript and

derivation Rationale for baseline

<30 d))]/9.1 y (mean follow-up

time) ¼ (20/445)/9.1 ¼ 0.0049

Minimum 0.17%/y Myers et alE2 Text (p. 332), Results, Follow-up (paragraph 5) “Four patients (0.66% per patient-

year) presented thromboembolic complications (3 strokes).” 0.66%/patient

year (thromboembolic complications) * 1 (non-stroke events)/4 (total

thromboembolic complications) ¼ 0.66%*1/4 ¼ 0.17%/y.

Alternative 0.41%/y Mazine et alE3 Table 2. Mechanical AVR, transient ischemic attack: freedom from event at

20 y ¼ 91.8%. (100% �91.8)/20 y ¼ 8.2/20 ¼ 0.41%/y

Valve failure

Baseline 0.57%/y Mazine et alE3 Table 2. Mechanical AVR, valve

deterioration: freedom from event

at 20 y ¼ 88.6%. (100% �88.6)/

20 y ¼ 11.4/20 ¼ 0.57%/y

Mean age of 37.2 y, long follow-up

period (14.2 y), and broad

definition of valve failure requiring

reoperation.

Maximum 0.79%/y Myers et alE2 Text (p. 332)—Results, Follow-up (paragraph 2) “Nine patients (7.5%) underwent

reoperation to replace the prosthetic aortic valve” [ (9 valve reoperations)/(121

(total cohort) � 7 (early deaths))]/4.8 y (median follow-up) ¼ [(9)/(121 � 7)]/

4.8 ¼ 0.0789

Minimum 0.49%/y Bouhout et alE1 Table 2. Paravalvular leak: [32 (patients)/(450 (young adults) � 5 (deaths @

<30 d))]/9.1 y (mean follow-up time) ¼ (32/445)/9.1 ¼ 0.0049

Infective endocarditis

Baseline/

maximum

0.31%/y Mazine et alE3 Text—Results: Infective Endocarditis

and Valve Thrombosis (p. 581):

“The incidence of operated valve

endocarditis at follow-up was.

mechanical AVR, n ¼ 9 [4.3%].”

[9 (endocarditis)/208 (propensity-

matched cohort)� 1 (early death)]/

14.2 y (Mean follow-up time)¼ (9/

207)/14.2 ¼ 0.0031

Mean age of 37.2 y, long follow-up

period (14.2 y), and specific

definition of infective endocarditis

after valve replacement.

Minimum 0.18%/y Myers et alE2 Text (p. 332)—Results, Follow-up (paragraph 6) “One patient developed

prosthetic valve endocarditis that required reoperation.” [1 (prosthetic valve

endocarditis)/(121 (total cohort) � 7 (early deaths))]/4.8 y (median follow-

up) ¼ [1/(121 � 7)]/4.8 ¼ 0.0018

Maximum 0.25%/y Bouhout et alE1 Table 2. Endocarditis: [10 (patients)/(450 (young adults) � 5 (deaths<30 d))]/

9.1 y (mean follow-up time) ¼ (10/445)/9.1 ¼ 0.0025

All-cause mortality

Baseline/

minimum

1.30%/y Bouhout et alE1 Figure 1. Long-term mortality ¼ 1 �
(Freedom from all-cause mortality

at 10 y)/(10 y) ¼ 13%/[10 y

(follow-up time)] ¼ 0.0130

Large sample size (405)

Maximum 1.85%/y Myers et alE2 Figure 1. Long-term mortality ¼ 1 � (Freedom from all-cause mortality at 10 y)/

(10 y) ¼ 18.5%/[10 y (follow-up time)] ¼ 0.0185

Death after

reintervention

Valve failure

Baseline 7.30% Joshi et alE4 Text—Results, Immediate

Postoperative Outcomes: “Overall

hospital mortality was

7.3%” ¼ 0.0730

This was the only acute reintervention

probability identified from the

literature representative of this

paradigm.

Values in superscripts correspond to reference numbers from which the data were obtained. AVR, Aortic valve replacement; mAVR, mechanical aortic valve replacement.
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TABLE E7. Derivation and rationale for each Ross transition-state probability

Range Probability Source

Location in manuscript and

derivation Rationale

Early (<30 d) complications

and mortality

Major bleeding

Baseline/minimum 1.19% Bansal et alE5 Table 2. Morbidity, bleeding

requiring reopening; 10-20 y: 1

(events)/84 (10-20 aged

patients) ¼ 0.0119

Sample most representative of

18-y-old patients in our model

Maximum 13.04% Mokhles et alE7 Table 2. All patients. complications: bleeding/tamponade: 21/161 (Total

Cohort) ¼ 13.04%

Alternative 4.43% Charitos et alE6 Text (p. 497)—Results, In-Hospital Corse: “There were 9 reoperations owning

to bleeding.” 9 (bleeding events requiring reoperation)/203 (total

cohort) ¼ 9/203 ¼ 0.0443

Alternative 7.50% Nelson et alE8 Table 2. Adolescent. complications: bleeding requiring reexplanation: 6/80

(total adolescents) ¼ 0.075

Stroke

Baseline/maximum 0.49% Charitos et alE6 Text (p. 497)—Results, In-Hospital

Corse: “There were. 1 completed

stroke.” 1 (completed)/203 (total

cohort) ¼ 1/203 ¼ 0.0049

No event in the alternative published

reports and avoided discounting

mAVR from the early period with

respect to stroke events

Minimum 0.00% Mazine et alE3 Supplemental Table 1. Stroke, Ross procedure. 0 In-hospital strokes.

Transient ischemic

attack (TIA)

Baseline/minimum 0.48% Mazine et alE3 Supplemental Table 1. Transient

ischemic attack, Ross Procedure: 1

(event)/208 (matched

cohort) ¼ 0.0048

Mean age of 37.2 y and long follow-

up period (14.2 y)

Maximum 0.49% Charitos et alE6 Text (p. 497)—Results, In-Hospital Corse: “There were. 1 transient ischemic

attack.” 1 (TIA)/203 (total cohort) ¼ 1/203 ¼ 0.0049

Myocardial infarction

Baseline 1.25% Nelson et alE8 Table 2. Adolescent. complications:

Arrest: 1/80 (total

adolescents) ¼ 0.0125

Used sample of patients<18 y old and

other cohorts below are older and

may have more comorbidities for

myocardial infarction (MI)

Minimum 0.49% Charitos et alE6 Text (p. 497)—Results, In-Hospital Corse: “Two patients died.1 of Coronary

thromboembolism with myocardial infarction.” 1 (MI)/203 (total

cohort) ¼ 1/203 ¼ 0.0049

Maximum 2.40% Mazine et alE3 Supplemental Table 1. Myocardial infarction, Ross procedure: 5 (event)/208

(matched cohort) ¼ 0.0240

Alternative 0.62% Mokhles et alE7 Table 2. All patients. Complications: perioperative MI: 1/161 (all

patients) ¼ 0.0062

Autograft failure

Baseline/maximum 1.19% Bansal et alE5 Table 2. Morbidity, reoperation on

LVOT; 10-20 y: 1 (reoperation on

LVOT)/84 (total 10-20-y-

olds) ¼ 0.0119

Sample most representative of 18-y-

old patients in our model

Minimum 0.49% Charitos et alE6 Text—Results, In-Hospital Course: “1 autograft reoperation owing to technical

failure.” 1/203 (total cohort) ¼ 0.0049

(Continued)
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TABLE E7. Continued

Range Probability Source

Location in manuscript and

derivation Rationale

Arrhythmia

Baseline 2.46% Charitos et alE6 Text (p. 497) Results, In-Hospital

Corse: “Two patients died. 1 of

malignant arrhythmia. In 4

patients (2%), persistent, early

postoperative, complete

atrioventricular block mandated

the need for permanent pacemaker

implantation.” [4 (arrythmias

requiring a permanent

pacemaker) þ 1 (malignant

arrhythmia)]/203 (total

cohort) ¼ 5/203 ¼ 0.0246

Robust sample size and clearly

defined arrythmia definition that

was the broadest among all articles

identified.

Minimum 0.00% Bansal et alE5 Table 2. Morbidity, permanent pacemaker; 10-20 y: 0 (events)/84 (Total 10-

20 y) ¼ 0.00

Maximum 5.77% Mazine et alE3 Supplemental Table 1. Atrial fibrillation, Ross procedure: 12 (events)/208

(matched cohort) ¼ 0.0577

Alternative 1.24% Mokhles et alE7 Table 2. All patients. Complications: pacemaker: 2/161 (all patients)¼ 0.0124

Alternative 4.17% Buratto et alE11 Table 2. Postoperative complications, Pacemaker: 3. 3 (postoperative

pacemakers)/72 (primary Ross patients) ¼ 3/72 ¼ 0.0417

Alternative 5.00% Nelson et alE8 Table 2. Adolescent. Complications: arrhythmia: 4/80 (total

adolescents) ¼ 0.05

Infection

Baseline/minimum 1.19% Bansal et alE5 Table 2. Morbidity, Deep sternal

infection; Total: 1 (deep sternal

infection in 10-20 cohort)/84 (total

10-20 y) ¼ 0.0119

Sample most representative of

18-y-old patients in our model

Maximum 2.50% Nelson et alE8 Table 2. Adolescent. Complications: wound infection/mediastinitis: 2/80 (total

adolescents) ¼ 0.025

All-cause mortality

Baseline/minimum 0.50% Mazine et alE3 Text—Results, Perioperative

Outcomes: “Rates of early

mortality were similar between the

2 matched groups with 1 early

death in each group (Ross, 0.5%;

AVR, 0.5%; P ¼ 1.00)” ¼ 0.0050

Mean age of 37.2 y, long follow-up

period (14.2 y), and avoided

immediately discounting mAVR

relative to Ross. This study

reported similar early mortality

rates between both procedures.

Maximum 4.16% Nelson et alE8 Table 2. In-hospital death: “10 (4.2)” ¼ 0.0416

Alternative 2.50% Pasquali et alE9 Text—Results: Mortality: “Early mortality (<30 d) was 2.5%

(n ¼ 3).” ¼ 0.0250

Alternative 1.20% Bansal et alE5 Table 2. Mortality, 10-20 y: 1 (1.2) ¼ 0.0120

Alternative 2.49% Mokhles et alE7 Table 2. Early mortality: “4 (2.5)” ¼ 0.0248

Alternative 1.02% Aboud et alE10 Table 1. 30-d mortality: “25 (1.0)” ¼ 25/2444 (total cohort) ¼ 0.0102

Late (>30 d) complications

Major bleeding

Baseline/maximum 0.20%/y Charitos et alE6 Text (p. 498)—Results, Embolism,

Bleeding, and Endocarditis;

Paragraph 1: “Major internal or

external bleeding events were

detected in 5 patients (2.5%;

occurrence rate, 0.20%/patient-

year)”

Avoided discounting mAVR in the

late period with respect to major

bleeding, as Mazine et al

investigation had zero major

bleeding events in Ross cohort

Minimum 0.00%/y Mazine et alE3 Table 2. Major bleeding. Ross procedure freedom from event: Freedom from

major bleeding was 100% at all time points.

(Continued)
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TABLE E7. Continued

Range Probability Source

Location in manuscript and

derivation Rationale

Stroke

Baseline/minimum 0.05%/y Mazine et alE3 Table 2. Stroke. Ross procedure

freedom from event: 99% freedom

from event at 20 y.

Probability ¼ 1%/20 y ¼ 0.05%/y

Mean age of 37.2 y, long follow-up

period (14.2 y), and had most

specific definition of stroke

(excluded transient ischemic

attacks and underlying reasons for

stroke)

Alternative 0.06%/y Mokhles et alE7 Text (p. 2218)—Results, Other valve-related events: “Two patients developed

endocarditis of the autograft during the follow-up (0.11%/patient year). In 1

patient, the endocarditis was complicated by stroke. 0.11%/y (endocarditis)

*1 (stroke from endocarditis)/2 (total endocarditis instances) ¼ 0.06%/y

Maximum 0.26%/y Charitos et alE6 Text (p. 498) Results; Embolism, Bleeding, and Endocarditis; Paragraph 1: “11

thromboembolic events after hospital discharge. transient ischemic attack

in 3, a completed stroke in 6 (7 events in 6 patients), and a noncerebral

embolic event in 1. 0.44%/patient-year for thrombotic events.” 0.44%/y

(rate per year) *7 (strokes)/11 (total events)¼ (0.44%/y * 7)/11¼ 0.26%/y.

Thromboembolism

(not stroke)

Baseline/minimum 0.10%/y Mazine et alE3 Table 2. Transient ischemic attack.

Ross procedure freedom from

event: 98.1% freedom from event

at 20 y. Probability ¼ 1.9%/

20 y ¼ 0.10%/y

Mean age of 37.2 y and long follow-

up period (14.2 y)

Maximum 0.16%/y Charitos et alE6 Text (p. 498) Results; Embolism, Bleeding, and Endocarditis; Paragraph 1:

“0.44%/patient-year.” 11 thromboembolic events occurred with 3 transient

ischemic attacks, 1 non-cerebral embolic event, and 7 strokes. 0.44%/y *4

(non-stroke events)/11 (total thromboembolism events) ¼ 0.44 * 4/

11 ¼ 0.16%/y.

Autograft/LVOT

disease

Baseline/minimum 0.52%/y Mazine et alE3 Supplemental Table 2. Pulmonary

autograft deterioration, 20 y:

89.6%. (100%-89.6%)/

20 y ¼ 0.52%/y

Mean age of 37.2 y, long follow-up

period (14.2 y), and specific

definition of autograft disease

Maximum 2.11%/y Mokhles et alE7 Text (p. 2217) Results, Reoperation (paragraph 5): “Freedom from reoperation

for autograft failure was 62%. after. 18 y” 100%-62% (freedom from

failure)/18 (year follow-up) ¼ 2.11%/y.

Alternative 0.56%/y Charitos et alE6 Text (p. 498) Results; Reoperation; Paragraph 1: “0.56%/patient-year”

Alternative 1.95%/y Buratto et alE11 Text (p. 1568). Results, Reoperations, Paragraph 2: “Freedom from autograft

reoperation at. 15 y was. 70.7%. 1 � 0.707 (Probability of autograft

reoperation)/15 (y) ¼ (1 � 0.707)/15 ¼ 0.293/15 ¼ 0.0195

Max 2.08%/y Pasquali et alE9 Text (p. 498) Results, Follow-up and Reintervention: “12 patients underwent

LVOT reintervention and 3 underwent both (LVOT and RVOT

reintervention).” [(12 (LVOT reinterventions) þ 3 (LVOT þ RVOT

reinterventions))/111 (surviving patients)]/6.5 (median follow-up

y) ¼ [(12 þ 3)/111]/6.5 ¼ 0.0208

Homograft/RVOT

disease

Baseline 0.66%/y Mazine et alE3 Supplemental Table 2. Pulmonary

Homograft Deterioration, 20 y:

86.8%. (100%-86.8%)/

20 y ¼ 0.66%/y

Mean age of 37.2 y, long follow-up

period (14.2 y), and specific

definition of homograft disease

Minimum 0.48%/y Charitos et alE6 Text (p. 498)—Results; Reoperation; Paragraph 1: “0.48%/patient-year”

(Continued)
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TABLE E7. Continued

Range Probability Source

Location in manuscript and

derivation Rationale

Maximum 2.92%/y Buratto et alE11 Text (p. 1568)—Results, Reoperations, Paragraph 3: “Freedom from

reoperation on the RV-PA conduit at . 15 y was. 56.2%.” 1 � 0.562

(Probability of RV-PA conduit reoperation)/15 (y) ¼ (1-0.562)/15 ¼ 0.438/

15 ¼ 0.0292

Alternative 1.06%/y Mokhles et alE7 Text (p. 2217)—Results, Reoperation (paragraph 5): “Freedom from re-

intervention for allograft failure was. 81%... after. 18 y” 100%-81%

(freedom from failure)/18 (year follow-up) ¼ 1.06%/y.

Maximum 2.08%/y Pasquali et alE9 Text (p. 498)—Results, Follow-up, and Reintervention: “12 patients underwent

RVOT reintervention and 3 underwent both (LVOT and RVOT

reintervention).” [(12 (RVOT reinterventions) þ 3 (LVOT þ RVOT

reinterventions))/111 (surviving patients)]/6.5 (median follow-up

y) ¼ [(12 þ 3)/111]/6.5 ¼ 0.0208

Infective endocarditis

Baseline 0.12%/y Bansal et alE5 Text (p. 2080) Long-Term Outcomes,

paragraph 3. “Fourteen patients (3

with endocarditis) presented with

neo aortic valve AI with a normal

root”. (3 (endocarditis infections)/

[305 (total patients) �11

(Operative mortalities)]). 8.2 y

(Median follow-up time)¼ [3/(305

� 11)]/8.2 ¼ 0.0012

Large sample size (305) with various

ages within population of 4 d to

70 y

Minimum 0.11%/y Mokhles et alE7 Text (p. 2218)—Results, Other valve-related events. “Two patients developed

endocarditis of the autograft during the follow-up (0.11%/patient year).”

Maximum 0.23%/y Mazine et alE3 Text (p. 581) Results, Infective Endocarditis, and valve Thrombosis: “The

incidence of operated valve endocarditis at follow-up.Ross, n¼ 7 (3.3%).”

3.3% (incidence of endocarditis)/14.2 (mean follow-up duration) ¼ 3.3%/

14.2 ¼ 0.23%/y

Alternative 0.16%/y Charitos et alE6 Text (p. 498) Results; Embolism, Bleeding, and Endocarditis; Paragraph 1:

“0.16%/patient-year”

All-cause mortality

Baseline 0.87%/y Nelson et alE8 Figure 1. 87% overall survival

estimated at 15 y ¼ (100–87)/15 y/

100 ¼ 0.00867

Long follow-up period in patients

undergoing Ross younger than 18 y

old

Maximum 0.97%/y Aboud et alE10 Text—Results, Survival: “Early mortality was.75.8% (95% CI, 70.0% to

82.0%) at 25 y” ¼ (100 � 75.8)/25 y/100 ¼ 0.0097/y

Death after reintervention

Autograft/LVOT

reintervention

Baseline 0.00% Nakayama et alE12 Text (p. 512) Results, Autograft

Reoperation: “All patients

undergoing the autograft

reoperation survived.”

This was the only acute reintervention

probability identified from the

literature representative of this

paradigm.

Homograft/RVOT

reintervention

Baseline 4.00% Callahan et alE13 Figure 2. “Dead (4%)” ¼ 0.0400 This was the only acute reintervention

probability identified from the

literature representative of this

paradigm.

Values in superscripts correspond to reference numbers from which data were obtained. mAVR, Mechanical aortic valve replacement; AVR, aortic valve replacement; LVOT,

left ventricular outflow tract; RVOT, right ventricular outflow tract; RV-PA, right ventricle-pulmonary artery; AI, aortic insufficiency; MI, myocardial infarction; CI, confidence

interval.
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TABLE E8. Derivation of utilities for various health states in the model

Health state Utility value Source Location in manuscript

Stroke 0.534 Guzauskas et alE14 Table 1

Major bleeding 0.8 Gerson and KamalE15 Table 1

Infective endocarditis 0.525 Franklin et alE16 Table 3

TIA 0.88 Tholen et alE17 Table 3

Myocardial infarction 0.8 Cohen et alE18 Text (p. 3041)—Cost-Utility Analysis: “Better quality-adjusted life

expectancy for those patients who did not require repeat

revascularization compared with those who did.0.80”

Valve failure 0.67 Gada et alE19 Table 3

Arrhythmia 0.628 Hendriks et alE20 Table 2

Thromboembolism (not stroke) 0.87 Preblick et alE21 Text (p. 4)—Materials and Methods, Utility and disutility values: “In

this study, all VTE patients entering the model were assigned a

baseline utility value of 0.87.”

Acute renal failure 0.54 Gorodetskaya et alE22 Table 2

Values in superscripts correspond to reference numbers from which data were obtained. TIA, Transient ischemic attack.

TABLE E9. Derivation of health care expenditures for various conditions in the model

Condition

Initial cost USD (month,

year reported in article)

Inflation adjusted cost USD

(August 2023) Source Location in article

Stroke $43,816 (June 2014) $57,510.61 DobbsE23 Text (p. 233)—Episode cost:

“The author’s estimate for a

representative ischemic

stroke episode is $43,816”

Major bleeding $13,093 (September 2019) $15,656.28 Luengo-Fernandez et al.E24 Table 2

Infective endocarditis $43,020 (November 2018) $52,405.82 Alkhouli et alE25 Table 3

TIA $16,450 (April 2013) $21,720.02 Qureshi et alE26 Text (p. 1603)—Results: “The

overall mean

hospitalization charges

($�SD) were

16,450 � 13,709”

Myocardial infarction $22,034 (February 2022) $24,062.10 Allen et alE27 Table 3

Valve failure with

surgical reintervention

$59,743 (May 2016) $76,354.87 Goldsweig et alE28 Text (p. 3)—Results:

“corresponding to $59,743

for SAVR”

Arrhythmia $20,670 (May 2011) $28,085.13 Kim et alE29 Table 2

Thromboembolism

(not stroke)

$15,123 (March 2011) $20,777.81 Fernandez et alE30 Table 1

Acute renal failure $7933 (February 2012) $11,005.60 Silver et alE31 Text—Results: “$7933 (95%

confidence interval [CI],

$7608-$8258)”

Figure 2, A.

INR testing $5901.60/y (April 2013) $7792.27/y Harrington et alE32 Supplemental Table S1.

Warfarin-associated costs,

yearly: INR testing

(monthly) $83.80; minimal

established visits (monthly)

$408.00

Calculation:

([$83.80 þ $408.00]/mo) *

12 mo/y ¼ $5901.60/y

Warfarin $80/y (December 2019) $95.58/y Troy and AndersonE33 Figure 2

Values in superscripts correspond to reference numbers from which these data were obtained. USD, United States dollars; TIA, transient ischemic attack; INR, international

normalized ratio.
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