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CONGENITAL: ANOMALOUS CORONARY
Decision analysis to define the optimal management of
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ABSTRACT

Objectives: The goal of this study was to use decision analysis to evaluate the
impact of varying uncertainties on the outcomes of patients with anomalous aortic
origin of a coronary artery.

Methods: Two separate decision analysis models were created: one for anoma-
lous left coronary artery (ALCA) and one for anomalous right coronary artery
(ARCA). Three strategies were compared: observation, exercise restriction, and
surgery. Probabilities and health utilities were estimated on the basis of existing
literature. Deterministic and probabilistic sensitivity analyses were performed.

Results: Surgery was the optimal management strategy for patients<30 years of
age with ALCA. As age increased, observation became an equivalent strategy and
eventually surpassed surgery as the treatment of choice. The advantage on life
expectancy for surgery over observation ranged from 2.6 � 1.7 years for a
10-year-old patient to �0.03 � 0.1 for a 65-year old patient. In patients with
ARCA, observation was the optimal strategy for most patients with a life
expectancy advantage over surgery of 0.1 � 0.1 years to 0.2 � 0.4 years,
depending on age. Surgery was the preferred strategy only for patients
<25 years of age when the perceived risk of sudden cardiac death was high and
the perioperative mortality was low. Exercise restriction was a suboptimal
strategy for both ALCA and ARCA in all scenarios.

Conclusions: The optimal management in anomalous aortic origin of a coronary
artery depends on multiple factors, including individual patient characteristics.
Decision analysis provides a tool to understand how these characteristics affect
the outcomes with each management strategy and thus may aid in the decision
making process for a particular patient. (J Thorac Cardiovasc Surg
2016;152:1366-75)
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Optimal strategy for anomalous left coronary artery

based on age and annual mortality risk.
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Central Message

Decision analysis explains how different fac-

tors affect the optimal management of a partic-

ular patient with an anomalous coronary.
Perspective

The risk of sudden cardiac death and the

optimal management for patients with anoma-

lous aortic origin of a coronary artery are un-

clear. Decision analysis provides a valuable

tool to make a more informed decision on

what the best management strategy (surgery,

observation, and exercise restriction) is for a

particular patient, taking into account the vary-

ing effects of different uncertainties.
See Editorial Commentary page 1376.
Anomalous aortic origin of a coronary artery (AAOCA)
with an interarterial segment is the second-leading cause
of sudden cardiac death (SCD) among young athletes in
the United States and it is responsible for 17% of cases of
SCD.1 The risk of SCD is reportedly greater for patients
with anomalous left coronary artery from the right sinus
of Valsalva (ALCA) than for patients with anomalous right
coronary artery from the left sinus of Valsalva (ARCA).2

An estimated 0.12% to 0.70% of the general population
has AAOCA.3-7 The detection of this anomaly seems to be
increasing as the result of improved imaging technology,
increased frequency of imaging studies performed for
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Abbreviations and Acronyms
AAOCA ¼ anomalous aortic origin of a coronary

artery
ALCA ¼ anomalous left coronary artery from the

opposite sinus of Valsalva
ARCA ¼ anomalous right coronary artery from the

opposite sinus of Valsalva
CI ¼ confidence interval
QALY ¼ quality-adjusted life year
SCD ¼ sudden cardiac death
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other abnormalities, and screening initiatives for children
and young athletes.6,7 The true risk and mechanisms
responsible for SCD in patients with AAOCA are unclear.
Several strategies (ie, exercise restriction and different
surgical interventions) have been devised in an attempt to
decrease the risk of SCD. The effect of these strategies on
the prevention of SCD also is unclear.2 Because of these
uncertainties, there is no consensus on how to best manage
AAOCA, leaving physicians with a difficult task when
counseling patients and families with this anomaly.8-10

Decision analysis is a formal quantitative approach that
analyzes different management strategies under conditions
of uncertainty. The goal of this study was to use decision
analysis to provide the clinician with a tool to better
understand the impact of various uncertainties on the
optimal management strategy for a particular patient with
AAOCA and an interarterial segment.
METHODS
Decision Analysis Models

Two identically structured decision analysis models with different

probabilities were created: one for ALCA and another for ARCA

(Figure 1). Patients diagnosed with AAOCA can undergo 1 of 3

management strategies: observation (without exercise restriction), exercise

restriction, or surgical intervention. Patients who undergo surgery can die

from surgery (perioperative mortality), develop nonlethal complications

secondary to surgery (short-term or long-term) with a subsequent impact

on quality of life, or survive surgery without any complications. After

the initial decision, hypothetical patients enter a Markov state-transition

model that simulates the life of each hypothetical patient. For all

management strategies, during each annual cycle of the model, patients

can die from SCD related to AAOCA, die from other unrelated causes,

or survive and go on to the next yearly cycle. The likelihood of patients

moving through these different health states is defined by transition

probabilities.

Transition Probabilities
Initial transition probabilities were defined on the basis of estimates

obtained from the literature, when available. Probabilities were then widely

varied within a plausible range for sensitivity analyses (Table 1).1-7,11-29

Risk of SCD from AAOCA. The exact risk of SCD in young

athletes with AAOCA currently is not known. Therefore, the risk

probabilities were extrapolated from existing literature by the use of

estimates of the prevalence of AAOCA in the general population3-7 and
The Journal of Thoracic and Car
observed mortality rates from AAOCA in several studies.1,11,12,30 The

details of these calculations are shown in the Appendix. The estimates

used for the annual mortality risk from AAOCA for athletes and the range

of values for sensitivity analyses were 0.35% (0.08%-0.9%) for ALCA

and 0.02% (0.0035%-0.06%) for ARCA.

Risk of SCD from AAOCA and age. According to the

literature, the risk of SCD appears to vary by age. The majority (80%)

of cases of SCD from AAOCA occur in patients 10 to 30 years of age

with scant reports of mortality events in patients <10 years of age.13

Therefore, a distribution variable was created to determine the annual

mortality risk fromAAOCA based on age (Table 1). The risk was increased

progressively from nearly zero at 10 years old to reach its full value at

14 years of age. The risk was then decreased after 26 years and kept at

10% of the corresponding full value after 30 years of age.

Perioperative surgical outcomes. No perioperative deaths have

been reported in several case series of surgery for AAOCA with an

aggregate of approximately 200 patients16; however, for the purpose of

our analyses and biasing the results in favor of a nonsurgical approach, a

perioperative mortality rate of 0.5% (0%-2% for sensitivity analyses)

was assumed. The risk of nonlethal perioperative complications in the

literature ranges from 0% to 14%; an estimate of 10% (5%-20% for

sensitivity analyses) was used. The probability of these complications

being long-term complications was modeled at 10% (0%-20% for

sensitivity analyses).

Reduction in risk with intervention. No reliable data are

available regarding the effect of surgery or exercise restriction on the

risk of SCD from AAOCA. Therefore, the reduction in risk resulting

from these 2 strategies varied from 70% to 100%. For the base decision

analysis, surgery and exercise restriction were each assumed to reduce

the risk of SCD by 90%.

Mortality from non-AAOCA causes. The annual risk of

mortality from non-AAOCA causes was calculated from US life tables

that provide age-specific death rates for the general population.24 Large

population-based studies have shown that a lack of exercise increases

all-cause mortality.31 Guidelines from the US Department of Health and

Human Services recommend at least 150 minutes per week of

moderate-intensity activity for adults and 60 minutes of daily physical

activity for children and adolescents.17 A meta-analysis of cohort studies

with almost 978,000 patients showed that compliancewith these guidelines

was associated with a 19% reduction in annual mortality risk when

compared with no activity.18 Because the study focused on athletes, it

was assumed that all individuals allowed to exercise would meet exercise

guidelines. Mortality rates for athletes were calculated using the US life

tables,24 the age-specific likelihood that individuals on the general

population included in the life tables are compliant with exercise

recommendations (Table 1),19-23 and the assumed reduction in all-cause

mortality with exercise.18 These data also were used to calculate

age-specific increases in mortality risk for patients who were under

exercise restriction.

Health Utilities
Health utilities are weights that represent individual preferences for

different health states and are used to calculate quality-adjusted life

expectancy. Utilities range from 0 (death) to 1 (perfect health) and are

multiplied by the years spent in the corresponding health states to calculate

quality-adjusted life years (QALYs). Athletes who were disqualified from

exercise were assumed to have a utility score equivalent to that of

adolescents diagnosed with heart disease (0.89)26 for the first 5 years, an

approach similar to the one used by Wheeler and colleagues29 in a recent

cost-effectiveness analysis of electrocardiography screening for prevention

of SCD in athletes.

Patients without complications after cardiac surgery were assumed to

have a health utility of 0.94 (0.7-1 for sensitivity analyses) for the first

2 months after surgery,25 with normal quality of life thereafter. Patients
diovascular Surgery c Volume 152, Number 5 1367
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FIGURE 1. Monte Carlo simulation model. The model starts with a decision node and 3 management strategies. Each subtree enters a Markov cycle that

repeats itself annually until all patients in the simulation have died. The first 2 branches within the ‘‘Surgery’’ strategy only occur during the first year after

surgery. The circular nodes represent probability nodes; the likelihood of a patient moving into each of the branches depends on the assigned transition

probabilities at that particular cycle. At the end of each branch is a terminal node with a health state contained in a rectangle (‘‘Dead’’ or ‘‘Alive’’).

This represents the state at which a patient moving through the model will start his or her next yearly cycle. The ‘‘Dead’’ state is an absorbing state; a patient

in this state does not continue to travel through the model. If a patient finishes the iteration in the ‘‘Alive’’ state, the patient will then go on to the next Markov

cycle. AAOCA, Anomalous aortic origin of a coronary artery; SCD, sudden cardiac death.
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who suffered a short-term complication from cardiac surgery were

assumed to have a health utility of 0.87 (0.5-1 for sensitivity analyses)

for the first 4 months after surgery.25 The health utility for patients with

long-term complications was assigned after we analyzed several sources

in the literature for patients with 2-3 simultaneous chronic conditions,

dysrhythmias, stroke, and congestive heart failure.26-28 The health utility

for these patients was assumed to be 0.85 (0.65-0.95 for sensitivity

analyses) through the remainder of their lifetime.

Analyses
The models were constructed and analyzed with TreeAge Pro 2012

(TreeAge Software, Inc,Williamstown,Mass). Because themain outcomes

were life expectancy and quality-adjusted life expectancy, outcomes were

not discounted with time (ie, gains in life expectancy were considered the

same whether they occurred early after diagnosis or later in life).

We calculated long-term prognosis in terms of life expectancy and

quality-adjusted life expectancy for each strategy by performing a

first-order Monte Carlo simulation using a cohort of 10,000 hypothetical

identical patients entering the model at diagnosis and followed until death.

The management strategy was kept constant throughout the lifetime of the

patient. The base case assumed a diagnosis of AAOCA in a patient 15 years

of age, although the model was analyzed for ages between 10 and 65 years.

Results are reported as means and 95% confidence intervals (CIs) of

remaining years of life expectancy and QALYs.

One-, two-, and three-way deterministic sensitivity analyses were

performed to vary key model assumptions and determine the thresholds

of those variables at which the preferred treatment strategy changed for

each of the models. Probabilistic sensitivity analyses were performed for

various ages at diagnosis by simultaneously varying all parameters of the

model (except for age) using uniform, beta, or triangular distributions, as

appropriate (Table 1). These analyses were performed using

second-order Monte Carlo simulations with 10,000 unique iterations

(ie, the values of each variable were varied for each iteration according
1368 The Journal of Thoracic and Cardiovascular Sur
to the defined distribution types and ranges for each variable) to yield a

mean residual life expectancy that incorporates the uncertainty of all pa-

rameters simultaneously. In addition, the percentage of all simulations

that favored each of the different strategies by age (in 5-year increments)

was calculated.
RESULTS
Anomalous Left Coronary Artery

Under the base assumptions, surgery was the preferred
strategy for a 15-year-old patient with ALCA; future life
expectancies were 64.5 years (95% CI, 64.2-64.8) for
surgery, 62.5 years (95% CI, 62.2-62.8) for exercise
restriction, and 62.0 years (95% CI, 61.7-62.4) for
observation with no exercise restriction. The results were
similar when analyzing quality-adjusted life expectancy:
64.4 QALYs (95% CI, 64.0-64.7) for surgery, 62.0 QALYs
(95% CI, 61.7-62.3) for exercise restriction, and 62.0
QALYs (95% CI, 61.7-62.4) for observation.

Surgical intervention remained the preferred manage-
ment strategy for a 15-year-old patient even if the annual
mortality risk from SCD was as low as 0.08% (Figure 2,
A); however, the results of the model varied by age. For
patients >30 years of age, if the annual mortality risk
from SCD was <0.2% to 0.4% depending on age,
observation was the preferred strategy (Figure 2, B). The
results were similar regardless of the degree of reduction
in AAOCA-related mortality risk conferred by surgery
within the predetermined range (Figure 2, C). The risk of
gery c November 2016



TABLE 1. Initial assumptions and ranges used for sensitivity analyses

Parameters Value Range/95% CI

Distribution used for

probabilistic sensitivity analysis

Annual probability of SCD1,3-7,11,12,*

ALCA 0.35% 0.08%-0.9% Beta

ARCA 0.02% 0.0035%-0.06% Beta

Age at presentation, y 15 10-65 Stratified by age

Variation in mortality risk from AAOCA by age, y2,13-15,*,y Not varied

0-10 0.00001 * risk

11 0.25 * risk

12 0.5 * risk

13 0.75 * risk

14-26 1 * risk

27 0.75 * risk

28 0.5 * risk

29 0.25 * risk

30 and older 0.1 * risk

Outcomes after surgical intervention16

Perioperative mortality 0.5% 0%-2% Beta

Perioperative major complication rate 10% 0%-20% Beta

Probability of a major complication being a long-term complication 10% 0%-20% Beta

Reduction in risk with intervention

Surgery 90% 70%-100% Triangular

Exercise restriction 90% 70%-100% Triangular

Reduction in all-cause mortality risk with recommended

nonvigorous moderate physical activity17,18
19% 15%-24% Beta

Percentage of individuals who exercise according to guidelines

5-8 y of age19 76% 70%-82% Beta

9-11 y of age20 65% 60%-70% Beta

12-14 y of age21 72% 70%-74% Beta

15-17 y of age22 29% 27%-30% Beta

18-24 y of age23 61% 59%-63% Beta

25-44 y of age23 54% 53%-55% Beta

45-54 y of age23 46% 44%-48% Beta

55-64 y of age23 43% 41%-45% Beta

65-74 y of age23 41% 39%-43% Beta

75 y and older23 27% 25%-29% Beta

Annual mortality from other causes24 US Life Tables, 2006 Not varied

Health utilities

Utility value for the first 2 mo after surgery with no complications25 0.94 0.7-1.0 Uniform

Utility value for the first 4 mo after surgery with short-term

perioperative complications25
0.87 0.5-1.0 Uniform

Utility value for lifetime after surgery with long-term

complications26-28
0.85 0.65-0.95 Uniform

Utility value with no exercise restriction 1 Not varied

Utility value for the first 5 y for athletes being exercise restricted26,29,z 0.89 0.7-0.95 Uniform

CI, Confidence interval; SCD, sudden cardiac death; ALCA, anomalous left coronary artery from the opposite sinus of Valsalva; ARCA, anomalous right coronary artery from

the opposite sinus of Valsalva; AAOCA, anomalous aortic origin of a coronary artery. *See text for explanation of values. yRatio multiplied by the incremental mortality risk.

zUtility value was assumed to be normal after 5 years.
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perioperative mortality changed the preferred treatment
strategy (Figure 2,D). As perioperative mortality increased,
observation became the optimal strategy for older patients
and those with a low risk of SCD from AAOCA. Exercise
restriction was not a competing strategy unless exercising
was assumed to have only a minimal effect on all-cause
mortality (below the predetermined range, Figure E1).
The results were similar when analyzing quality-adjusted
The Journal of Thoracic and Car
life expectancy. Changing other parameters, either
individually or adjusted for age and annual risk of SCD,
did not substantially change the results of these analyses
(see Figures E2-E4 for selected analyses).
If exercise restriction was only limited to patients until

they reached 30 years of age (with later liberalization of
exercise), exercise restriction became an optimal strategy
only if the annual mortality risk of SCD was <0.15%
diovascular Surgery c Volume 152, Number 5 1369
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FIGURE 2. Sensitivity analyses for life expectancy for ALCA. A, 1-way sensitivity analysis showing the future life expectancy for each of the strategies for

a 15-year-old patient while varying the annual risk of SCD from ALCA. B, A 2-way sensitivity analysis shows the optimal strategy while simultaneously

varying age at presentation and annual risk of SCD. The colored area represents the range of values where surgery is an optimal strategy, and the white area

represents the rangewhere observation is preferable. C, A 3-way sensitivity analysis simultaneously varying age at presentation (Y-axis), annual risk of SCD

(X-axis), and reduction in risk achieved with surgery. Each colored line represents a different value for reduction in mortality risk with surgery. Any range of

values for annual risk of SCD and age at presentation above and to the left of a particular line favors observation, whereas any range of values below and to

the right of the line favors surgery. D, A 3-way sensitivity analysis varying age, annual risk of SCD, and perioperative mortality risk. Each colored line

represents a particular perioperative mortality risk. The strategies immediately above and below each line represent the optimal strategy on each side of

the line for the set of values for annual mortality risk and age at that level of perioperative mortality risk.
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(Figure E5). This advantage disappeared when we took into
account quality of life.

The results of probabilistic sensitivity analyses by age for
ALCA can be found in Table 2. For these analyses, all other
parameters besides age were simultaneously modified
according to the distributions in Table 1. Surgery was the
preferred strategy for younger patients, conferring about 2
more additional years of life expectancy than observation
or exercise restriction. As the age at presentation increased,
observation became equivalent to and eventually surpassed
surgery as the treatment of choice. The vast majority of
simulations favored surgical intervention for patients
25 years of age and younger, whereas a larger proportion
1370 The Journal of Thoracic and Cardiovascular Sur
of simulations favored observation for older patients
(Figure 3).

Anomalous Right Coronary Artery
Both surgery and observationwere optimal strategies for a

15-year-old patient with ARCA. The future life
expectancies were 64.8 years (95% CI, 64.5-65.1 years)
for surgery and for observation, and 62.4 years (95% CI,
62.1-62.7 years) for exercise restriction. In terms of
quality-adjusted life expectancy, the results were
slightly greater for observation (64.8 QALYs, 95% CI,
64.5-65.1) than for surgery (64.7 QALYs, 95% CI,
64.3-65.0). Quality-adjusted life expectancy for exercise
gery c November 2016



TABLE 2. Probabilistic sensitivity analysis for anomalous left coronary artery

Age at diagnosis, y

10 15 20 25 35 45 55 65

Life expectancy

Surgery

Life expectancy, y 68.8 � 0.8 64 � 0.7 59.4 � 0.5 54.9 � 0.4 45.6 � 0.3 36.4 � 0.3 27.6 � 0.2 19.6 � 0.2

Observation (no exercise restriction)

Life expectancy, y 66.3 � 2.1 61.8 � 1.8 58.1 � 1.2 54.3 � 0.7 45.5 � 0.3 36.3 � 0.2 27.6 � 0.2 19.6 � 0.2

Incremental years* �2.6 � 1.7 �2.2 � 1.5 �1.4 � 1.0 �0.6 � 0.6 �0.1 � 0.3 �0.03 � 0.2 þ0.01 � 0.2 þ0.03 � 0.1

Exercise restriction

Life expectancy, y 66.8 � 0.6 61.9 � 0.5 57.4 � 0.4 52.9 � 0.2 43.6 � 0.1 34.4 � 0.1 25.8 � 0.1 18.0 � 0.1

Incremental years* �2.1 � 0.8 �2.1 � 0.7 �2.1 � 0.6 �2.1 � 0.5 �2.0 � 0.4 �2.0 � 0.3 �1.8 � 0.3 �1.6 � 0.2

Quality-adjusted life expectancy

Surgery

Quality-adjusted life expectancy,

QALYs

68.7 � 0.8 63.9 � 0.7 59.3 � 0.5 54.8 � 0.4 45.5 � 0.3 36.3 � 0.3 27.6 � 0.2 19.5 � 0.2

Observation with no exercise restriction

Quality-adjusted life expectancy,

QALYs

66.3 � 2.1 61.8 � 1.8 58.1 � 1.2 54.3 � 0.7 45.5 � 0.3 36.3 � 0.2 27.6 � 0.2 19.6 � 0.2

Incremental QALYs* �2.4 � 1.7 �2.0 � 1.5 �1.2 � 1.0 �0.5 � 0.6 þ0.03 � 0.3 þ0.1 � 0.2 þ0.1 � 0.2 þ0.1 � 0.1

Exercise restriction

Quality-adjusted life expectancy,

QALYs

66.0 � 0.7 61.2 � 0.6 56.6 � 0.5 52.1 � 0.4 42.8 � 0.3 33.6 � 0.3 25.1 � 0.3 17.2 � 0.3

Incremental QALYs* �2.7 � 0.9 �2.7 � 0.8 �2.7 � 0.7 �2.7 � 0.6 �2.7 � 0.5 �2.6 � 0.5 �2.5 � 0.4 �2.3 � 0.4

All numbers represent means � standard deviation. QALYs, Quality-adjusted life years. *Compared with surgery.
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restriction was significantly lower at 61.9 QALYs (95% CI,
61.6-62.2).

On life expectancy sensitivity analyses, observation was
the preferred strategy unless the annual mortality risk from
SCD was >0.039% (Figure 4, A). Exercise restriction
remained a suboptimal strategy regardless of annual
FIGURE 3. Preferred treatment strategies by age using probabilistic sensitivity

were calculated for 10,000 different iterations for each lesion and age group w

ranges. Each panel represents the percentage of those simulations that favored

whereas the lower panels incorporate quality of life.

The Journal of Thoracic and Car
mortality risk. As noted in Figure 4, B, observation was
the preferred strategy for most patients, except for patients
<20 years of age with>0.035% annual mortality risk of
SCD. As the reduction in AAOCA-related mortality
achieved with surgery decreased, observation became a
more preferred strategy (Figure 4, C). As expected, a
analysis. With a Monte Carlo simulation, remaining life years and QALYs

hile simultaneously varying all other parameters within the predetermined

each strategy by age. The upper panels account only for life expectancy

diovascular Surgery c Volume 152, Number 5 1371



0.0035% 0.013% 0.022% 0.032% 0.041% 0.051% 0.06%

Annual mortality risk

65

64.5

63.5

63

62.5

62

A
ge

 (y
ea

rs
)

64

Surgery

Exercise restriction

Observation 0.039%

Annual mortality risk

0.0035% 0.013% 0.022% 0.032% 0.041% 0.051% 0.06%

60

50

40

30

20

10

A
ge

 (y
ea

rs
)

Observation

Surgery

Annual mortality risk

0.0035% 0.013% 0.022% 0.032% 0.041% 0.051% 0.06%

60

50

40

30

20

10

A
ge

 (y
ea

rs
)

100%

80%
90%

Reduction in 
mortality 
with surgery

Observation

70%Surgery

Annual mortality risk

0.0035% 0.013% 0.022% 0.032% 0.041% 0.051% 0.06%

60

50

40

30

20

10

A
ge

 (y
ea

rs
)

0.25%

0.5%

≥0.75%

Perioperative
mortality

Surgery

Observation

ObservationSurgery
Observation

BA

DC
FIGURE 4. Sensitivity analyses for life expectancy for ARCA. A, A 1-way sensitivity analysis comparing the projected future life expectancy for a

15-year-old patient under each management strategy while varying the annual risk of SCD from ARCA. B, A 2-way sensitivity analysis, shows the optimal

strategy while simultaneously varying the age at presentation (Y-axis) and the annual risk of SCD (X-axis). The colored area represents the range of values

where surgery would be preferred, and the white area represents the values where observation would be optimal. C, A 3-way sensitivity analysis, shows the

optimal strategy while varying the age at presentation (Y-axis), risk of SCD (X-axis), and the reduction in SCDmortality achieved with surgery. Each curve

represents a different threshold for reduction inmortality with surgery. Values above and to the left of each curve favor observationwhereas values below and

to the right favor surgery. D, A 3-way sensitivity analysis, shows the optimal strategy while simultaneously varying age at presentation (Y-axis), annual risk

of SCD (X-axis), and perioperative mortality risk. For each perioperative mortality risk threshold, all values above and to the left of the curves favor

observation, and those below and to the right favor surgery. If the perioperative mortality risk is �0.75%, observation is the preferred strategy for all

scenarios.
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decrease in perioperative mortality increased the role of
surgery to include older patients and those with lower risks
of SCD (Figure 4,D). If the perioperative mortality risk was
�0.75%, observation was the preferred strategy for all
patients. Exercise restriction was not a competing strategy
unless the reduction in all-cause mortality with exercise
was assumed to be minimal (below the predetermined
range, Figure E6). The results were largely unchanged after
changing other parameters.

When we analyzed quality-adjusted life expectancy,
observation was the preferred strategy for most scenarios.
Surgery was the preferred strategy only for patients
<30 years of agewith a high risk of SCD if the perioperative
1372 The Journal of Thoracic and Cardiovascular Sur
mortality rate was<0.4% (Figure E7). Exercise restriction
was not a preferred strategy for any patient even if exer-
cising according to guidelines was assumed not to have
any impact at all in all-cause mortality. The results were
largely unchanged after varying other parameters.

If exercise restriction was applied only until 30 years of
age, exercise restriction became an optimal strategy for
patients 10-28 years old with an annual mortality risk
>0.02% to 0.04% depending on age (Figure E8). However,
exercise restriction was a suboptimal strategy for all
patients after taking into account quality of life.

Table 3 illustrates the results of the ARCA model by age
when simultaneously accounting for the uncertainty of all
gery c November 2016



TABLE 3. Probabilistic sensitivity analysis for anomalous right coronary artery

Age at diagnosis, y

10 15 20 25 35 45 55 65

Life expectancy

Surgery

Life expectancy, y 69.5 � 0.4 64.6 � 0.4 59.8 � 0.4 55.1 � 0.3 45.7 � 0.3 36.4 � 0.3 27.7 � 0.2 19.6 � 0.2

Observation (no exercise restriction)

Life expectancy, y 69.7 � 0.3 64.8 � 0.2 60.0 � 0.2 55.4 � 0.2 45.9 � 0.2 36.6 � 0.2 27.8 � 0.2 19.7 � 0.2

Incremental years* þ0.2 � 0.4 þ0.2 � 0.3 þ0.2 � 0.3 þ0.2 � 0.3 þ0.2 � 0.2 þ0.2 � 0.2 þ0.1 � 0.1 þ0.1 � 0.1

Exercise restriction

Life expectancy, y 67.4 � 0.1 62.5 � 0.1 57.7 � 0.1 53.1 � 0.1 43.6 � 0.1 34.5 � 0.1 25.9 � 0.1 18.0 � 0.1

Incremental years* �2.1 � 0.5 �2.1 � 0.5 �2.1 � 0.4 �2.1 � 0.4 �2.0 � 0.4 �2.0 � 0.3 �1.8 � 0.3 �1.6 � 0.2

Quality-adjusted life expectancy

Surgery

Quality-adjusted life expectancy,

QALYs

69.4 � 0.4 64.5 � 0.4 59.7 � 0.4 55.0 � 0.4 45.6 � 0.3 36.3 � 0.3 27.6 � 0.2 19.5 � 0.2

Observation with no exercise restriction

Quality-adjusted life expectancy,

QALYs

69.7 � 0.3 64.8 � 0.2 60.0 � 0.2 55.4 � 0.2 45.9 � 0.2 36.6 � 0.2 27.8 � 0.2 19.7 � 0.2

Incremental QALYs* þ0.3 � 0.4 þ0.3 � 0.4 þ0.3 � 0.3 þ0.4 � 0.3 þ0.3 � 0.2 þ0.3 � 0.2 þ0.2 � 0.1 þ0.2 � 0.1

Exercise restriction

Quality-adjusted life expectancy,

QALYs

66.7 � 0.3 61.7 � 0.3 57.0 � 0.3 52.3 � 0.3 42.9 � 0.3 33.7 � 0.3 25.1 � 0.3 17.3 � 0.3

Incremental QALYs* �2.7 � 0.6 �2.7 � 0.6 �2.7 � 0.6 �2.7 � 0.5 �2.7 � 0.5 �2.6 � 0.5 �2.5 � 0.4 �2.3 � 0.4

All numbers represent means � standard deviation. QALYs, Quality-adjusted life years. *Compared with surgery.
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parameters using probabilistic sensitivity analysis. Overall,
observation was the preferred strategy in terms of life ex-
pectancy and quality-adjusted life expectancy for all ages,
with a slight advantage over surgery. Among patients
20 years old and younger, a small percentage of simulations
favored surgery (Figure 3). Otherwise, the vast majority of
simulations favored observation alone. Exercise restriction
was a suboptimal strategy throughout the entire age
spectrum.

DISCUSSION
It is widely accepted that AAOCA with an interarterial

segment, and in particular ALCA, is associated with an
increased risk of SCD. The exact mechanism of SCD in
AAOCA is unclear and as such, there is a wide variability
in the management of these patients.8 Some authors
recommend surgical intervention for patients with symp-
tomatic AAOCA or asymptomatic ALCA but recommend
only exercise restriction for asymptomatic patients with
ARCA,9 whereas others suggest intervention for all patients
with AAOCA since its pathophysiologic mechanisms are
unknown.32

The uncertainties surrounding AAOCA make managing
and counseling of these patients extremely difficult.
Regardless of the availability of data, however, the clinician
is faced with a decision to make for a particular patient. The
results of this decision analysis model are meant to provide
a general tool for the clinician to understand how the
different uncertainties surrounding AAOCA influence its
The Journal of Thoracic and Car
optimal management for a particular patient. Because of
the large gaps in knowledge and resulting uncertainties,
however, the model is not meant to provide a definitive
answer.
According to the model, patients with ALCA would

benefit from surgery unless they are>30 years of age, the
perceived risk of SCD is lower than average, and the
perioperative mortality risk is high. In those cases,
observation becomes the preferred strategy.
The decision for patients with ARCA is more complex.

Overall, observation is the preferred strategy for
most patients. Surgery may play a role in patients
<20 years of age with a greater-than-average perceived
risk of SCD, provided that the perioperative mortality
risk is kept low. The obvious difficulty lies in defining
which patients are at the greater end of the spectrum
of risk. The presence of symptoms possibly related to
ischemia or the presence of anatomic abnormalities on
imaging may potentially play a role in defining this subset
of patients.
Some centers have recommended surgical treatment for

all teenagers with AAOCA based on excellent outcomes
and the uncertainty regarding which patients are at
increased risk of SCD.32 Even though this study does not
support that approach, the risk of morbidity and mortality
after surgery was intentionally kept high in the model.
Surgery could therefore play an even larger role than
specified in the model if morbidity and mortality rates are
kept lower than the ones used.
diovascular Surgery c Volume 152, Number 5 1373



VIDEO 1. Surgical technique for unroofing of an intramural anomalous

right coronary artery arising from the left sinus of Valsalva (� 2016 Texas

Children’s Hospital, published with permission). Video available at: http://

www.jtcvsonline.org/article/S0022-5223(16)31045-5/addons.
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The model provided is not intended as a substitute for
clinical decision-making but as a tool to inform the clinician
facing a difficult management decision. It is clear that the
clinician will have to decide where in the spectrum of risk
a particular patient falls depending on that patient’s
characteristics (eg, the presence of an intramural segment,
the length of intramurality, the appearance of the
ostium on imaging, the presence of symptoms, coronary
dominance).

This model suggests that surgery increases the life
expectancy of an average 15-year-old patient with ALCA
by 2 years more than observation alone and 2.5 years
more than exercise restriction. These are substantial
benefits compared with those provided by other medical
interventions. As frame of reference, b-blockers used after
myocardial infarction translate into a 0.1- to 0.5-year gain in
life expectancy33 and smoking cessation in a 35-year-old
man increases life expectancy by 0.8 years.34

An important finding of this analysis is the limited role
that exercise restriction ought to play in the management
of patients with AAOCA. The negative long-term effects
of exercise restriction on all-cause mortality appear to be
more significant than the low risk of SCD from AAOCA,
even for ALCA. Exercise restriction had a positive impact
in life expectancy only when limited to patients<30 years
of age. This advantage completely disappeared, however,
after taking into account quality of life. Furthermore, based
on the authors’ experience, the impact of exercise
restriction in the quality of life of a young athlete can be
even more significant than what we accounted for in the
model using health utilities based on the literature. This
would make exercise restriction an even less favorable
strategy.

There are multiple inherent limitations to this study. The
model is only as precise as the transition probabilities it is
1374 The Journal of Thoracic and Cardiovascular Sur
based on. Because of the limited data available, these
probabilities are not exactly known and are based mainly
on retrospective studies and registries, with their associated
flaws and biases. The use of sensitivity analyses with a wide
variability was used to ameliorate this problem. For the sake
of simplicity, some variables, such as perioperative
mortality risk, were not modified as the patient aged,
potentially introducing some bias.

The study did not account for differences in clinical
presentation (ie, presence of symptoms) due to the unknown
differential risk in SCD between patients with and without
symptoms and to the difficulty ascribing symptoms,
particularly in children and adolescents, to cardiac
ischemia. The presence of symptoms suggestive of
ischemia in a particular patient may imply that the patient
is at the higher spectrum of SCD risk in the model for
that particular lesion.

The study also did not account for differences in
short-term and long-term outcomes between different
surgical strategies (eg, coronary unroofing [Video 1], coro-
nary translocation, pulmonary translocation) as there is not
enough data in the literature to compare these techniques.

In general, the strategy chosen at clinical presentation
was assumed to be followed for the lifetime of the patient,
not allowing for cross-over in strategies. Thus, for most
analyses, exercise restriction was assumed to last for the
lifetime of the patient. To assess the effect that such an
assumption would have on the results, a subanalysis
was performed limiting exercise restriction to patients
<30 years of age. The results were not substantially
different.

The psychological impact of a diagnosis of AAOCA can
be significant on a patient and the family. The model did not
account for self-imposed limitations in exercise activity or
the mere effects of an AAOCA diagnosis on quality of
life. It could be hypothesized that taking these factors into
account could make someone favor surgical intervention
over observation. The effect of partial exercise restriction
(allowing patients to exercise but not to participate in
competitive sports) on mortality was also not analyzed.
Most notably, because of the lack of appropriate data, the
model does not have the necessary granularity to define
the best management strategy for patients with different
subtypes and anatomic characteristics of ALCA or ARCA.

Despite these limitations, however, we believe that this
first attempt at using decision analysis modeling for
AAOCA provides valuable information that can inform
the decision by the clinician and the patient regarding the
optimal management strategy for a given situation and
contribute to the discussion regarding the best management
of these patients. Ongoing population-based studies and
multi-institutional registries such as the AAOCA registry
by the Congenital Heart Surgeons’ Society35 may eventu-
ally provide the critically needed data to accurately estimate
gery c November 2016
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the risk based on specific variables, and improve modeling
of uncertainties and probabilities, which will in turn lead to
more informed management decisions for these patients.

Conflict of Interest Statement
Authors have nothing to disclose with regard to commercial
support.

References
1. Maron BJ, Doerer JJ, Haas TS, Tierney DM, Mueller FO. Sudden deaths in

young competitive athletes: analysis of 1866 deaths in the United States,

1980-2006. Circulation. 2009;119:1085-92.

2. Cheitlin MD, MacGregor J. Congenital anomalies of coronary arteries: role in

the pathogenesis of sudden cardiac death. Herz. 2009;34:268-79.

3. Alexander RW, Griffith GC. Anomalies of the coronary arteries and their clinical

significance. Circulation. 1956;14:800-5.

4. Davis JA, Cecchin F, Jones TK, Portman MA. Major coronary artery anomalies

in a pediatric population: incidence and clinical importance. J Am Coll Cardiol.

2001;37:593-7.

5. Zeppilli P, dello Russo A, Santini C, Palmieri V, Natale L, Giordano A, et al.

In vivo detection of coronary artery anomalies in asymptomatic athletes by

echocardiographic screening. Chest. 1998;114:89-93.

6. Krasuski RA, Magyar D, Hart S, Kalahasti V, Lorber R, Hobbs R, et al.

Long-term outcome and impact of surgery on adults with coronary arteries

originating from the opposite coronary cusp. Circulation. 2011;123:154-62.

7. Angelini P, Shah NR, Uribe CE, Cheong BY, Lenge V, Lopez JA, et al. Novel

MRI-based screening protocol to identify adolescents at high risk of sudden

cardiac death. J Am Coll Cardiol. 2013;61:E1621.

8. Brothers J, Gaynor JW, Paridon S, Lorber R, Jacobs M. Anomalous aortic origin

of a coronary artery with an interarterial course: understanding current

management strategies in children and young adults. Pediatr Cardiol. 2009;30:

911-21.

9. Penalver JM, Mosca RS, Weitz D, Phoon CK. Anomalous aortic origin of

coronary arteries from the opposite sinus: a critical appraisal of risk. BMC

Cardiovasc Disord. 2012;12:83.

10. Warnes CA, Williams RG, Bashore TM, Child JS, Connolly HM, Dearani JA,

et al. ACC/AHA 2008 guidelines for the management of adults with congenital

heart disease: a report of the American College of Cardiology/American Heart

Association Task Force on Practice Guidelines (Writing Committee to Develop

Guidelines on the Management of Adults With Congenital Heart Disease).

Developed in Collaboration With the American Society of Echocardiography,

Heart Rhythm Society, International Society for Adult Congenital Heart Disease,

Society for Cardiovascular Angiography and Interventions, and Society of

Thoracic Surgeons. J Am Coll Cardiol. 2008;52:e143-263.

11. Eckart RE, Scoville SL, Campbell CL, Shry EA, Stajduhar KC, Potter RN, et al.

Sudden death in young adults: a 25-year review of autopsies in military recruits.

Ann Intern Med. 2004;141:829-34.

12. Basso C, Maron BJ, Corrado D, Thiene G. Clinical profile of congenital

coronary artery anomalies with origin from the wrong aortic sinus leading to

sudden death in young competitive athletes. J Am Coll Cardiol. 2000;35:

1493-501.

13. Taylor AJ, Byers JP, Cheitlin MD, Virmani R. Anomalous right or left coronary

artery from the contralateral coronary sinus: ‘‘high-risk’’ abnormalities in the

initial coronary artery course and heterogeneous clinical outcomes. Am Heart

J. 1997;133:428-35.

14. Taylor AJ, Rogan KM, Virmani R. Sudden cardiac death associated with isolated

congenital coronary artery anomalies. J Am Coll Cardiol. 1992;20:640-7.

15. Angelini P, Velasco JA, Ott D, Khoshnevis GR. Anomalous coronary artery

arising from the opposite sinus: descriptive features and pathophysiologic

mechanisms, as documented by intravascular ultrasonography. J Invasive

Cardiol. 2003;15:507-14.
The Journal of Thoracic and Car
16. Mery CM, Lawrence SM, Krishnamurthy R, Sexson-Tejtel SK, Carberry KE,

McKenzie ED, et al. Anomalous aortic origin of a coronary artery: toward a

standardized approach. Semin Thorac Cardiovasc Surg. 2014;26:110-22.

17. U.S. Department of Health and Human Services. 2008 Physical Activity

Guidelines for Americans. Washington, DC: US Department of Health and Hu-

man Services; 2008. Available at: http://www.health.gov/paguidelines. Accessed

February 19, 2016.

18. Woodcock J, Franco OH, Orsini N, Roberts I. Non-vigorous physical activity

and all-cause mortality: systematic review and meta-analysis of cohort studies.

Int J Epidemiol. 2011;40:121-38.

19. Fakhouri TH, Hughes JP, Brody DJ, Kit BK, Ogden CL. Physical activity and

screen-time viewing among elementary school-aged children in the United States

from 2009 to 2010. JAMA Pediatr. 2013;167:223-9.

20. Centers for Disease Control and Prevention. Physical activity levels among

children aged 9-13 years—United States, 2002. MMWR. 2003;52:785-8.

21. Zapata LB, Bryant CA, McDermott RJ, Hefelfinger JA. Dietary and physical

activity behaviors of middle school youth: the youth physical activity and

nutrition survey. J Sch Health. 2008;78:9-18; quiz 65-7.

22. Centers for Disease Control and Prevention. Youth risk behavior surveillance—

United States, 2011. MMWR. 2012;61:1-162.

23. National Center for Health Statistics. Health, United States, 2012: With Special

Feature on Emergency Care. Hyattsville, MD: National Center for Health

Statistics; 2013.

24. Arias E. United States Life Tables, 2006. Hyattsville, MD. Nat Vital Stat Rep.

2010;58:1-40.

25. Carroll AE, Downs SM. Improving decision analyses: parent preferences (utility

values) for pediatric health outcomes. J Pediatr. 2009;155:21-5. 5.e1-5.

26. Mittmann N, Trakas K, Risebrough N, Liu BA. Utility scores for chronic

conditions in a community-dwelling population. Pharmacoeconomics. 1999;

15:369-76.

27. Sullivan PW, Lawrence WF, Ghushchyan V. A national catalog of preference-

based scores for chronic conditions in the United States. Med Care. 2005;43:

736-49.

28. Fryback DG, Dasbach EJ, Klein R, Klein BE, Dorn N, Peterson K, et al. The

Beaver Dam Health Outcomes Study: initial catalog of health-state quality

factors. Med Decis Making. 1993;13:89-102.

29. Wheeler MT, Heidenreich PA, Froelicher VF, Hlatky MA, Ashley EA.

Cost-effectiveness of preparticipation screening for prevention of sudden cardiac

death in young athletes. Ann Intern Med. 2010;152:276-86.

30. Harmon KG, Asif IM, Klossner D, Drezner JA. Incidence of sudden cardiac death

in national collegiate athletic association athletes. Circulation. 2011;123:

1594-600.

31. Wen CP,Wai JP, Tsai MK, Yang YC, Cheng TY, LeeMC, et al. Minimum amount

of physical activity for reduced mortality and extended life expectancy: a

prospective cohort study. Lancet. 2011;378:1244-53.

32. Mainwaring RD, Reddy VM, Reinhartz O, Petrossian E, Punn R, Hanley FL.

Surgical repair of anomalous aortic origin of a coronary artery. Eur J

Cardiothorac Surg. 2014;46:20-6.

33. Goldman L, Sia ST, Cook EF, Rutherford JD, Weinstein MC. Costs and

effectiveness of routine therapy with long-term beta-adrenergic antagonists after

acute myocardial infarction. N Engl J Med. 1988;319:152-7.

34. Tsevat J,WeinsteinMC,Williams LW, Tosteson AN, Goldman L. Expected gains

in life expectancy from various coronary heart disease risk factor modifications.

Circulation. 1991;83:1194-201.

35. Brothers JA, Gaynor JW, Jacobs JP, Caldarone C, Jegatheeswaran A, Jacobs ML,

et al. The registry of anomalous aortic origin of the coronary artery of the

Congenital Heart Surgeons’ Society. Cardiol Young. 2010;20(suppl 3):50-8.
Key Words: anomalous aortic origin of a coronary artery,
coronary anomaly, coronary disease, decision analysis, ex-
ercise restriction, sudden cardiac death, surgery
diovascular Surgery c Volume 152, Number 5 1375

http://refhub.elsevier.com/S0022-5223(16)31045-5/sref1
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref1
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref1
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref2
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref2
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref3
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref3
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref4
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref4
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref4
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref5
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref5
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref5
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref6
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref6
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref6
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref7
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref7
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref7
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref8
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref8
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref8
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref8
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref9
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref9
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref9
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref10
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref10
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref10
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref10
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref10
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref10
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref10
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref10
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref10
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref11
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref11
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref11
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref12
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref12
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref12
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref12
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref13
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref13
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref13
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref13
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref14
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref14
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref15
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref15
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref15
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref15
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref16
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref16
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref16
http://www.health.gov/paguidelines
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref18
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref18
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref18
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref19
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref19
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref19
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref20
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref20
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref21
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref21
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref21
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref22
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref22
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref23
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref23
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref23
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref24
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref24
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref25
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref25
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref26
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref26
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref26
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref27
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref27
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref27
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref28
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref28
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref28
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref29
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref29
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref29
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref30
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref30
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref30
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref31
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref31
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref31
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref32
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref32
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref32
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref33
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref33
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref33
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref34
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref34
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref34
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref35
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref35
http://refhub.elsevier.com/S0022-5223(16)31045-5/sref35


APPENDIX. CALCULATIONS TO DETERMINE
THE RISK OF SUDDEN CARDIAC DEATH (SCD)
The exact risk of SCD in anomalous aortic origin of a
coronary artery (AAOCA) is unknown. Therefore, the
transition probabilities used for the model were
extrapolated from the literature as follows.

On the basis of various prevalence studiesE1-E5 and
preliminary information from a cardiac magnetic
resonance imaging screening study involving middle-
school students by Angelini and colleagues,E6 the
prevalence of AAOCA in the general population was
assumed to be between 0.12% and 0.7%, with anomalous
right coronary artery from the left sinus of Valsalva
(ARCA) being approximately 6 times more common than
anomalous left coronary artery from the right sinus of
Valsalva (ALCA).

Eckart and colleaguesE7 analyzed all deaths that occurred
among 6.3 million military recruits undergoing basic
military training from 1997 to 2001. Of the 277 deaths
encountered, 21 were due to AAOCA, and all were from
ALCA. On the basis of a prevalence of ALCA of 0.12%,
one would assume that approximately 7,560 recruits were
ALCA carriers at the time of military training, which would
translate into a 0.27% mortality risk in recruits with
AAOCA during the 6 weeks of military training. If the
prevalence of AAOCA was 0.6%, then the mortality risk
would be 0.05% in recruits with AAOCA during the 6
weeks of training. If this risk would remain constant for
the entire year, if recruits were assumed to continue to
have the substrate for mortality fromAAOCA, and if people
were exposed to the same conditions of military training
throughout the year, then the annual mortality risk for
ALCA could be as high as 0.48% to 2.4%.

In a different study based on media reports, Maron and
colleaguesE8 estimated the incidence of SCD in athletes to
be 0.61 per 100,000 person-years, of which 17% were
caused by AAOCA. Among deaths from AAOCA, ALCA
was responsible for 4 times more deaths than ARCA. Using
a similar analysis to the one performed by Brothers and
colleaguesE9 and assuming a prevalence of AAOCA of
0.12%-0.7% and a prevalence ratio of ALCA to ARCA

of 1:6,E4,E10 the annual mortality would be calculated at
0.08%-0.5% for ALCA and 0.0035%-0.02% for
ARCA. However, in a different study by Harmon and
colleaguesE11 among National Collegiate Athletic Associa-
tion athletes, the risk of SCD was significantly greater
(1:43,770 participants per year). When similar calculations
are used, the annual risk of mortality from AAOCAwould
be as high as 0.26%-1.5% for ALCA and 0.011%-0.06%
for ARCA.

For the purpose of this study, conservative estimates with
a wide variability for sensitivity analyses were used. The
annual mortality risk used for the model and the range
used for sensitivity analyses were 0.35% (0.08%-0.9%)
for ALCA and 0.02% (0.0035%-0.06%) for ARCA.
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FIGURE E1. Effect of risk of sudden cardiac death and reduction in all-cause mortality by exercising according to guidelines on patients with anomalous

left coronary artery by age. These panels illustrate how varying the risk of sudden cardiac death (X-axis) and the effect of exercising according to guidelines

on all-cause mortality (Y-axis) have on life expectancy of patients with an anomalous left coronary artery. Each panel represents a different age group. The

colored areas on each panel represent the optimal strategy given that set of values. For patients 10 years of age, surgery is the preferred strategy unless

performing exercise according to guidelines is assumed to just have a minimal (<3%) effect on all-cause mortality, in which case exercise restriction

becomes the preferred strategy. For older patients, either surgery or observation is the preferred strategy (depending on assumed risk of sudden cardiac

death), unless exercise is assumed not to have a significant effect on all-cause mortality.
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FIGURE E2. Sensitivity analysis for quality-adjusted life expectancy for anomalous left coronary artery based on annual risk of sudden cardiac death, age

at presentation, and risk of developing perioperative complications. The Figure depicts the effect of annual risk of sudden cardiac death (X-axis), age at

presentation (Y-axis), and risk of perioperative complications on quality-adjusted life expectancy. Each colored curve represents a different value for

risk of developing perioperative complications. Observation is favored for the set of values that lie to the left and above the respective curve. Surgery is

the preferred strategy for values that lie to the right and below each curve.
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FIGURE E3. Sensitivity analysis for quality-adjusted life expectancy for anomalous left coronary artery based on annual risk of sudden cardiac death, age

at presentation, and the probability of long-term complications. This Figure assesses the effect of annual risk of sudden cardiac death (X-axis), age at

presentation (Y-axis), and the probability that the complications developed by the patient after surgery are long-term complications (instead of

short-term complications). The likelihood of developing perioperative complications after surgery was fixed at 10% for this analysis. The health utility

for long-term complications was assumed to be 0.85 (see text for details). Values to the left and above each curve favor observation while values to the right

and below the curve favor surgery.
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FIGURE E4. Sensitivity analysis for quality-adjusted life expectancy for anomalous left coronary artery based on annual risk of sudden cardiac death, age

at presentation, and quality of life after long-term complications. This Figure illustrates the effect of annual risk of sudden cardiac death (X-axis), age at

presentation (Y-axis), and quality of life for long-term complications, as assessed by health utility values. To perform this analysis, the health utility after

long-term complications was varied from 0.65 to 0.95 (a health utility of 1 is the equivalent of perfect health and a health utility of 0 is the equivalent of

death). The perioperative complication rate was fixed at 10% and 10% of all complications were assumed to be long-term complications. Values to the left

and above each particular curve favor observation while values to the right and below each curve favor surgery.

FIGURE E5. Sensitivity analysis for patients 10-30 years of age with anomalous left coronary artery if exercise restriction is applied only until 30 years of

age. These panels represent the optimal strategy based on life expectancy (left panel) and quality-adjusted life expectancy (right panel) while varying the

annual risk of sudden cardiac death and age at presentation for patients 10-30 years of age, if exercise restriction is only applied while patients are<30 years

old. Each colored area corresponds to the optimal strategy for the particular set of values. Based on life expectancy, exercise restriction is the optimal

strategy only for patients with the lowest annual mortality risk but the advantage disappears when taking into account quality of life.
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FIGURE E6. Effect of risk of sudden cardiac death and reduction in all-cause mortality by exercising according to guidelines on patients with anomalous

right coronary artery by age. These panels represent the optimal strategy based on life expectancy while varying the risk of sudden cardiac death (X-axis), the

effect of exercising according to guidelines on all-cause mortality (Y-axis), and age. Each panel represents a different age group from 10 to 40 years of age.

Each colored area corresponds to the optimal strategy based on that set of values. Observation is the dominant strategy for most scenarios. Surgery is the

optimal strategy for young patients if the risk of sudden cardiac death is assumed to be high. Exercise restriction is an optimal strategy only if exercise is

assumed not to have a significant effect on all-cause mortality (significantly below the predetermined range).

Mery et al Congenital: Anomalous Coronary

The Journal of Thoracic and Cardiovascular Surgery c Volume 152, Number 5 1375.e6

C
O
N
G



FIGURE E7. Effect of risk of sudden cardiac death, age at presentation, and perioperative mortality on quality-adjusted life expectancy for patients with

anomalous right coronary artery. This sensitivity analysis depicts the effect of risk of sudden cardiac death (X-axis), age at presentation (Y-axis), and

perioperative mortality on quality-adjusted life expectancy for patients with anomalous right coronary artery. Each colored curve represents a different value

of perioperative mortality. Values to the left and above the particular curve favor observation while values to the right and below the curve favor surgery.

Observation is the preferred strategy for all patients if perioperative mortality is assumed to be �0.5%.

FIGURE E8. Sensitivity analysis for patients 10-30 years of agewith anomalous right coronary artery if exercise restriction is applied only until 30 years of

age. These panels represent the optimal strategybasedon life expectancy (left panel) and quality-adjusted life expectancy (right panel) for patients 10-30years

old if exercise restriction is only applied while patients are<30 years of age. Each colored area corresponds to the optimal strategy for the particular set of

values. When analyzing life expectancy, exercise restriction was the optimal strategy for patients with a higher annual mortality risk, while observation

remained the optimal strategy for the rest of the patients.When taking into account quality of life, exercise restrictionwas not favored under any of the values,

while observation and surgery were optimal strategies depending on the set of values used for annual mortality risk and age at presentation.
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