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Background: Inclusion of 12-lead electrocardiography (ECG) in
preparticipation screening of young athletes is controversial because
of concerns about cost-effectiveness.

Objective: To evaluate the cost-effectiveness of ECG plus
cardiovascular-focused history and physical examination compared
with cardiovascular-focused history and physical examination alone
for preparticipation screening.

Design: Decision-analysis, cost-effectiveness model.

Data Sources: Published epidemiologic and preparticipation screen-
ing data, vital statistics, and other publicly available data.

Target Population: Competitive athletes in high school and college
aged 14 to 22 years.

Time Horizon: Lifetime.
Perspective: Societal.

Intervention: Nonparticipation in competitive athletic activity and
disease-specific treatment for identified athletes with heart disease.

Outcome Measure: Incremental health care cost per life-year
gained.

Results of Base-Case Analysis: Addition of ECG to preparticipa-
tion screening saves 2.06 life-years per 1000 athletes at an incre-

mental total cost of $89 per athlete and yields a cost-effectiveness
ratio of $42 900 per life-year saved (95% Cl, $21 200 to $71 300
per life-year saved) compared with cardiovascular-focused history
and physical examination alone. Compared with no screening, ECG
plus cardiovascular-focused history and physical examination saves
2.6 life-years per 1000 athletes screened and costs $199 per ath-
lete, yielding a cost-effectiveness ratio of $76 100 per life-year
saved ($62 400 to $130 000).

Results of Sensitivity Analysis: Results are sensitive to the relative
risk reduction associated with nonparticipation and the cost of initial
screening.

Limitations: Effectiveness data are derived from 1 major Euro-
pean study. Patterns of causes of sudden death may vary
among countries.

Conclusion: Screening young athletes with 12-lead ECG plus
cardiovascular-focused history and physical examination may be
cost-effective.
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oung athletes are the healthiest members of society, yet

more than 90 competitive young athletes die suddenly
and unexpectedly in the United States each year (1). Most
of these deaths are attributed to underlying structural heart
disease, including hypertrophic cardiomyopathy, anoma-
lous coronary artery anatomy, arrhythmogenic right ven-
tricular cardiomyopathy, and aortic aneurysm (1). Achletes
with intrinsic arrhythmic diseases, including the long QT,
Brugada, and Wolff-Parkinson—White syndromes, also
have an increased risk for sudden death.
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Although the risk for sudden cardiac death for the young
competitive-athlete population as a whole is low (2 per
100 000 persons per year) (1, 2), it is at least 2.5-fold higher
than that of the age-matched nonathlete population (3). The
risk for sudden cardiac death increases with increasing peak
intensity of exercise and increasing level of competition (4, 5).
The underlying autopsy-proven cardiac abnormality has been
appropriately diagnosed during life in only a small minority of
young athletes who have sudden cardiac death (6, 7). In ath-
letes with underlying but undiscovered heart disease, the risk
for sudden cardiac death may be more than 100-fold higher
than that of unaffected peers. Identification and appropriate
treatment for these high-risk persons may substandially reduce
their likelihood of dying suddenly (8, 9).

Ongoing debate (10, 11) surrounds the optimal ap-
proach to screening young competitive athletes for occult
cardiovascular disease to minimize sudden cardiac death.
Current strategies for screening U.S. high school and col-
lege student-athletes before competitive exercise follow the
recommendations of the 36th Bethesda Conference (12,
13), which refines previous suggestions for screening before
competitive exercise (14, 15). The Bethesda Conference
recommended screening with focused personal history,
family history, and physical examination tailored toward
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detection of cardiac abnormalities but did not explicitly
recommend routine use of 12-lead electrocardiography
(ECQ). In Italy, preparticipation screening is governed by
decree of the Italian Ministry of Health, which requires
physician-led screening with history, physical examination,
and ECG (16). In the 30 years since ECG screening was
introduced in Italy, longitudinal evidence from the Veneto
region of Italy has suggested an 89% absolute risk reduc-
tion in risk for sudden cardiac death in competitive ath-
letes, such that the total risk for sudden cardiac death in
screened athletes is now similar to that in contemporary,
age-matched nonathletes (9). The success of the Italian
approach has led the European Society of Cardiology to
adopt a common European protocol, including ECG as
the centerpiece of cardiovascular screening (17), and the
International Olympic Committee to recommend ECG
screening for Olympic athletes (18).

The cost of adding ECG to the screening program has
been a central argument against its routine use (13). Expert
commentators have identified a formal cost-effectiveness
analysis as an urgent need (10, 11, 19). By contrast, the
cost of ECG screening was not discussed in a recent Amer-
ican Heart Association scientific statement (20) recom-
mending ECG screening for young patients with atten-
tion deficit hyperactivity disorder who were prescribed
stimulants (21). Previous cost analyses of screening ath-
letes with ECG have not fully accounted for the costs
and benefits of screening (6, 22, 23). We sought to
model the cost-effectiveness of including 12-lead ECG
as part of preparticipation cardiovascular screening for
young athletes.

METHODS
Design

We used a decision model (Figure 1) to project the
costs and survival rates for U.S. male and female athletes
participating in high school and college interscholastic ath-
letics who had a single cardiovascular preparticipation
screening evaluation to identify underlying cardiac diseases
predisposing to sudden cardiac death. The model evaluated
3 screening options: no screening; cardiovascular-focused
history and physical examination alone, as recommended
by the American Heart Association consensus panel (13);
and cardiovascular-focused history and physical examina-
ton plus 12-lead ECG with interpretation, as recom-
mended by the European Society of Cardiology Consensus
Panel (17). We adhered to recommendations for conduct
of cost-effectiveness analyses (24) by using a societal per-
spective on health care costs and benefits, following life-
time effects of interventions, and applying a 3% annual
discount rate. We did not include costs and benefits unre-
lated to cardiovascular health of the athletes screened in the
analysis.

www.annals.org

Context

Estimates suggest that about 1 in 220 000 young athletes
have sudden cardiac death each year. The European Soci-
ety of Cardiology and the International Olympic Commit-
tee recommend that preparticipation screening for sports
include electrocardiography; however, screening in the
United States typically does not include
electrocardiography.

Contribution

This analysis estimated that adding electrocardiography to
history and physical examination to screen athletes aged
14 to 22 years saves 2.06 life-years per 1000 athletes
screened at a cost of $42 000 per life-year saved com-
pared with screening with history and physical alone. The
addition of electrocardiography seemed to remain cost-
effective in a range of sensitivity analyses.

Caution

Analysis was based largely on 1 European study, and
patterns of cardiac disease differ geographically.

—The Editors

Decision Model

We assigned a cohort of patients to 1 of 4 branches on
the basis of results of preparticipation testing and actual
presence or absence of underlying cardiac disease. We
modeled preparticipation testing as an initial primary
screening test followed by a secondary testing step. We
modeled persons who we did not find to be at risk or who,
despite having a positive test result, did not continue on to
secondary testing, in the negative primary-testing group.
We divided persons in the negative-testing branch into
those without disease (true negative) and those with under-
lying (occult) cardiac disease, which put them at increased
risk for sudden cardiac death (false negative). Persons in
the positive-testing branch were subjected to secondary
testing, which was modeled to have comparatively high
sensitivity and specificity versus initial screening. If we
found that these persons had disease, we modeled them to
receive treatment (as necessary) and restricted them from
athletic activity, as appropriate (true positive). We assigned
persons who had a negative result on secondary testing to
either the true-negative (Figure 1, group C) or the false-
negative (Figure 1, group B) branch on the basis of under-
lying cardiac disease status. Each branch then used a
Markov process to model, on a yearly basis, the incidence
of death, including incident sudden cardiac death and in-
cident baseline risk for death (minus the baseline risk for
sudden cardiac death for nonathletes without heart disease)
by age (25); the cost of medical care; and the udility-
adjusted quality of life. In each subsequent year, a 0.1% or
1% annual rate of being reclassified to have disease during
the course of routine care occurred in the secondary testing
false-negative and screening false-negative groups, respec-
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Figure 1. Decision analysis model.
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CV = cardiovascular; ECG = 12-lead electrocardiography; H & P = history and physical examination; M = Markov node.

tively. These persons were subsequently assigned the risk
and cost characteristics of the true-positive branch. The
Markov process continued until the fraction of persons in
each branch alive reached 0, with all persons modeled to
die by age 100 years. After cessation of competitive athletic
activity, the annual excess sudden cardiac death mortality
risk in the false-negative group was decreased to 50% of
the excess mortality in persons identified with and treated
for heart disease, and risk in the true-negative group de-
creased to the baseline risk for nonathletes. After age 35
years, when the rate of sudden cardiac death due to ath-
erosclerotic coronary artery disease is substantially larger
than the risk for sudden death due to other causes in the
screened population as a whole, the risk for death for all
groups is modeled to be equivalent.

Prevalence and Rates of Sudden Cardiac Death

We calculated rates of sudden cardiac death in athletes
and nonathletes (Table 1) by using data from a study by
Corrado and colleagues (9) and applied them to the U.S.
population on the basis of derivation of expected preva-
lence of predisposing cardiac disease in the United States.
We generated baseline U.S. rates in parallel from the prod-
uct of incidence of sudden cardiac death in athletes (1) and
prevalence rates in the young for predisposing cardiac dis-
eases known to cause or predispose to sudden cardiac death

2782 March 2010 | Annals of Internal Medicine | Volume 152 ¢ Number 5

on the basis of the best available epidemiologic data
(Appendix Figures 1 and 2 and Appendix Table 1, avail-
able at www.annals.org). These rates were similar to the
rates derived from the study by Corrado and colleagues (9).
We derived high and low estimates of sudden cardiac death
incidence from alternative data sources suggesting varia-
tions in prevalence of predisposing disease or incidence of
sudden cardiac death in athletes (Appendix Table 1). We
derived background annual mortality rates from U.S. vital
statistics data from 2004 (25).

Costs

We obtained baseline yearly medical costs from Na-
tional Center for Health Statistics data from 2004 (35).
We obtained clinical history and physical, ECG tracing
and interpretation, and secondary testing costs (Table 1)
from Medicare reimbursement schedules and the Con-
sumer Price Index, adjusted when appropriate to 2004
U.S. dollars (33, 34). Initial screening costs included esti-
mated indirect time and travel costs for screening. We
modeled best-case costs by assuming efficiencies of mass
screening (cost for ECG $5) in secondary analyses. Second-
ary testing costs were based on a second clinic visit, echo-
cardiography, and exercise test or Holter monitor as aver-
age secondary testing guided by expected prevalence of
underlying diseases (Appendix Table 1). A disease-specific

www.annals.org
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approach to determining secondary testing methods, in- fectiveness of preparticipation screening in Italy (9).
cluding cardiac magnetic resonance imaging or commer- The effect of treatment or nonparticipation, expressed
cially available genetic testing, when appropriate in a as the ratio of the risk for sudden cardiac death for a
minority of athletes undergoing secondary screening, competitive athlete with occult heart disease versus the
generated a similar mean value. We estimated initial treat- risk for sudden cardiac death for athletes identified with
ment and follow-up above yearly baseline costs on the basis heart disease and treated appropriately, varied widely.
of expected rates of utilization for athletes who had a pos- We calculated the baseline risk reduction directly from
itive screening result on initial or secondary testing, and we the findings of Corrado and colleagues (9) and modified
used wide estimates for high and low ranges because of the the risk reduction to account for expected differences in
uncertainty inherent in these estimates. This estimate in- baseline prevalence of predisposing underlying disease in
cludes expected initial-year societal costs for cardiac surgery U.S. versus Italian athletes, including a lower expected
(848 000 per person) (36) for 1%, electrophysiology study prevalence of arrhythmogenic right ventricular cardio-
and ablation ($18 000 per person) (37) for 2%, and im- myopathy and an increased frequency of premature cor-

plantable cardioverter-defibrillator implantation ($28 000

onary artery disease (1). This ratio was varied from 1,
per person) (38) for 2% of the true-positive population.

reflecting no effect of screening-based discovery of dis-

Effectiveness of Treatment and Nonparticipation ease, to 23, calculated as the maximum literature-

We estimated baseline effectiveness of correct identifi- derived rate of sudden cardiac death in athletes divided
cation and treatment of athletes with occult heart disease by the minimum estimate of sudden cardiac death in
from a large published longitudinal study evaluating ef- nonathletes after identification.

Table 1. Costs, Effectiveness Assumptions, and Test Characteristics*

Variable Base Case Low Estimate Low CI for High CI for High Estimate
Simulation Simulation (Reference)
SCD risk per 100 000 person-years
Athlete with heart disease 174 (9) 38 (5) 150 200 335 (1)
Athlete with no heart disease 0.4 (9) 0.1 (5) 0.3 0.5 0.8t
Athlete disqualified with heart disease 28 (9) 9t 16 50 174t
Nonathlete with no heart disease 0.2 (9) 0.1t 0.18 0.22 0.8t
Heart disease prevalence 1.2 9) 0.3 (2) 1 1.4 251
Test characteristics
Sensitivity
H &P 15 (26) 3(7,27) 8 25 30 (28)
ECG + H & P 68 (9, 26) 37 (29) 50 73 75 (8)
Specificity
H &P 97 (9, 28) 73 (30) 92 98 98 (23, 26, 31)
ECG + H&P 95 (9, 32) 84 (29) 93 97 98 (26)
Costs, §
Screening
H &P 73 (33)% 0 55 84 231§
ECG 34 (33)% 5 30 58 3048
Evaluation
Cardiology visit 128 (33) 98 - - 275§
Echocardiography 253 (33) 171 - - 18258
Stress test 135 (33) 85 - - 5608
Cardiac MRI 1100 (33) 670 - - 2200
Holter monitor 380 (33) 110 - - 7408
Cardiac CT 5601 360 - - 1800
Total cost 580t 330 400 780 30008
Treatment for discovered heart disease
Cost (1st year) 50001|| 1000 4000 6000 15 000
Cost per year (annual) 350t 50 250 450 1200

CT = computed tomography; ECG = 12-lead electrocardiography; H & P = cardiovascular-focused history and physical examination; MRI = magnetic resonance imaging;
SCD = sudden cardiac death.

* Numbers in parentheses are references.

1 Author consensus estimates.

1 Medicare reimbursement cost of $61 + $12 indirect cost for H & P and Medicare reimbursement cost of $27 + $7 indirect cost for ECG.

§ Maximum estimates for costs of ECG, echocardiography, exercise testing, Holter monitor, and clinical facility use charges obtained by averaging charges from a random
sampling of 20 California hospitals’ chargemasters from 2007 (34).

H Averaged over a population who underwent secondary testing and was found to have positive results, above baseline medical cost; each identified individual is modeled to
have 2 additional clinic visits, additional echocardiography, stress testing, and Holter monitor and either MRI or CT (average $2500 per individual); electrophysiology study
and ablation, cardiac surgery, or implantable cardioverter-defibrillator implantation (total 5% of identified individuals; distributed average $1500 per individual); and
medications, counseling, other clinic visits, and second opinions ($1500 per individual).
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Table 2. Base-Case Analysis Comparing Methods of Cardiovascular Screening to Prevent SCD in Student-Athletes

Strategy Athletes Identified Athletes Cases of LYs Saved, LYs Saved, LYs Saved per  Total Incremental
Recommended at Increased Risk ~ SCD in undiscounted  discounted 1000 Athletes, Cost vs. Baseline,
for Secondary  for SCD, n Athletes, LYs Lyst discounted million $
Testing, n n* LYs

Cost-effectiveness assuming baseline of

no screening
No screening 0 0 1100 0§ 0§ 0 08§
H &P 117 000 6700 1010 5100 2060 0.56 410
ECG + H &P 213 000 30200 670 24 200 9700 2.62 736
Cost-effectiveness assuming baseline of
CV-focused H & P
ECG + H & P** 96 000 23 500 670 19 200 7630 2.06 327
ECG = 12-lead electrocardiography; H & P = cardiovascular-founded history and physical examination; ICER = incremental cost-effectiveness ratio; LY = life-year;

SCD = sudden cardiac death.

* Cumulative cases of SCD in athletes from age of screening to 35 years. Additional LYs are saved by treatment of discovered underlying heart disease.

T Discount rate of 3% per annum applied to LYs and costs.
¥ Probabilistic sensitivity analysis—based 95% CI.

§ Average remaining life expectancy is 61.89 years; the average remaining discounted life expectancy is 27.3 years, and the total discounted lifetime medical cost for the

screened population is $388 billion.

9l Weak dominance occurs when a strategy is less costly and less effective and has a higher ICER than a more expensive strategy.

** Assuming that H & P—based screening is included in baseline medical care.

Test Characteristics

We used the findings from 2 studies (9, 26) to derive
the test characteristics of cardiovascular-focused history
and physical examination (Table 1). History and physical
examination characteristics may be substantially more or
less sensitive (3% to 30%) and specific (73% to 98%) on
the basis of the thresholds used to determine a positive test
result (27, 28, 30, 39). We modeled ECG test characteris-
tics on the basis of findings from longitudinal studies of
competitive athletes in Italy (8, 9, 40). Baseline test char-
acteristics are similar to those found in screening of sec-
ondary school-aged student-athletes in Nevada or England
(26, 27) but have higher specificity than when ECG testing
is applied to elite athletes or African-American athletes
(41-46). Interpretation of ECG was assumed to follow
European consensus document guidance with modifica-
tions, which recommends secondary testing only with dis-
tinctly abnormal ECG findings, including prolonged QT,
bundle-branch block, deep ST-segment depression and
T-wave inversion, and arrhythmias and excluding voltage
criteria for left ventricular hypertrophy and prolonged PR
interval (44, 47, 48). We evaluated a range of assumptions
for the test characteristics of history and physical and ECG
to account for substantial variability in the reported sensi-
tivity and specificity of screening tests for undiagnosed car-
diac disease in athletes.
Utilities

We used Health Utilities Index-Mark 3 scores (Ap-
pendix Table 1) derived from a cross-sectional population
sample (49) for adolescents of normal health (0.94) in
whom heart disease was discovered (0.89) in secondary
analyses. We assumed that utility scores for athletes who
were disqualified from competition were equivalent to
those for adolescents with heart disease in the first year. We

2802 March 2010 | Annals of Internal Medicine | Volume 152 ¢ Number 5

discounted the decrement in udility linearly over 4 years
from diagnosis; all patients had equivalent utility scores
from 5 years onward after receiving a diagnosis. Regardless
of secondary testing results, we ascribed athletes with a
positive initial screening result a 5% decrement in quality
of life lasting 1 week versus adolescents with normal health.

Sensitivity Analyses

We did sensitivity analyses to account for uncertainty
in model assumptions and to address variability in pub-
lished clinical data. We did univariate sensitivity analyses
over low and high absolute estimates and low and high
estimates of the expected population median (Table 1 and
Appendix Table 1). We varied risk ratios and test charac-
teristics over the ranges derived from the screening litera-
ture. We did Monte Carlo simulations, varying each input
over a distribution with the base case as the median and the
low and high estimates of the median representing the
95% CI limits of two 1-sided normal distributions, with
values limited to positive numbers (or values from 0 to 1
for utilities or test characteristics) to evaluate the overall
CIs of the model. We chose a random value from within
this distribution for each variable, and we chose variables
that were interdependent together.

Role of the Funding Source

The Breetwor Foundation and the Stanford Cardio-
vascular Institute funded this study. Dr. Wheeler was sup-
ported by a U.S. Public Health Service training grant from
the National Heart, Lung, and Blood Institute, National
Institutes of Health. The funding sources had no role in
the design and conduct of the study; in the collection,
analysis, and interpretation of the data; in the reporting,
preparation, or review of the manuscript; or in the decision
to submit the manuscript for publication.
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Table 2—Continued

Incremental Cost ICER, 95% CI, ICER, discounted
per Athlete discounted $/LY $/LY saved
Screened, saved+
discounted $
0 - -

111 153 000412 000 Weakly dominatedq|
199 62 400-130 000 76 100

89 21200-71 300 42 100

REsuLTS

Validation of the Model

The base-case model compared outcomes for all U.S.
student-athletes undergoing 3 cardiovascular screening op-
tions from age 16 years. Not screening athletes led to an
average remaining life expectancy of 61.9 years in those
without underlying cardiac disease and 60.8 years in those
with underlying heart disease (27.3 years and 26.9 years on
a discounted basis, respectively). In addition, because ath-
letes with underlying heart disease have a risk for subse-
quent discovery of their condition through routine medical
care, development of symptoms, or aborted sudden cardiac
arrest, they have higher medical costs ($329 000 vs.
$310 000 per person or $114 000 vs. $105 000 per person
in current costs on a discounted basis). The total number
of sudden deaths in young athletes in the model over 8
years of increased risk due to athletic activity averages 89
per year, with a risk for sudden death of 2.4 per 100 000
athletes per year. These numbers closely approximate
the average of 90 nontraumatic sudden cardiac deaths in
young, competitive athletes per year in the United
States (1).

Evaluation of Screening Methods Versus No Screening

Screening with cardiovascular-focused history and
physical saved 0.56 life-year per 1000 athletes compared
with no screening (Table 2). The per-athlete incremental
cost of history and physical versus no screening was $133
or $111 on a discounted basis. We screened 3.7 million
competitive athletes in high-risk activity (Appendix Table
1); we recommended an additional 117 000 athletes for
secondary testing and identified 6600 athletes at increased
risk for sudden cardiac death. The total incremental cost
was $410 million, assuming an optimized, cardiovascular-
focused history and physical. The cost-effectiveness ratio
for history and physical versus no screening was $199 000
per life-year saved on a discounted basis ($301 000 per
quality-adjusted life-year [QALY] saved).

Screening with ECG and cardiovascular-focused his-
tory and physical saved an average of 2.6 life-years per
1000 athletes screened compared with no screening (Table

www.annals.org

2). We recommended an additional 213 000 athletes for
secondary testing, and we identified 30 200 athletes at in-
creased risk at a total incremental cost of $736 million.
The incremental cost of screening with ECG plus history
and physical compared with no screening was $199 per
athlete, including all secondary testing and treatment costs.
The cost-effectiveness ratio of ECG plus history and phys-
ical versus no screening was $76 100 per life-year saved.
With utility adjustments, this increased to $111 000 per
QALY saved.

Addition of ECG to History and Physical Examination
From a health economics standpoint, our analyses in-
dicate that the strategy of using history and physical exam-
ination to screen for sudden death should fall out of
consideration by weak dominance (50). However, perfor-
mance of a routine history and physical examination that
includes components of cardiovascular history and physical
examination may be considered part of the standard of
care, independent of cardiovascular screening effects in
young athletes. In this case, the history and physical exam-
ination and associated subsequent costs may be considered
part of the baseline medical costs of the health care system.
To assess this approach, we evaluated the incremental ad-
dition of 12-lead ECG to history and physical alone. Com-
parison of ECG plus history and physical examination to
cardiovascular-focused history and physical examination
alone saves 2.1 life-years per 1000 athletes screened at an
incremental cost of $88 per athlete. At a cost of $327
million, 96 000 additional athletes had secondary testing,
and we identified 23 500 athletes potentially at risk. The
incremental cost-effectiveness ratio of adding ECG plus
history and physical examination versus history and phys-

ical examination alone was $42 900 per life-year saved
($61 600 per QALY saved).

One-Way Sensitivity Analyses

The cost-effectiveness of screening was generally ro-
bust to changes of the input variables within ranges esti-
mated for the population mean (Figure 2). For each of the
cost and effectiveness inputs, variation within the ranges
used for probabilistic sensitivity analyses resulted in ECG
plus history and physical examination having an incremen-
tal cost-effectiveness ratio of $50 000 to $100 000 per
life-year saved compared with no screening and of
$25 000 to $60 000 per life-year saved compared with
cardiovascular-focused history and physical examination
alone. In comparison with history and physical examina-
tion alone, ECG plus history and physical examination
exceeded a cost-effectiveness ratio of $100 000 per life-year
saved with low rates of sudden cardiac death in athletes,
low population prevalence of disease, or low efficacy of
screening. Varying the age at screening from 12 to 22 years
had minimal effect on the cost-effectiveness of screening,
although age may materially affect the sensitivity and spec-
ificity of testing by ECG or history and physical examina-
tion. Changes in the estimated sensitivity and specificity of

2 March 2010 | Annals of Internal Medicine | Volume 152 ® Number 5 (281
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Figure 2. Univariate sensitivity analyses.

Base Case Inputs
SCD risk: athlete with disease 335* 200* 150* 38*
Risk ratio: athlete vs. DQ 23t 9.4t 4t 1.6t
Years of increased risk 15y 10y 5y 3y
Age at screening 12y 14y 18y 22y
Discount rate 0% 2.5% 4% 7%
Prevalence 2.5% 1.4% 1% 0.3%
ECG + H & P sens/spec 68%/95%% 73%/94%  50%/97% 75%/84%
ECG cost $5 $25 $65 $304
ECG + H & P cost $5 $85 $135 $535
Base H & P cost $0 $55 $84 $231
Secondary testing cost $330 $400 $780 $3000
Initial treatment cost (1st year) $1000 $4000 $6000 $15 000
Maintenance treatment cost (annual) $50 $250 $450 $1200
All costs
T T
$0 $100 000 $200 000
Incremental Cost-Effectiveness Ratio:
ECG + H & P vs. No Screening, discounted $/life-year saved
Base Case Inputs
SCD risk: athlete with disease —T 335* 200* 150* 38*
Risk ratio: athlete vs. DQ 23t 9.4t 4t 1.6t
Years of increased risk 15y 10y 5y 3y
Age at screening 12y 14y 18y 22y
Discount rate 0% 2.5% 4% 7%
Prevalence 2.5% 1.4% 1% 0.3%
ECG + H & P sens/spec 75%/84% 73%/93%  50%/97% 37%/98.5%
H & P sens/spec 30%73%8§ 25%/92% 8%/98%  3%/98.7%
ECG cost $5 $25 $65 $304
ECG + H & P/H & P cost $5/%0 $85/$60 $135/$80  $535/$231
H &P cost $0 $55 $84 $231
Secondary testing cost $330 $400 $780 $3000
Initial treatment cost (1st year) $1000 $4000 $6000 $15 000
Maintenance treatment cost (annual) $50 $250 $450 $1200
All costs
T T
$0 $100 000 $200 000

Incremental Cost-Effectiveness Ratio:
ECG + H & P vs. H & P alone, discounted $/life-year saved

The incremental cost-effectiveness ratios ICERs) of ECG + H & P versus no screening (t0p) and versus H & P alone (bottom) are shown as changed by
varying critical measurements through possible ranges. The base-case estimates (top [$76 100 per life-year saved] and bottom [$42 900 per life-year
saved]) are shown (vertical lines). The horizontal solid boxes represent the ICER resulting from inputting the described variable over the expected range
of the mean value (also used in probabilistic sensitivity analysis); the horizontal lines represent the ICER found using expected minimum and maximum
inputs, which may be applicable to certain specific subgroups or particular payers. The table shows the low-value input, the low-value input used for
probabilistic sensitivity analysis, the high-value input used for probabilistic sensitivity analysis, and the high-value input for each variable or combination
of variables. In the bottom panel, the ICER between ECG + H & P and H & P alone is dependent not on H & P cost but on the interpretation of
H & P results before ECG interpretation. “Risk ratio: athlete versus DQ” is the mortality risk reduction associated with disqualification and treatment
of athletes with underlying occult heart disease versus continued participation without diagnosis. “ECG cost” is cost of ECG greater than H & P cost.
All costs are all screening cost variables, including primary and secondary screening tests and initial and recurring screening-related treatment costs, input
into the model concurrently. DQ = disqualified; ECG = 12-lead electrocardiography; H & P = cardiovascular-focused history and physical examina-
tion; SCD = sudden cardiac death; sens/spec = sensitivity/specificity.

* Per 100 000 life-years.

T x-fold risk reduction.

¥ Base-case assumption.

§ ECG + H & P found to be both cost- and life-saving versus comparator.
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the combination of ECG plus history and physical exami-
nation resulted in comparatively small changes in the in-
cremental cost-effectiveness ratio.
Lower effectiveness of disqualification resulting from
identification of athletes with underlying cardiac disease
(risk reduction, 33% vs. 84%) increased the incremental
cost-effectiveness ratio to more than $188 000 per life-year
saved for ECG plus history and physical examination ver-
sus no screening. An intermediate but more modest 50%
sudden cardiac death risk reduction with treatment and
disqualification led to an incremental cost-effectiveness ra-
tio for ECG plus history and physical examination of
$119 000 versus no screening and $63 600 per life-year
saved versus history and physical examination alone. In the
base-case analysis, we used conservative estimates for the
change in sudden death risk in athletes with underlying
heart disease. In a sensitivity analysis (Appendix Table 2,
available at www.annals.org), we assumed a more substan-
tial increase in risk for death with time. This reduced the
incremental cost-effectiveness ratio of screening for ECG
plus history and physical examination to $28 000 per life-
year saved versus history and physical examination alone
and $46 000 per life-year saved versus no screening.
Some investigators have expressed concern about the
potentially prohibitive costs of initial and secondary test-
ing. Varying the incremental cost of ECG from $5 to $304
per athlete corresponds to an incremental cost-effectiveness
ratio of $28 900 to $174 000 per life-year saved for ECG
versus history and physical examination alone. An incre-
mental cost-effectiveness threshold for ECG screening of
$100 000 per life-year saved for history and physical exam-
ination alone corresponds to an incremental ECG cost over
history and physical examination of $151. Varying the cost
of secondary testing from $330 to $3000 per athlete who
had a positive test result on initial screening changes the
cost per life-year saved from $39 700 to $73 500 for ECG
plus history and physical examination versus history and

physical examination alone.

Probabilistic Analysis
A probabilistic analysis evaluating 10 000 iterations of

the model shows that addition of ECG was incrementally
life-saving in more than 99.8% of simulations versus his-
tory and physical examination alone (Figure 3 and Appen-
dix Table 3, available at www.annals.org). In 99.9% of
simulations, ECG plus cardiovascular-focused history and
physical examination was less than the $100 000 per life-
year saved cost-effectiveness threshold compared with
cardiovascular-focused history and physical examination
alone. Compared with no screening, ECG plus history and
physical examination costs less than $100 000 per life-year
saved in 79.9% of simulations. In contrast, history and
physical examination alone cost more than $100 000 per
life-year saved in all 10 000 simulations.

www.annals.org

Figure 3. Probabilistic sensitivity analysis.

d $/athlete

| Cost, di:

250

200

150

W H &P vs. no screening

® ECG + H &P vs. no screening
A ECG+H&PvVs.H&P

— $50 000/ life-years saved
$100 000/ life-years saved

50—

T T T 1
0.002 0.003 0.004 0.005

Incremental Gain in Life-Years, life-year saved/athlete screened

90

40

— H & P vs. no screening
------ ECG + H & P vs. no screening
----ECG+H&Pvs.H&P

Simulation-Based Probability That ICER Is Acceptable, %

T T T T T 1
100 000 150 000 200 000 250 000 300 000 350 000
Willingness to Pay, discounted $/life-year saved

ECG = 12-lead electrocardiography; H & P = cardiovascular-focused
history and physical examination; ICER = incremental cost-effectiveness
ratio.
Top. Scatterplot of simulation done for each of 3 base-case comparisons,
varying each input variable over the expected range of the population
median. In nearly all simulations, H & P is weakly dominated by ECG +
H & P because it is less costly, is less effective, and has a higher ICER.
The ICERSs can be measured by dividing the discounted life-years saved
by the incremental discounted cost. Reference lines for ICERs of
$50 000 per life-year saved and $100 000 per life-year saved are shown.
Dots below each of these lines represent simulations, with ICERs shown
below these willingness-to-pay thresholds. Bottom. Willingness-to-pay
curves for comparisons between ECG + H & Pand H & P, ECG + H &
P and no screening, and H & P and no screening. Proportion of simulations
plotted versus ICER for each of 3 base-case comparisons are shown. Simu-
lations that were not life-saving are included in the proportion of simulations
greater than $300 000 per life-year saved. The probability of preferring ECG
+ H & P over H & P alone is 68% at a willingness-to-pay threshold of
$50 000 per life-year saved and 99.9% at $100 000 per life-year saved.
ECG + H & P s cost-effective and life-saving in 0.2% of simulations versus
H & P alone. The probability of preferring ECG + H & P over no screen-
ing is 0% at a willingness-to-pay threshold of $50 000 per life-year and
79.9% at $100 000 per life-year. The probability of preferring H & P over

no screening is 0% at $100 000 per life-year.
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Cost-Effectiveness of Other Screening Methods

In exploratory analyses, we evaluated the cost-
effectiveness of screening by using assumptions for screen-
ing methods in several recent published sources (9, 13, 27,
44, 51, 52). We estimated screening test characteristics for
each method and estimated a screening cost for each
method (Appendix Table 4 and Appendix Figure 3, avail-
able at www.annals.org). These data confirm that the spec-
ificity of screening has a substantial effect on cost-
effectiveness. Comparing these data with base cases shows
that on the basis of cost per life-year saved, screening ath-
letes with ECG alone to detect cardiovascular disease may
be the preferred strategy, may cost less, and may detect
more at-risk individuals than history and physical exami-
nation alone. Univariate and probabilistic sensitivity anal-
yses (Appendix Figures 4 and 5, available at www.annals
.org) suggest that screening with highly specific ECG alone
may be less than societal willingness-to-pay thresholds in
nearly all cases.

Discussion

Preparticipation screening of student-athletes for car-
diovascular disease using a single, appropriately interpreted
ECG and cardiovascular-focused history and physical ex-
amination reduces sudden cardiac death and has an accept-
able cost-effectiveness ratio of $76 000 per life-year saved,
compared with a strategy of no screening. The addition of
ECG to the current recommended standard of history and
physical examination also reduces sudden death, with an
incremental cost-effectiveness ratio of $42 900 per life-
year. Screening athletes with cardiovascular-focused his-
tory and physical examination alone is unlikely to save
money (>$199 000 per life-year added) compared with a
strategy of no screening, mainly because of the strategy’s
relatively poor sensitivity and specificity in young athletes
(7, 26, 27, 30, 31, 53). Despite concerns about total cost,
the incremental life-years saved by including ECG are sig-
nificant. Of note, these results assume the use of a high
threshold for ECG positivity, which is critical to cost-
effective implementation of ECG plus screening with
cardiovascular-focused history and physical examination.
Organized mass screenings of young athletes may improve
the efficiency of cardiovascular screening and improve its
cost-effectiveness.

The epidemiology of sudden cardiac death in athletes
differs between the United States and Italy, with U.S. ath-
letes having hypertrophic cardiomyopathy more often and
arrhythmogenic right ventricular cardiomyopathy occur-
ring more in Italian athletes (1, 7-9, 40). Although these
differences may lead to lower efficacy of screening in the
U.S. context, no studies have definitively addressed this
question (8, 9, 32, 40). Data from our study, including
those modeling the effects of lower efficacy, should inform
the appropriateness of undertaking a trial of sufficient mag-
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nitude to determine the efficacy of screening U.S. student-
athletes.

Of importance, our data are based on a single screen-
ing per student-athlete engaged in interscholastic or inter-
collegiate high-risk sports rather than annual screening,
which is currently recommended by consensus documents
(13, 17). Exploratory analyses (Appendix Figures 6 and 7
and Appendix Table 5, available at www.annals.org) sug-
gest that annual screening of any kind, or extending screen-
ing to all middle school and high school students, is highly
unlikely to be cost-effective in reduction of sudden cardiac
death. In the case of extending screening to a wider popu-
lation of young people, a mixture of the strategies of no
screening and ECG with history and physical examination
will be the most economically optimal, given any system-
wide budget constraint. As with all screening strategies,
limiting screening to a higher-risk subgroup will lead to
difficult policy choices, and ethical concerns about inequal-
ity and preferential treatment will arise. Student-athletes
participating in interscholastic sports have been identified
as a high-risk subgroup (1-6). Male sex; African-American
ethnicity; and participation in football, basketball, or elite-
level or professional sports seem to be additional risk fac-
tors for athlete-associated sudden death (5, 44—46).

Screening has potentially substantial effects that ex-
tend beyond clearance for sports participation. Prepartici-
pation history and physical examination may have ad-
ditional benefits on injury reduction, general health
awareness, updating vaccination status, or modeling posi-
tive lifelong health care interactions in young persons.
These potential effects are not accounted for in the model.
In addition, the long-term effects of early diagnosis and
treatment of high-risk diseases, as well as common diseases,
such as hypertension and hyperlipidemia, are not well de-
scribed or easily evaluated. Risk factor reduction or early
treatment of such conditions as hypertension that do not
warrant exclusion from sports in the United States should
be weighed against the potential for harm associated with
disqualifying athletes at intermediate risk for sudden car-
diac death. In addition, the benefit of college athletic par-
ticipation in promoting lifelong physical activity is unam-
biguous (54).

The validity of utility measurements in young adults is
debated, as adolescent and parental preferences and risk
tolerance are often at odds (55, 56). Although we included
quality-of-life measures in our secondary analyses, studies
that inform personal, family, and community perspectives
on utility, with respect to participation, disqualification,
and sudden cardiac death in young athletes, are needed.
The effects of substantial decrements in utility caused by
positive primary screening or exclusion from athletic activity
and treatment of underlying cardiac disease could easily offset
any life-saving benefits with quality-of-life decrements.

Consensus panels developed current ECG criteria and
have been repeatedly shown to restrict secondary testing
from 2% to 9% of the screened population (17, 27, 40, 44,
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45). Although this is acceptable in cost-effectiveness terms,
improvements in specificity, as refinement of criteria over
time has shown (17, 27, 40, 44, 45), may be expected from
the application of digital processing techniques to large
databases of athlete ECG results to redefine the “normal”
athlete ECG. Use of less stringent criteria to determine
positive screening by ECG or history and physical exami-
nation or screening of selected populations (for example,
elite cyclists or professional basketball players) may result in
substantially more referrals for secondary testing (30, 31, 53).

In conclusion, we show that preparticipation screening
of young athletes with ECG plus cardiovascular-focused
history and physical examination is reasonable in cost and
is effective at saving lives. Screening with ECG can be
cost-effective compared with common benchmarks, such as
dialysis for patients with chronic kidney disease ($20 000
to $80 000 per QALY saved), or interventions, such as
public access to defibrillation ($55 000 to $162 000 per
QALY saved) or implantable cardioverter-defibrillator im-
plantation ($34 000 to $70 000 per QALY saved), for pre-
vention of sudden cardiac death (37, 57-59). Dedicated
cardiovascular screening with history and physical exami-
nation is substantially more costly and marginally more
effective than no screening. Sensitivity analyses show that
in nearly all cases, screening with ECG plus cardiovascular-
focused history and physical examination is the preferred
strategy.
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Appendix Figure 1. Characteristics of the unscreened student-athlete population.
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Student-athletes who harbor cardiac abnormalities have a potential increased risk for sudden cardiac death. The shaded bars represent the athletes
expected to have underlying cardiac abnormalities participating in at-risk athletic activities. An estimate of the total number of student-athletes in at-risk
activities is 3.7 million. Mitral valve prolapse and left ventricular hypertrophy do not carry similar risk for early death compared with other findings in

the population.
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Appendix Figure 2. Expected prevalence and risk for sudden cardiac death per year in young athletes.
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ARVC = arthythmogenic right ventricular cardiomyopathy; CAD = coronary artery disease. Top. Expected frequencies of student-athletes who harbor
underlying cardiac abnormalities were calculated from figures for total student-athlete participants and prevalence of cardiac abnormalities in samples of
adolescent and young adult populations (sce Appendix Table 1 for references). The number of athletes at risk was then divided by the number of athletes
found to have sudden cardiac death in registry data (13) to generate an estimated yearly risk for sudden cardiac death by underlying diagnosis. Bottom.
Many athletes who harbor potential causes of sudden cardiac death have comparatively low risk versus others. Sudden deaths in the left ventricular
hypertrophy group are assumed to be due to subclinical forms of hypertrophic cardiomyopathy; those from mitral valve prolapse may be due to

mechanical or arrhythmic causes.
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Appendix Table 1. Model Baseline Cost, Utility, and Disease Prevalence Assumptions*

Variable

Baseline medical cost per year by age, $
617y
18-44 y
45-64 y
=65y

Utilities
Athlete
Secondary screening at 1y
Nonathlete
Heart disease (newly diagnosed)
Heart disease (4 y onward after diagnosis)
False negative (disease not discovered)

Test characteristics of ECG alone
Sensitivity, %
Specificity, %
Cost, §

Miscellaneous
Maximum life span, y
Age at screening, y
Years of extra risk
Annual discount rate
Annual probability of heart disease discovery in
primary testing false-negative group
Athletes screened, n||

Prevalence, %
Hypertrophic cardiomyopathy
Anomalous coronary anatomy
Left ventricular hypertrophy
Myocarditis
Aortic aneurysm

Arrhythmogenic right ventricular cardiomyopathy

Premature coronary artery disease
Dilated cardiomyopathy

Mitral stenosis

Long QT syndrome

Mitral valve prolapse

The Brugada syndrome

The Wolff-Parkinson-White syndrome
Pulmonary arterial hypertension
The Marfan syndrome
Coarctation

Bicuspid aortic valve

Base Case
(Reference)

1285 (35)
2631 (35)
5224 (35)
8906 (35)

0.94 (49)
0.939t
0.94t

0.89 (49)
0.94t
0.94t

40
98
34

100t

16t

8t

0.03 (60)
0.011§

3 700 0001

0.2 (61)

0.2 (64)

1.7 (67)
0.05 (68)

0.01*
0.02 (69)

0.1 (70)
0.05 (71)
0.06 (73)
0.02 (74)

1.3 (30)
0.06 (75, 76)

0.2 (79, 80)

0.0003 (81)
0.02 (83)
0.025 (85)
0.25 (73)

Low Estimate
(Reference)

1000
2200
4400
7800

0.87
0.87
0.87
0.76
0.76
0.90

10 (27)
61.5 (27)%
5

12
3
0.00
0.001

1 000 000

0.003 (62)
0.05 (65)
1
0.0015 (68)
0.005
0.01
0.005
0.003 (62)
0.03
0.01
0.34 (73)
0.02 (77)
0.05
0.0001 (82)
0.005 (84)
0.017 (86)
0.1

Low CI for
Simulation

1100
2500
5100
8500

0.93
0.929
0.93
0.85
0.93
0.93

25
95.2
25

14
5
0.025
0.008

2 000 000

High CI for
Simulation

1400
2800
5300
9500

0.95
0.949
0.95
0.93
0.95
0.95

45
98.8
65

18

10
0.04
0.012

5 000 000

High Estimate
(Reference)

1600
3000
6000
10 000

1.00
1.00
1.00
1.00
1.00
1.00

65
99
304

22

15
0.07
0.075

20 000 000

0.3 (63)
1.3 (66)
8 (43)
0.1
0.13 (30)
0.05
5 (70)
0.2 (72)
0.1
0.06
5 (29)
0.6 (78)
0.4
0.003
0.03 (83)
0.04
0.5

ECG = 12-lead electrocardiography.
* Numbers in parentheses are references.
T Author consensus estimates.

¥ ECG alone using mildly abnormal ECG findings as positive initial screening (44).

§ Discase discovery when primary testing yields false-negative results in base case is 10-fold more frequent than in the secondary testing false-negative group because the latter
group will be less likely to have readily discoverable disease if disease is not demonstrated on secondary testing. However, a substantial proportion of individuals with
underlying disease in the primary testing false-negative group have disease easily discovered by echocardiography or other imaging technologies.
| Not included in probabilistic sensitivity analyses. Probability distributions for probabilistic sensitivity analyses were defined with the base case as the median input and the
low and high estimates of the median set as the 95% ClIs of two 1-sided normal distributions, with all values limited to positive numbers (or values of 0 to 1 for utilities and

test characteristics).

9l Based on the number of sports participants in high-risk sports divided by the average number of sports per athlete for high school and college athletes (5, 87, 88).
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Appendix Table 2. Cost-Effectiveness Ratios Using Relative Risk as Multipliers of the Baseline Risk for Death*

Screening Method  Athletes Identified Cases of Life-Years Life-Years Total Discounted  ICER Compared  ICER Compared  Quality-Adjusted
Recommended Athletes at SCD in Saved, Saved per Incremental Cost per With No with Next Least ICER, discounted
for Secondary Increased Athletes, discounted 1000 Costvs. No  Athlete, $ Screening, Expensive $/QALY saved
Testing, n Risk for n* life-years Athletes, Screening, $/life-y Nondominated

SCD, n discounted  discounted saved Strategy,
life-years millions $ $/life-year
saved

No screening = = 1070 = = = = = Least expensive =

ECG alone 73 100 17 700 818 10 200 2.8 328 89 32200 32200 40 300

H&P 110 000 6700 980 3730 1 422 114 113 000 Dominated Dominated

ECG + H &P 180 000 30200 650 17 250 1.90 794 215 46 000 65 500 83 600

ECG = 12-lead electrocardiography; H & P = cardiovascular-focused history and physical examination; HR = hazard ratio; ICER = incremental cost-effectiveness ratio;
QALY = quality-adjusted life-year; SCD = sudden cardiac death.

* In the base case, conservative estimates were used for the propagation of risk associated with underlying heart disease discovered through screening, by reducing the risk for
death to that of the background population after age 35 years. In this sensitivity analysis, the ratio of the risk for death due to underlying heart disease to without underlying
heart disease as a multiplier compared with the baseline, actuarial yearly risk for death. In this analysis, as participants with underlying heart disease age in the model, their
risk for SCD becomes substantially larger than that of unaffected contemporaries or that of persons in the base-case model.

The multiplicative model assumes that having underlying heart disease increases the relative risk for death above baseline throughout the individual’s lifetime. HRs were
multiplied by the baseline actuarial rate of death at each age until age 99 years for individuals without heart disease (HR, 0.997), with undiscovered heart disease (HR, 1.61),
and with discovered heart disease (HR, 1.30). These ratios are derived from the ratio of the risk for SCD in nonathletes with occult cardiovascular abnormalities or diagnosed
cardiovascular disease (9) to the incidence of any cause of death at age 24 years (89) (at completion of competitive athletic activity for most individuals). The average life
expectancy for athletes with heart disease in this model is age 56.8 years from the time of screening versus age 61.93 years for those without underlying heart disease.

Appendix Table 3. Probabilistic Sensitivity Analysis

Baseline Comparator Simulation 95% Cl, Simulation 95% Cl, Mean Total Mean Simulation Simulation (95% Cl),  Median Simulation (95% Cl),
Variable Comparator or Comparat: Inci tal (Median), ICER, ICER, $/life-year Simulation, ICER, ICER, $/QALY*
False-Positive Test  True-Positive Test Cost per $/life-year saved saved* $/QALYt
Results, n* Results, n* 10 000
Simulations,
million $
No screening  ECG 44 300-172 000 10 800-21 500 319 65 100 (62 100) 43 900-102 100 94 600 24 400; dominated$
No screening H & P 74 400-290 100 3500-11 300 433 241000 (223 000) 153 000-412 000 381 000 85 300 QALY; dominated$
No screening ECG + H & P 112 000-255 000 21 400-35 700 733 87 600 (84 700) 62 400-130 000 130 000 58 800 QALY; dominated+
H&P ECG 44 300-172 000 10 800-21 500 Cost-saving§  Cost-effective and ~ Cost-effective and Cost-effective and  Cost-effective and QALY
life-saving life-saving: 1520 QALY saving saving; dominated+
H&P ECG + H&P 112 000-255 000 21 400-35 700 302 45 700 (45 200) 21 200-71 300 66 200 15 300; dominated#
ECG ECG + H &P 112 000-255 000 21 400-35 700 414 122 000 (117 000) 79 600-233 200 190 000 44 200; dominated$

ECG = 12-lead electrocardiography; H & P = cardiovascular-focused history and physical examination; ICER = incremental cost-effectiveness ratio; QALY = quality-
adjusted life-year.

* Simulations were run as pairwise comparisons, ignoring dominance and weak dominance.

T Simulation median given as mean was not meaningful because of proportion of QALY costing simulations.

¥ Because of the significant effect of changes in utilities varied over the estimated range, ICERs for each method were dominated versus all strategies with a decrease in QALY
in a substantial fraction of simulations. Comparator was found to result in net negative QALY for screening in 24% of simulations (ECG alone vs. no screening), 28%
of simulations (H & P vs. no screening), 21% of simulations (ECG alone vs. H & P), 25% of simulations (ECG + H & P vs. ECG alone), 25% of simulations (ECG +
H & P vs. no screening), and 23% of simulations (ECG + H & P vs. H & P).

§ Screening with ECG versus H & P alone saves $115 million.
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Appendix Figure 3. Cost-effectiveness of screening athletes to prevent sudden cardiac death.
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Data reported with each symbol are the estimated sensitivity and specificity, as well as criteria (reference). Evaluation of different screening methods and
test characteristics derived from the athlete-screening literature. Test methods and reported test results were used as inputs in the model and compared
with a strategy of no screening. The discounted incremental life-years gained per 1000 athletes screened are plotted against the cost per athlete screened
for each method. The incremental cost-effectiveness ratio, screening method, and threshold for a positive test result are shown together with the reference
from which test characteristic estimates were derived. Because of significant heterogeneity between the populations studied and methods used in the
studies compared, the test characteristics derived from each study may not be entirely applicable to the screened population described for the base case.
In addition, the methods of FH, H, and H & P are not uniform across the studies referenced. References from which input estimates have been derived
are shown in parentheses. Details of incremental cost-effectiveness ratio versus no screening for each study and comparison with a baseline of H & P for
those including history can be found in Appendix Table 4. Estimated test sensitivity and specificity for each graphed incremental cost-effectiveness ratio
is shown and is derived from references in parentheses. Incremental cost-cffectiveness ratios versus no screening and test sensitivity and specificity are as
follows: cost-effectiveness ratio, $51 400 (sensitivity 40%, specificity 98%), $63 400 (45%, 95.2%), $64 000 (25%, 98.8%), $76 100 (68%, 95%),
$78 800 (73%, 93.1%), $81 000 (55%, 89.7%), $81 600 (90%, 84.9%), $153 900 (25%, 97.5%), $174 000 (75%, 61.5%), $199 200 (15%, 97%),
$232 500 (34%, 84.7%), $264 000 (85%, 35%), and $275 000 (5%, 97.1%); life costing (5%, 70.1%). ECG = 12-lead electrocardiography; FH =
family history; H & P = cardiovascular-focused history and physical examination; LVH = left ventricular hypertrophy.
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Appendix Figure 4. Univariate sensitivity analyses for ECG strategies.

Base Case Inputs
SCD risk: athlete with disease 335* 200* 150* 38*
Risk ratio: athlete vs. DQ 23t 9.41 4t 1.61
Years of increased risk 15y 10y 5y 3y
Age at screening 122y 14y 18y 22y
Discount rate 0% 2.5% 4% 7%
Prevalence 2.5% 1.4% 1% 0.3%
ECG alone sens/spec 40%/98%% 45%/95.2% 25%/98.8% 65%/61.5%
ECG cost $5 $25 $65 $304
Secondary testing cost $330 $400 $780 $3000
Initial treatment cost $1000 $4000 $6000 $15 000
Maintenance treatment cost $50 $250 $450 $1200
All costs
T T
$0 $100 000 $200 000
Incremental Cost-Effectiveness Ratio:
ECG Alone vs. No Screening, discounted $/life-year saved
Base Case Inputs
— .
SCD risk: athlete with disease 335* 200* 150* 38*
Risk ratio: athlete vs. DQ 23t 9.41 4t 1.6t
Years of increased risk 15y 10y 5y 3y
Age at screening 122y 14y 18y 22y
Discount rate 0% 2.5% 4% 7%
Prevalence 2.5% 1.4% 1% 0.3%
ECG + H & P sens/spec 68%/95% 73%/93%  75%/84% 50%/97%
ECG alone sens/spec 10%/99%  25%/98.8% 45%/95.2% 40%/98%
ECG + H & P cost $5 $85 $135 $535
Base H & P cost $0 $55 $84 $231
Secondary testing cost $330 $400 $780 $3000
Initial treatment cost (1st year) $1000 $4000 $6000 $15 000
Maintenance treatment cost (annual) $50 $250 $450 $1200
All costs ; , .
$0 $100 000 $200 000 $300 000

Incremental Cost-Effectiveness Ratio:
ECG + H & P vs. ECG alone, discounted $/life-year saved

The incremental cost-effectiveness ratios (ICERs) of ECG alone versus no screening (z9p) and versus ECG + H & P (bottom) are shown. The ECG +
H & P versus ECG alone strategies were compared by varying critical measurements through possible ranges. The comparison of ECG alone versus
H & P alone is not shown because the ECG alone strategy is dominant (costs less and is more effective) in all cases except when ECG specificity is low,
the cost of ECG is more than $65, and the cost of H & P is less than $42. Vertical lines show the base-case estimates. Horizontal solid boxes represent
the ICER resulting from inputting the described variable over the expected range of the mean value (also used in probabilistic sensitivity analysis).
Horizontal lines represent the ICER found using expected minimum and maximum inputs, which may be applicable to specific subgroups or particular
payers. The table shows low-value input, the low-value input used for probabilistic sensitivity analysis, the high-value input used for probabilistic
sensitivity analysis, and the high-value input for each variable or combination of variables. “Risk ratio: athlete vs. DQ” represents the ratio of risk
reduction associated with disqualification and treatment of athletes with underlying occult heart disease. DQ = disqualified; ECG = 12-lead electro-
cardiography; H & P = cardiovascular-focused history and physical examination; SCD = sudden cardiac death; sens/spec = sensitivity/specificity.

* Per 100 000 life-years.

T x-fold risk reduction.

¥ Base-case assumption.
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Appendix Figure 5. Probabilistic sensitivity analysis results
evaluating screening athletes using ECG alone versus other
screening methods.
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ECG = 12-lead electrocardiography; H & P = cardiovascular-focused
history and physical examination; ICER = incremental cost-effectiveness
ratio.

Top. Scatter plot of life-saving versus incremental increase in cost for
each of 10 000 Monte Carlo simulations randomly varying each variable
over estimated ranges (see Table 1 and Appendix Table 1 for inputs).
ECG alone has sensitivity of 40% and specificity of 98%, based on data
from Nora and colleagues (51) together with estimate of prevalence of
screened athletes potentially at risk (Appendix Table 1). Lines represent-
ing the willingness-to-pay threshold ICERs of $50 000 per life-year and
$100 000 per life-year are shown for comparison. Simulations with neg-
ative incremental cost are cost-saving versus the comparator. Average
values and Cls for incremental cost-effectiveness ratios based on proba-
bilistic simulations are shown in Appendix Table 3. Bottom. Cost-
effectiveness acceptability curve, showing the proportion of simulations
less than the ICER at given values in discounted dollars per discounted
life-years saved. The probability of preferring ECG alone to no screening
is 12.6% at a willingness-to-pay threshold of $50 000 per life-year and
97% at $100 000 per life-year. ECG alone is cost-effective and life-
saving in more than 93.6% of simulations vs. H & P alone and less than
$50 000 per life-year saved in more than 99.9% of simulations.
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Appendix Figure 6. Effect of repeated testing on screening
cost-effectiveness.

10000007 o EcG+H&P
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Incremental Cost-Effectiveness Ratio, discounted $/athlete saved

Because the primary analysis assumes a single episode of screening, yet
current recommendation statements advise yearly or biannual screening,
the effects of repeated screening for each methodology in terms of change
in cost-effectiveness were modeled. Yearly screening costs (screening test
plus secondary testing costs) are assumed to recur with each additional
year of screening, as an upper bound of cost of screening (see Appendix
Table 5 for more information). More conservative estimates about the
cost of repeated screening in reduction of repeated secondary testing
costs may lead to costs intermediate between those shown and the base-
case estimate. Efficacy was assumed to be independent of the number
of tests, although the veracity of this assumption is not well known.
Cardiovascular-focused ECG = 12-lead electrocardiography; H & P =
history and physical examination.
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Appendix Figure 7. Sensitivity analysis of cost-effectiveness
of screening as a function of total students and student-
athletes potentially at risk for sudden cardiac death.
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Assuming a constant number of athletic sudden cardiac deaths. ECG =
12-lead electrocardiography; H & P = cardiovascular-focused history
and physical examination.

Top. Sensitivity analysis examining total number of athletes at risk versus
cost-effectiveness ratio for ECG + H & P or H & P, compared with no
screening. The total number of sudden cardiac deaths in athletes was
assumed to be independent of the number screened for this analysis;
however, nonathletic death and background nonsudden cardiac death
remained constant on a per-individual basis for each risk group. A total
of 26 million students is the middle school- and high school-aged pop-
ulation in the United States (90). Ten million students is the estimated
total school-aged population participating in any sports. A total of 3.7
million students (base case) is the estimated high school- and college-
aged population participating in high-intensity, interscholastic and inter-
collegiate sports. Bottom. The sensitivity analysis examining the total
number of athletes at risk versus the incremental cost-effectiveness ratio
assuming underlying at-risk heart discase prevalence of 0.1%, with pro-
portionally higher yearly incidence of death in the high-risk subgroup,
modeled after the risk estimates in reference 13.
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