
Janet Lioy-Testimony 

Good morning, members of ............. 

I am here today on behalf of my son, myself and the CHOP YHW program to support and lend my 
steadfast commitment to the value of AEDs as life saving devices. 

Although I am an infant intensive care doctor at The Children's Hospital of Philadelphia, I have had 
recent personal experiences that have led me to take a leadership role in my community with AED 
awareness and usage. 

First was my involvement in my son's science project where we found that most coaches and parents 
were unaware of sudden cardiac arrest during youth sports. More frightening was that most people 
were not comfortable using an AED, nor did they know where they were located. This included my 
husband who is an active CYO coach in our school. 

Secondly and more alarming was the lack of interest I encountered when promoting changes to AEDs 
awareness and education in my own community both on the school level and sports organization 
level. 

As a motivated individual, I could not accept that and am now presenting AED education in front of 
our school board, CYO and youth baseball organizations in our town-Newtown, Bucks County, PA. I 
challenge anyone to tell me that spending money for an AED or  learning the simple steps to use an 
AED is not cost effective for any school in PA. 

This may never happen to you, but it happened to me on March 28th a t  2am when I was taking care of 
a sick patient infant a t  CHOP and he went into V Fibrillation right in front of me a t  The Hospital of 
The University of PA. 

[Will Show EKC Strip---- V. Fib- +Normal Sinus Rhythm]. 

I was able to put the AED mode on; it told me loudly that the rhythm was analyzed and "shock 
advised," so I turned it to a certain amount of energy, (joules), I shocked the patient and the 
VFibrillation turned instantly into normal heart rhythm. 

See strip. 

This is what happens with AED's when they are used properly. 

There is no reason not to have them in every school, every playing field and have every teacher, 
coach and even 6-8th graders trained in their usage. 

They are simple to use and are a small price to pay for saving a life. 

Just last week in Warrington, (two towns away from where live), a man collapsed a t  a basketball 
game in the gym of one of the middle schools: William Tennet High School. He was saved by an AED 
that someone was comfortable using. 

I have made copies of this chilling article for all to read. 
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Shocking rescue from clutches of 
death 

John Cochrane, the coach of his 13-year-old grandson Hunter's youth 
basketball team, suffered a heat attack March 7 in the last two minutes of a 
Warminster Basketball Association game at William Tennent High School. 
Warminster Fire Chief Mitch Shapiro, whose son was playing in the game, and 
two parents who are nurses, rushed onto the court and used an automated 
external defibrillator to revive Cochrane. Here John Cochrane (left) sits in the 
kitchen of his Northampton home with grandson Hunter Thorsen (right). - Steve 
Gengler / Staff Photo 

By: BILL DEVLIN 

Bucks County Courier Times 

Warminster, PA 

One minute, John Cochrane was coaching his grandson's basketball team on the brink of 
a championship; the next, someone in the crowd saved his life after a massive heart 

attack. 

For a man whose world momentarily turned black one sunny afternoon in a Warminster high 
school gym, John Cochrane surprisingly remembers quite a bit about the circumstances. 



After all, he was coaching his grandson, Hunter, 12, in the Warminster Basketball Association's 
championship game. "We had gotten to the finals the past few years but lost; this time we were 
up 28-23," said Cochrane, 62, a Northampton resident who owns an insurance agency in 
Warminster. With less than two minutes remaining in the March 7 contest, Cochrane called a 
timeout. 

And this is where Elaine Cochrane, John's wife, takes over the story. 

Elaine was in the stands at William Tennent High School with her daughter, Angela, and 
granddaughters, Sabina, 10, and Marissa, 8. 

"John was leaning down talking to one of his players and then he went to his knees and fell 
backwards," said Elaine. 

John Cochrane had suffered a massive heart attack. 

Elaine rushed down to the gym floor. She remembers the assistant coach yelling, "Call 91 I!" 

"There was a crowd around him and I heard someone telling people to move back so that they 
could listen to his heart beat," Elaine said. "I was hysterical." 

And now comes the Cochranes' favorite part of the story. 

It's the part where Warminster Fire Chref Mitch Shapiro enters the scene. 

Shapiro was at the game because his son, Alex, was on Cochrane's team. 

"I hear Mitch yelling, 'Take off his shirt!' " Elaine said. "He was holding the defibrillator in his 
hands. " 

Shapiro knew there was an Automated External Defibrillator in the hallway outside the gym. 

He grabbed the defrbr~llator, returned to the gym and saved the life of John Cochrane. 

"Mitch hrt me with that the defibrillator, and I remember looking up and seeing my wife's face, " 
said John. "She was crying and saying, 'Please don't let him die. ' " 

John Cochrane choked back tears as he remembered the scene. "Mitch saved my life. " 

Elaine Cochrane calls Shapiro "a guardian angel." Dr. Mauricio J. Garrido, Cochrane's heart 
surgeon at Abington Memorial Hospital, said Shapiro did a heck of a job with that AED. 

John Cochrane said that Garrido told him point blank, "If it wasn't for that man (Shapiro), you 
would be dead." 

"He called my type of heart attack 'the widow maker' and said I wouldn't have even made it to the 
ambulance if there had been no defibrillator available," said Cochrane. 

Doctors found that that there was a 95 percent blockage in Cochrane's left main artery. He 
underwent bypass surgery. 
The week before the championship game, Cochrane had made an appointment to see a 
cardiologist at Doylestown Hospital because he was experiencing a pain that he suspected was 
heart-related. His heart attack occurred three days before the appointment. 



Cochrane was in the hospital for five days. Just before he left, Garrido asked for Mitch Shapiro's 
phone number. 

"I was somewhat surprised," said Cochrane. "I don't think I was out of the hospital 20 minutes and 
he was on the phone to Mitch." 

Shapiro remains low key about his role that day in March. It's the badge of man who has served 
as a volunteer firefighter for nearly three decades. 

"There were others who helped," he said. "Some of the players' moms were nurses, and they 
also rushed onto the floor." 

Shapiro remembers Garrido's call. The surgeon told him he had put the defibrillator in just the 
r~ght spot and just in time. 

A Japanese research team's study published March 17 in the New England Journal of Medicine 
found that survival rates more than doubled among people who received a shock from an AED. 

Researchers looked at more than 300,000 adults who suffered cardiac arrest outside of the 
hospital. The three-year study started in 2005, shortly after Japan made it legal for any citizen to 
use an AED, and public AEDs became more readily available. 

According to the findings released on the New England Journal of Medicine's Web site, of the 
12,63 1 people in the database who suffered a cardiac arrest in front of witnesses, 14 percent 
survived and had minimal brain damage one month later. 

But among the 4 percent of victims who received an AED shock from a bystander, 32 percent 
survived with little to no brain damage. 

John Cochrane expects to be coaching his grandson Hunter's team again next year. After all, his 
team has to defend its crown. Because the game was never finished, they were declared co- 
champions this season. 

The Cochranes also now have a special tie with the people of the Warminster Basketball 
Association. 

There were more than 100 people in the Tennent gym that day, and Elaine Cochrane said 
everyone helped in some way. 

"We want to thank the people of Warminster for their help and concern," Elaine said. "John got so 
many cards and flowers. We were overwhelmed." 

Mitch Shapiro got a special "thank you." 

The Cochranes' son John, who works with his dad, changed the message on the sign outside 
their York Road insurance agency. 

It read, "God bless you, Mitch Shapiro." 
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Cardiovascular Screening in College Athletes With and Without 
Electrocardiography 
A Cross-sectional Study 
Aaron L. Baggish. MD; Adolph M. Hutter Jr.. MD; Francis Wang, MD; Kibar Yared, MD; Rory B. Weiner, MD; El i  Kupperman, BA; 
Michael H. Picard, MD; and Malissa J. Wood, MD 

Background: Although cardiovascular screening is recommended 2.2%). Screening with history and examination alone detected ab- 
for athletes before participating in sports, the role of 12-lead elec- normalities in 5 of these 11 athletes (sensitivity, 45.5% [95% CI, 
trocardiography (ECG) remains uncertain. To date, no prospective 16.8% to 76.2%]; specificity, 94.4% [CI, 92.0% to 96.2%1). Elec- 
data that compare screening with and without ECG have been trocardiography detected 5 additional participants with cardiac ab- 
available. normalities (for a total of 10 of 11 participants), thereby improving 

the overall sensitivity of screening t i  90.9% (CI, 58.7%-to 99.8%). 
Objective: To compare the performance of preparticipation screen- However, including ECc reduced the specificity of to 
ing limited to medical history and physical examination with a 82.7% (CI, 79,1 % to 86.0%) and was associated with a false- 
strategy that integrates these with ECC. positive rate of 16.9% (vs. 5.5% for screening with history and 
Design: Cross-sectional comparison of screening strategies. examination only). 

Setting: University Health Services, Harvard University, Cambridge, Limitation: Definitive conclusions regarding the effect of ECC 
Massachusetts. inclusion on sudden death rates cannot be made. 

Participants: 510 collegiate athletes who received cardiovascular Conclusion: Adding ECC to medical history and physical examina- 
screening before athletic participation. tion improves the overall sensitivity of preparticipation cardiovascu- 

lar screening in athletes. However, this strategy is associated with 
Measurements: Each participant had routine history and examination- an increased rate of false-positive results when current EcG inter- 
limited screening and ECG. They received transthoracic echocardi- pretation criteria are used, 
ography (lTE) to detect or exclude cardiac findings with relevance - . .  - 
to sports participation. The performance of screening with history Primary Funding Source: None. 
and examination only was compared with that of screening that 
integrated history, examination, and ECC. 

Results: Cardiac abnormalities with relevance to sports participation Ann intern Med. 2010;152:269-275. 
risk were observed on TTE in 11 of 510 participants (prevalence, For author affiliations, see end of text. 

0 ccult cardiovascular disease is the leading cause o f  
sudden death in young athletes (I).  Consequently, all 

major professional medical organizations recommend 
preparticipation screening o f  athletes for underlying car- 
diac abnormalities (2-4). Although the mandate to screen 
is universal, the guidelines that delineate screening recom- 
mendations are not  uniform. T h e  American College o f  
Cardiology and American Heart  Association recommend 
l i m i t i n g  screening to a focused medical history and 
physical examination, whereas the European Society o f  
Cardiology and  the International O l y m p i c  Commit tee 
advocate inc lud ing resting 12-lead electrocardiography 
(ECG). T h i s  important  difference has generated consid- 
erable debate (5-7). 

Outcomes f rom a multidecade Ital ian national study 
(8) demonstrate the positive effect o f  preparticipation 
screening and suggest an important  role for ECG. Al- 
though these observational data have important limitations 
(9), t i ey  underscore the need for furthe;study o f  proposed 
screening strategies (10-12). Data that define the perfor- 
mance o f  screening practices in the Uni ted States are 
sparse, and n o  studies have compared athlete screening by  
medical history and physical examination only w i th  a strat- 
egy that includes ECG. For this reason, we examined the 

performance o f  preparticipation screening w i th  history and 
examination only and compared i t  w i t h  an ECG-inclusive 
strategy i n  a large cohort o f  U.S. university athletes. 

METHODS 
Study Design 

W e  conducted this study over 3 consecutive years 
(2006 to  2008). Athletes were eligible t o  participate if they 
were 18 years or  older and were newly matriculated Har- 
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Con text 

Estimates suggest that about 1 in 220 000 young athletes 
experience sudden cardiac death each year. The European 
Society of Cardiology and the International Olympic Com- 
mittee recommend that pre-sport participation screening 
include electrocardiography (ECC), but screening in the 
United States typically does not include ECC. 

Contribution 

In this study of 510 student athletes, the addition of rou- 
tine ECC to history and physical examination improved the 
detection of echocardiographically documented cardiac 
abnormalities from 5 to 10 out of I I but increased the 
false-positive result rate from 5.5% to 16.9%. 

published recommendations designed for preparticipation 
screening (3). We examined ECG tracings for abnormali- 
ties at acquisition, and an independent observer who was 
blinded to the initial interpretation later confirmed all 
findings. We recorded the duration of each ECG study, 
defined as the time required for athlete positioning, lead 
placement, recording, and initial interpretation. 

Focused TTE 
We used a commercially available, portable system 

(Vivid-I, GE Healthcare) for all T T E  studies. We per- 
formed a 17-image protocol that used standard transducer 
orientations and 2-dimensional imaging techniques. We made 
basic measurements on site, in accordance with current pide-  
lines, and used Echo Pac, version 6.3 (GE Healthcare), to 

@Iica tion confirm them in postacquisition analysis (13). 

The decision to include ECC in pre-sport participation Classification of TTE Findings 
screening must balance improved sensitivity with increased We placed all participants into 1 of 3 categories on the 
false-positive results, which can lead to further testing or basis of R E  findings (Appendix Table 3, available at www 
unnecessary exclusion of healthy persons from athletic .annals.org): normal findings, on the basis of current 
participation. 

American Society of Echocardiography practice guidelines 
(13); mildly abnormal findings, consistent with the benign 

-The Editors 
physiologic cardiac remodeling common in trained athletes 
(14-18); and abnormalities that were suggestive of or di- 

vard University studenut. ~~f~~~ participating in organized agnostic for cardiac disease relevant to sports participation 

athletic activity, each study participant received standard risk (19). We set the criteria for the third category to max- 

screening with histori and examination. ~~~h participant imize sensitivity for abnormalities and thus included ath- 

then immediately underwent resting 12-lead ECG and letes with indeterminate cardiac morphology (marked hy- 

tnnsthoracic echocardiography (TTE). The practitioners pert"phy Or for whom further diagnostic 

who took the history and performed the examination were evaluation was necessary to confirm or exclude abnormal- 

blinded to [he raults o f ~ ~ G  and TTE; likewise, study ity. We also included athletes with valvular heart disease, 

who performed ECG and TTE were blinded to the for whom participation eligibility depends on the presence 

history and examination results. Each participant provided Or absence of high-risk features. 

written consent at enrollment. The institutional review We referred all athletes with possible abnormalities for 

boards of partners H~~~~ ~~~~~~~h committee and H ~ ~ -  further diagnostic testing, including comprehensive ECG, 

vard University approved our study protocol. exercise testing, cardiac magnetic resonance imaging, car- 
diac catheterization, and prescribed detraining, at the dis- 

Screening Medical History and Physical Examination cretion of nonstudy clinical staff. We integrated screening 
All participants Lmderwent a standardized, noninvesti- findings with the results of this diagnostic testing to con- 

gational medical history and physical examination based firm or exclude abnormalities that required restricting 
on current American College of Cardiology, American sports participation. 
Heart Association, and National Collegiate Athletic Asso- 
ciation recommendations (2) during student-athlete group Statistical Analysis 

screening sessions. These consisted of 5 personal medical We present continuous data as means (SDs). We as- 

histoly elements, 3 histov and 4 physi& sessed differences between means by using a 2-tailed t test 
examination elements (Appendix Table 1, available at www 0' the Mann-Whitney test, as appropriate for data distri- 

The examinations were performed by Harvard bution. We calculated screening test statistics, including 

University Heal& Services practitioners previous practi- sensitivity, specificity, and negative and positive predictive 

cal experience in performing sports clearance examinations. values, by using 2 X 2 contingency tables based on the 

Twelve-Lead ECG ability of each screening technique to identify athletes with 
pathologic abnormalities. We calculated 95% CIS by using 

Immediately after history taking and examination, 
exact Clopper-Pearson methods. We used SPSS Statistics, 

ECG was performed by using standard 12-lead placement 
version 16.0 (SPSS, Chicago, Illinois), for all analyses and 

and (MAC 5500, GE considered a p less than 0.05 to be significant. 
Wisconsin). We adopted current European Society of Car- 
diology criteria for ECG abnormalitie~(~ppend~r~~ab1e 2, 
available at www.annals.org) because these are the only 

27012 March 2010 Annals of 1nrern.d Medicine Volume 152 Number 5 I I 
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RESULTS 
Study Population 

Table 1 shows demographic characteristics of the par- 
ticipants. Compared with female athletes, male athletes 
(61%) were taller and heavier and had engaged in more 
exercise training during the 8 weeks before enrollment. 
Nearly all participants (99.4% [507 of 5101) reported pre- 
vious participation in organized high school-level athletic 
competition. Most were white, and ethnic representation 
did not differ between the men and women. 

Prevalence of Cardiac Abnormalities on TTE 
The Figure shows TTE results. We excluded 2 par- 

ticipants from subsequent analyses because they had in- 
adequate images for complete measurements. Of the 
508 participants screened, 387 (76%) had structurally 
normal hearts and 110 (22%) had mildly abnormal 
findings consistent with physiologic remodeling. These 
findings included isolated left ventricular (LV) hypertrophy 
(56 participants), LV hypertrophy with LV dilation (22 par- 
ticipants), LV dilation with right ventricular dilation (25 
participants), and isolated LV dilation (7 participants). We 
observed left atrial enlargement in 29 participants with con- 
comitant LV remodeling (hypertrophy or dilation), but not as 
an isolated finding in any participant. We definitively iden- 
tified coronary artery origin in 467 (92%) participants, and 
it was normal in all cases. 

1 TabEe 4 Participant CharacterjsJcs at Baseline 

Characteristic Men Women Total 
(n=311)  ( n = 1 9 9 )  

Mean age (SD), y 
Height (SD), rn 
Weight (SD), kg 
Ethnicity, %t 

White 
Asian 
Black 
Hispanic or Latino 
Other 

Preseason training exposure 
Mean total training time 

(SD), h/wk 
Mean strength training 

time (SD), h/wk 
Mean aerobic training 

time (SD), h/wk 

P < 0.050 compared with men. 
t Self-reported. 

We found findings suggestive of or diagnostic for under- 
lying abnormalities in 11 of 508 (2.2%) participants 
(Figure). Among these, 3 were ultimately found to have 
an abnormality that met current recommendations for 
permanent or temporary sports restriction, including 
pulmonic valve stenosis (peak gradient of 55 mm H g  

Figure. Study flow diagra~ 

Prepatticipation 
echocardiography in college 

athletes (n = 508) 

+ + 
Structurally Mildly abnormal, 
normal heart findings consistent 

(n = 387 D6%1) with physiologic 
remodeling 

(n = 110 D2%l) 

Relevant cardiac 1 findings 1 
(n = 11  D%1) 

Structural abnormality (n = 5) 
Marked LVH: 2 
Marked LV dilation: 2 
Marked RV dilation: 1 

Valvular abnormality (n = 6) 
Pulmonic stenosis: 1 
Bicuspid aortic valve: 2 

Recommended 
sport restriction 
(n = 3 [0.6%1) 

C + 

LV = left ventricular; LVH = left ventricular hypertrophy; RV = right ventricular. 

Cleared for sport 
participation 

(n = 505 [99.4%]) 

2 March 2010 hnills of Inrernd Medicine Volume 152 . Number 5 1271 I I 

4 
Further 

diagnostic testing 
(n = I1 a%]) 
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Table 2. r111dings During Preparticipation Medical History 
and Physical Examination Screening 

Finding Positive Findings, 
n (%) 

Personal medical history 
Exertional chest pain or discomfort 
Unexplained syncope or near-syncope 
Excessive and unexplained exertional dyspnea and 

fatigue 
Previous recognition of a heart murmur 
Elevated systemic blood pressure 

Family medical history 
Premature (sudden and unexpected) death of 
2 1  relative before age 50 y due to heart disease 

Disability from heart disease in a close relative 
s50 y of age 

Specific knowledge of hypertrophic or dilated 
cardiomyopathy, the long QT syndrome or other 
channelopathies, the Marfan syndrome, or 
clinically important arrhythmias in family 
members 

Physical examination 
Heart murmur 
Diminished or absent femoral pulse 
Physical stigmata of the Marfan syndrome 
Asymmetric or elevated brachial artery blood 

pressure* 

Total 
- 

Defined as absolute d u e s  > 140 mm Hg (systolic) or >90 mm Hg (diastolic) or 
an upper-extremity difference in systolic blood pressure > 10 mm Hg. 

restriction was 0.6% (3 of 508). The remaining 8 ath- 
letes were all cleared for participation after noninvesti- 
gational diagnostic evaluation. Findings in this group 
included LV hypertrophy (wall thickness of 15 mm) in 
a highly trained rower, LV dilation (chamber diameter 
of 60 mm) in an elite-level rower, RV dilation (chamber 
diameter of 41 mm) in a long-distance runner, and val- 
vular heart conditions (5 participants) with no high-risk 
features (such as clinically significant valvular incompe- 
tence or stenosis or aortic root dilation). 

Performance of Current Standard of Care 
Screening with medical history and physical exami- 

nation took a mean of 8 minutes (SD, 6; range, 6 to 22 
minutes) per athlete. Of  the 510 participants screened, 
33  (6%) fulfilled at least 1 criterion for abnormality 
(Table 2). History findings accounted for 21 (64%); 
previous recognition of a murmur (10 participants) and 
past unexplained syncope (6 participants) were the most 
commonly encountered issues. The remaining 12 par- 
ticipants with abnormal results were identified during 
physical examination; 10 participants had a murmur 
that was not clearly attributable to benign physiologic 
flow. 

Table 3 shows findings detected by medical history or 
physical examination that suggested abnormality. History 
and examination correctly identified 5 of the 11 (45%) 
participants with such findings on TTE,  all of whom had 
valvular heart disease. However, they failed to detect the 

with right ventricular hypertrophy), hypertrophic car- other 6 (55%) such participants, including 1 with hyper- 
diomyopathy (LV hypertrophy with septal and ~oster ior  trophic cardiomyopathy and 1 with myocarditis. Screening 
wall thicknesses of 18 mm and no regression during with history and examination only had a sensitivity of 
detraining), and myocarditis (LV dilation, LV dysfunc- 45.5% (95% CI, 16.8% to 76.2%), a specificity of 94.4% 
tion with an ejection fraction of 0.35, and elevated se- (CI, 92.0% to 96.2%), a positive predictive value of 15.0% 
rum troponin level after a recent viral illness). The over- (CI, 5.1% to 31.9%), and a negative predictive value of 
all prevalence of abnormality that required sports 98.7% (CI, 97.3% to 99.5%). 

Abnormality 

Participant TTE Abnormality Findings 

Bicuspid aortic valve 
Bicuspid aortic valve 
MVP 
MVP 
MVP 
Pulrnonic stenosis 
LV hypertrophy 
LV hypertrophy 
LV dilation 
LV dilation 
RV dilation 

Medical History or Electrocardiography 
Physical Examination 

Murmur 
Murmur and click 
Murmur 
Murmur 
None 
Murmur 
None 
None 
None 
None 
None 

None 
None 
None 
None 
None 
None 
QRS voltage, CAE 
QRS voltage, TWA' 
LBBB 
LBBB 
RBBB 

Final Diagnosis That Required 
Sport Participation Restriction 

None 
None 
None 
None 
None 
Moderate pulmonic stenosis 
None 
Hypertrophic cardiomyopathy 
None 
Postviral myocarditis 
None 

LAE = left atrial enlargement; LBBB = lef t  bundle-branch block; LV= left ventricular; MVP = mitral valve prolapse; RBBB = right bundle-branch black; RV = right 
ventricular; TTE = transthoracic echocardiography; TWA = T-wave abnormality. 

Diffuse precordial lead T-wave inversions with ST-segment depression. 

272 2 March 2010 ..\nwds of loterml hteedicine Volume 152 Number 5 I I I 
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Performance of ECG-Integrated Screening 
The mean duration of ECG acquisition was 3 minutes 

(SD, 2; range, 2 to 7 minutes). Table 4 lists the ECG 
findings. Eighty-three of 5 10 (1 6%) participants fulfilled at 
least 1 criterion for ECG abnormality, with 48 (9%) hav- 
ing 1 abnormality and 35 (7%) having multiple abnor- 
malities. Among the 8 3  participants with ECG abnor- 
malities, 9 (1 1%) had structurally normal hearts, 72 
(87%) had findings indicating physiologic remodeling, 
and 5 (6%) had findings that warranted further diagnos- 
tic evaluation. 

Table 3 shows the ECG-integrated screening findings 
that suggested abnormality. This strategy detected abnor- 
malities in 10 of the 11 athletes with TTE-detected abnor- 
malities; the remaining participant had mitral valve pro- 
lapse and no associated high-risk features that necessitated 
sport restriction. Of  note, the medical history, physical ex- 
amination, and ECG-integrated screening strategy success- 
fully identified all 3 participants with abnormalities that 
necessitated sport restrictions, whereas history and exami- 
nation alone failed to detect 2 of these at-risk athletes. 
Integrated history, examination, and ECG screening had a 
sensitivity of 90.9% (CI, 58.7% to 99.8%), a specificity of 
82.7% (CI, 79.1% to 86.0%), a positive predictive value 
of 10.4% (CI, 5.1% to 18.3%), and a negative predictive 
value of 99.8% (CI, 98.7% to 100.0%). 

DISCUSSION 
T o  our knowledge, ours is the first prospective study 

to compare preparticipation screening by medical history 
and physical examination only with a strategy that inte- 
grates history, examination, and ECG in young competi- 
tive athletes. In a large, carefully phenotyped cohort of 
U.S. collegiate athletes, screening with history and exami- 
nation alone correctly identified fewer than half of the ath- 
letes with potentially important cardiac findings, all of 
whom had valvular heart disease. Screening with history and 
examination alone also did not detect any of the athletes 
with structural abnormalities, including 2 athletes with car- 
diomyopathic conditions that necessitated sports restric- 
tion. Adding ECG to the history and examination im- 
proved the overall sensitivity and negative predictive value 
of athlete screening to 99.8% and led to the detection of all - 
participants with abnormalities that required sport restric- 
tion. The ability of ECG to detect underlying myocardial 
abnormalities not found by history or physical examination 
largely explains this improved screening sensitivity. Our 
findings raise important concerns about the efficacy of - 
screening with history and examination only, because car- 
diomyopathies account for most sports-related sudden car- 
diac death (1). Our  data also suggest that 12-lead ECG and 
history and examination are complementary components 
of an overall screening program geared toward maximal 

Tablc 4. Findings on 12-Lead ECC During Preparkicipation 
Screening 

Abnormality Men Women Total Cohort 
(n = 311). ( n  = 199). ( n  = 510). 
n  (%) n  (%I n  (%) 

P wave 
Left atrial enlargement 18 8 26 
Right atrial enlargement 3 2 5 

QRS axis 
Right axis deviation 2120" 1 0 1 
Left axis deviation -30" to 3 0 3 
- 90" 

QRS voltage 
Precordial lead maximum 

s 3  mV 
Limb lead maximum >2 mV 22 

QRS morphology 
Right bundle-branch block 10 3 13 
Left bundle-branch block 2 0 2 
Abnormal Q waves 0 0 0 
R or R' in V, >0.5 mV and 1 0 1 

R/S 2 1  

ST segment and T wave 
T-wave inversions 3 0 3 
ST-segment depression 0 0 0 

Interval 
QTc interval prolongabon 0 0 0 
PR interval prolongation 0 0 0 
PR interval shorten~ng 0 0 0 

Arrhythmia 
Premature ventricular 0 0 0 

complexes 
Atrial fibrillation or flutter 0 0 0 
Sinus bradycardia 0 0 0 

Aggregate findings 
Total abnormalities 92 26 118 
Participants with 1 ECG 32 (10) 16 (8) 48 (9) 

abnormality 
Participants with - 1  ECG 30 (10) 5 (3) 35 (7) 

abnormality 
Total participants with 62 (20) 21 (11) 83 (16) 

abnormalities 

ECG = electrocardiography, QTc = corrected QT mtcrval. 

In 1982, the Italian government instituted and funded 
a national program that required mandatory preparticipa- 
tion screening, including 12-lead ECG, for all athletes 
younger than 35 years (20). Recently published data from 
this ambitious program (8) suggest that this screening 
strategy has significantly reduced the incidence of sports- 
related sudden death. Although the Italian report has im- 
portant limitations (9), most notably the uncontrolled, 
observational nature of the data, the report that an ECG- 
based screening program reduces sport-related sudden car- 
diac death justifies further study. Before this study, data 
that compared the performances of proposed screening 
practices were lacking. In another important study con- 

sensitivity. ducted before the ievelopment of Lurrent pidelines, 
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Maron and colleagues (21) performed personal and family 
medical histories, physical examinations, and 12-lead 
ECG on 501 university athletes and reported an overall 
false-positive result rate of 20%. Because only 18% of these 
participants were studied with definitive cardiac imaging 
(M-mode echocardiography), we could not quantib disease 
prevalence or comprehensively assess screening performance. 

Current American College of CardiologyIAmerican 
Heart Association guidelines do not endorse the use of 
12-lead ECG during athlete preparticipation screening. 
This recommendation is based on speculative concerns 
about ECG performance (low specificity and high false- 
positive result rate) and the theoretical impracticalities of 
ECG-based screening (financial cost and technical logistics 
of interpretation). However, to our knowledge, no previ- 
ous definitive study has applied a universal imaging stan- 
dard, such as echo~ardiograph~, to compare the perfor- 
mance of an ECG-inclusive protocol with one limited to 
medical history and physical examination. Our study dem- 
onstrates that ECG inclusion leads to athlete screening 
with higher sensitivity and negative predictive value than 
history and examination alone. 

Our  study has limitations. First, we cannot draw de- 
finitive conclusions about the effect of the different screen- 
ing strategies on the incidence of sudden death in athletes. 
Second, the relatively modest observed performance of 
screening with history and physical examination only may 
have been due to our screening practitioners not being 
cardiovascular specialists or dedicated sports medicine phy- 
sicians. However, most athlete preparticipation screening 
in the United States is performed by generalists without 
subspecialty training, and thus our data represent the cur- 
rent standard of care. Third, some study participants had 
probably received screening before arriving at college, and 
our cohort may therefore underrepresent the true burden 
of occult cardiac disease. However, we still detected 11 par- 
ticipants with relevant cardiac abnormalities, of whom 3 were 
ultimately judged to require sport restriction. Fourth, 
because of inherent diagnostic limitations of echocardi- 
ography and our use of a practical but limited imaging 
protocol, we cannot exclude the possibility that we mis- 
classified some participants. Finally, our study lacks the 
statistical power to address the performance of different 
screening approaches in important subgroups. Dedi- 
cated evaluation of screening technique performance 
with respect to sex and ethnicity is warranted. 

Our  results may not end the complicated debate about 
the role of 12-lead ECG in preparticipation screening. Al- 
though our data demonstrate that ECG improves the over- 
all sensitivity and negative predictive value of screening, 
the associated decrease in positive predictive value and in- 
crease in false-positive results (16.9%) are formidable hur- 
dles to the acceptance and implementation of this strategy. 
A screening program that falsely identifies approximately 1 
in 6 participants as having cardiac disease has substantial 
and perhaps prohibitive financial, emotional, and logistical 

ramifications. However, screening strategies that maximize 
sensitivity have the greatest potential to minimize the inci- 
dence of sports-related sudden death. Our  data suggest sev- 
eral important future directions for research to address this 
issue. 

Most of the false-positive test results produced by the 
combination of medical history, physical examination, and 
ECG screening that we used were due to ECG findings. 
This is a direct hnction of the ECG abnormality criteria 
we used, which are accepted for widespread clinical use but 
were not derived from ;he study of athletes and therefore 
do not account for the numerous abnormal but benign 
ECG findings common in this population (22, 23). Our  
data demonstrate that certain ECG findings (such as in- 
creased QRS voltage in the absence of abnormal repolar- 
ization) are common among athletes who harbor no struc- 
tural heart disease, whereas others (such as complete 
bundle-branch block) may be more specific markers of 
pathologic abnormalities. The current ECG abnormality 
criteria need to be revised or a novel algorithm developed 
with adequate accuracy to differentiate physiologic remod- 
eling from pathologic heart disease in athletes. In addition, 
formal cost-effectiveness analyses and further longitudinal 
studies that document screening findings, sport restriction 
rates, and sudden death incidence are needed to determine 
the effect of ECG inclusion on health care costs and pa- 
tient outcomes. 

Electrocardiography has a controversial role in the 
screening of athletes for occult cardiovascular disease. O u r  
results suggest that preparticipation screening limited to 
medical history and physical examination fails to identify a 
significant percentage of athletes with increased risk for 
adverse cardiac events. Adding ECG improves the overall 
sensitivity of screening and may be necessary to identify 
athletes who harbor the key diseases responsible for sports- 
related sudden death. However, using currently available 
ECG abnormality criteria is associated with high rates of - 
false-positive screening results. Future efforts are needed to 
reduce the burden of false-positive results while maintain- 
ing the valuable sensitivity of ECG. 
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~ ~ p e n d i j c  Tabh 2. Criteria for Abnormality on 
Prepartkipation 12-Lead ElecWcar4iography Screening, 
as Proposed by the European Society of Cardiology* 
- 

Appendix Table 1. Criteria for Abnormality on 
Preparticipation Medical History and Physical Examination 
Screening, as Proposed by the American Heart Association* 

Medical history 
Personal history 

Exertional chest pain or discomfort 
Unexplained syncope or near-syncope not clearly attributable to 

neurocardiogenic or vasovagal mechanism 
Excess~ve and unexplained dyspnea or fatlgue associated with exercise 
Prev~ous recognition of a heart murmur 
Elevated systemic blood pressure 

Family history 
Premature (sudden and unexpected) death of 2 1  relative before age 

50 y due to suspected or confirmed heart disease 
Disability from heart disease in a close relative 550  y of age 
Knowledge of hypertrophic or d~lated cardiomyopathy, the long QT 

syndrome, the Marfan syndrome, or clinically important arrhythmias 
in any family member 

Physical examination 
Heart murmur 
Diminished or asymmetric femoral pulses (to exclude aortic coarctation) 
Physical stigmata of the Marfan syndrome 
Asymmetric or elevated (>140/90 mm Hg) brachial artery blood pressure 

Atrial abnormalities 
Left atrial enlargement: negative portion of the P wave in lead V, 

20.1 mV in depth and 20.04 s in duration 
Right atrial enlargement: peaked P wave in leads I I  and I l l  or V, 

20.25 mV in amplitude 

QRS complex abnormalities 
Frontal plane axis deviation: right 2120" or left between -30" and -90' 
Increased voltage: Amplitude of R or S wave in a limb lead 2 2  mV, S 

wave in lead V1 or V2 2 3  mV, or R wave in lead V5 or V6 2 3  mV 
Abnormal Q waves: 20.04 s in duration or 225% of the height of the 

ensuing K wave, or QS pattern in 2 2  leads 
Morphology: right or left bundle-branch block configuration w ~ t h  QRS 

duration 20.1 2 s; R or R' wave in lead V, 20.5 mV in amplitude and 
R/S ratio 2 1  

Interval abnormalities 
QT interval: prolongation of heart rate-corrected QT interval 20.44 s in 

men and 20.46 s in women 
PR Interval: first-degree (PR interval 20.21 s and no shortening with 

hyperventilation), second-degree, or third-degree atrioventricular block 
or short PR interval (20.12 s), with or without delta wave 

Other abnormalities 
Repolarization: ST-segment depression or T-wave flattening or inversion 

in 2 2  leads 
Arrhythmia: Premature ventricular beats or more severe ventricular 

arrhythmia, supraventricular tachycardia, atrial flutter, atrial fibrillation. 
or profound sinus bradycardia not increasing to r lOO beats/min with 
exertion 

" See reference 2. 
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i ~ ~ ~ m d r j c  Table 3. Reference Values for Transthoracic Echocardiography Findings 

Finding Reference Values Associated Abnormality 

Men Women 

Normal echocardiography readings 
Normal LV wall thickness . ' , LV wall thickness el I mm ' . . : ' . LV,wall thickness 110 mm 
Normal LV cavity size LV internal diastolic diameter <60 mm LV internal diastolic diameter <54 mm 
Normal RV cavity size RV internal diastolic didmeter e34 mm ;' , - -,RV intemal diastolic diameter 'c34 mm 
Normal LA size Maximal anterior-posterior diameter <41 mm Maximal anterior-posterior diameter <39 mm - 

Mild abnormality consistent with 
physiologic remodeling 

Mild ~~.hyperiroptiy': ' ' - LV wall thickness. 11-13 mm LV wall thickness. 1042 mm - 

Mild LV dilation LV internal diastolic diameter, 6063 mm LV internal diastolic diameter, 54-57 rnm - 

Mild RV dilation " RV internal diastolic diameter. 34-37 mm RV internal diastolic diameter. 34-37 mm - 
LA enlargement Maximal anterior-posterior diameter >41 mm Maximal anterior-posterior diameter >39 mm - 

Abnormalities that suggest 
~ a r k k d , , ~ ~  hypertrophy 
Marked LV dilation 

pathology 
LV wall th~ckneis 214 mm LV wall thtckness 213 mm Hypertroph~c CMP 
LV ~nternal d~astol~c d~ameter 264 mm LV ~nternal d~astol~c dtameter 258 mm D~lated CMP or 

myocardttts 
a Marked RV d~latlon RV ~nternal dlastol~c d~ameter 238 mm RV ktemal dlastol~c diameter Z3B mm Arrhythmogenlc RV CMP 

Valvular pathology 
Btcusp~d aorttc valve - - - 
Mttral valve prolapse - - - 

Anomalous coronary ongln - - - 

CMP = cardiomyopathy; LA = left atrial; LV = left ventricular; RV = right ventricular. 
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In a cost-effectiveness analysis basely largely on primary data from Italy and for U.S. 
athletes ages 14 to 22, Wheeler and colleagues concluded that addition of ECG to 
history and physical would save 2.1 life years per 1000 athletes for an incremental cost 
effectiveness ratio of $42,900 per life year saved. In simulation-based sensitivity 
analyses ECG was a preferred strategy more than 99% of the time. The study 
suggests that for our younger group of children, a cost-effectiveness ECG-based 
screening program remains an option for serious evaluation. 



SPECIFIC AIMS 

in children, sudden cardiac arrest (SCA) is associated with structural and electrical cardiac abnormalities 
including hypertrophic cardiomyopathy (HCM), arrhythmogenic right ventricular cardiomyopathy (ARVC), long 
QT syndrome (LQTS), other electrophysiologic conditions including Brugada syndrome and Wolff-Parkinson- 
White (WPW) syndrome, coronary artery anomalies, congenital heart defects, and others. No studies have 
systematically screened large numbers of school children in the United States for conditions leading to SCA to 
identify those at risk. Data from countries with mandatory electrocardiographic (ECG) screening demonstrate 
that ECG screening can identify children and adolescents with undiagnosed conditions predisposing to SCA 
and decrease SCA.', ECG is more sensitive in identifying those at risk for SCA than either history or physical 
exam alone. The primary screening tool currently employed in the United States to screen those involved in 
athletics is the pre-participation history and physical exam, with no data to indicate efficacy. This proposed 
study will focus primarily on patients with HCM, LQTS and WPW as these are estimated to cause 60-7OoA of 
the SCA in children, and are. the SCA-related conditions most readily identified by ECG. The aims of this Heart 
Health Screening Study are 1) To improve and validate ECG screenina, and 2) To compare an ECG screening 
program with the customary care in the US used to screen vouth. 

Aim 1: To improve and validate ECG screening for cardiac conditions associated with sudden cardiac 
arrest (SCA) in a middle and high school aged population 

a. By developing a new ECG reference standard database with normative values for age, gender, 
race, and ethnicity to improve screening. 

Hvpothesis: ECG norms will vary among groups based on age, gender, race and ethnicity. 
Hvpothesis: New and improved ECG norms will decrease false positives and false negatives in an 

ECG screening program compared to the currently used standards in pediatric cardiology. 
b. By validating the use of the ECG to detect HCM in school aged children receiving ECG, ECHO, 

history and physical exam. 
Hvpothesis: The ECG can be used to identify HCM in youth using accepted echocardiographic 
criteria to confirm or reject HCM suspected by ECG. 

c. By confirming the use of ECG to detect primary electrical conditions including LQTS and WPW 
in a previously undiagnosed group of youth. 

Hvpothesis: The ECG can be used to detect the presence of long QT syndrome and WPW with 
greater sensitivity and specificity than the current system of history and physical exam. 

Aim 2: To compare screening methods to identify the most effective methodology that can be used to 
identify conditions associated with the risk of SCA in a school-aged population 

a. By determining the comparative effectiveness to identify cases of HCM, LQTS, and WPW by 
adding an ECG, as implemented with the new reference standards, to the current method of 
screening in the US (history and physical exam). 

Hv~otheses: Screening using an ECG in addition to history and physical exam is more effective in 
identifying HCM, LQTS, and WPW than usual care (histoh and physical exam alone). 

b. By estimating cost-effectiveness in terms of screening program costs per case identified by a 
single ECG screen for all school aged children relative to current preparticipation screening using 
history and physical exam alone. 

Hvpothesis: The proposed screening program will have lower incremental costs per additional case 
identified relative to usual care when compared to usual care relative to no screening. 

c. By building a policy model to evaluate cost-effectiveness in terms of lifetime direct medical costs 
per life saved. This policy model will use published transition probabilities from the epidemiology 
literature to project medical costs and lives saved based on the additional cases identified. 

Hvpothesis: An ECG screening for all school aged children relative to usual care of history for 
athletes is a cost-effective strategy. 



RESEARCHSTRATEGY 
-*-. <- CONCEPTUAL MODEL 

STUDY POPULATION 

Develop New 15,000 Students Build Policy Model of 

ECG Reference Norms ECG, ECHO, History & Physical (H & P) Cost-Effectiveness Per Life 

Validate ECG In Estimate Cost Effectiveness 
HCM,LQTS, WPW Per Case Identified wi th ECG 

Screening vs. Current 

Compare ECG Screen t o  Current 
Method (H & P) 

SIGNIFICANCE 
1. SUDDEN CARDIAC ARREST IN CHILDREN 

Epidemiology of Sudden Cardiac Arrest in Children: 
Sudden cardiac arrest (SCA) claims the lives of over 1,000 children and adolescents each year in the United 
States (US), accounting annually for a proximately 5% of all deaths in children aged 5-19 years, with a 
reported incidence of 0.6-8.4/100,000.4BWithout an official scientific registry for this information, all data are 
incomplete and questionable as to applicability to the overall U.S. population. 
Etiology: The most common causes of SCA in the young in the U.S are hypertrophic cardiomyopathy (HCM), 
-40-50%; other cardiomyopathies -1 0%; long QT syndrome (LQTS), and other electrical abnormalities,-20%; 
and others including coronary artery anomalies -1 0-1 5%; and aortic rupture - 5 0 ~ . ~ * '  
2. PREVENTION OF SUDDEN CARDIAC ARREST 

I 

II Significance: Primary prevention of SCA using an ECG for screening (leading to diagnosis and 
treatment) is a highly debated issue both within the US and internationally. It is time to provide 11 

1 scientific data from the United States on ECG identification of conditions associated with SCA. 11 

Significance: While low in prevalence, the high impact of failure to identify the conditions 
associated with SCA is that the first symptom can be a Sudden Cardiac Arrest (SCA) resulting in 
death of a young person. 

Primary Prevention: SCA prevention requires identification of a predisposing condition and early intervention 
(medication, life style alterations, and defibrillation devices). At present, the best screening method to identify 
those children at risk for SCA remains controversial with some recommending only history and physical exam, 
and others suggesting ECG and/or echocardi~qraphy.~~ l o  It is time to readdress these issues. "-I3 

I 

3. ROLE OF ECG SCREENING IN IDENTIFICATION OF CONDITIONS ASSOCIATED WITH SCA 

I 1  
ECG Interpretation: An electrocardiogram (ECG or EKG) involves placing ..a== - Ol - 
electrical leads on a person's arms, legs, and chest to record electrical signals :I 

from the heart. These electrical signals, labeled PI Q, R, S, TI and U indicate 1 
rate, rhythm, and mass or volume of the heart chambers; they can identify 5 
abnormalities including enlargement of any of the four chambers, but most 1 
importantly, enlargement of the left or right ventricles. Abnormalities in the ST 

I 

segment or T wave are seen in association with hypertrophy, ischemia, or 
inflammation. Finally, electrical abnormalities of repolarization associated with SCA are identified by 

Sianificance: Normal standards currently used in the young are outdated and are neither 
representative of the current technology nor of racial/ethnic distribution in the US. The 
sensitivity and specificity of the ECG in a young population have not been well studied. I 



prolongation of the QT intervals and associated abnormal T waves. 
Problems With Current ECG Criteria for Abnormal ECGs: Pediatric cardiologists use the criteria of 
Davignon or tables based on 2141 ECGs from white Canadian children published in 1979, using existing 
technology which has improved considerably since that time.I4-l6 Criteria from the Corrado study are 
recommended by the European Society of Cardiology (ESC).'~ As the US population becomes increasingly 
diverse, these normative data do not reflect information about population subgroups. Davignon found 
differences in gender norms in adolescence, but his graphs did not reflect these and are not applied. Rijnbeek 
has published new normal standards for Dutch children using current European ECG technology, which are 
not used commonly in the US and do not reflect the diversity and of the US popu~at ion. '~~'~ 
Measurement of the QT Interval: In a 2006 publication, abnormal QTc intervals for adult males were >0.45s, 
for females, >0.47s and for 1-1 5 year olds, >0.46s." Individuals with Long QT mutations have been found to 
have normal QTc intervals on an E C G . ~ ' , ~ ~  
ECG Sensitivity and Specificity: We will test our normative values based on age, gender, race, and ethnicity 
for sensitivity and specificity. The impact of missing, or finding, a child with a potentially life-threatening 
condition is great. An Italian study suggests an ECG specificity as high as 9 8 . 8 ~ . ~ ~  ECG sensitivity ranges 
from 70-95%. The potential additive value of the ECG is illustrated by a study of 134 high school and collegiate 
athletes showing that cardiovascular abnormalities were suspected by history and physical screening in only 
3% of the examined athletes, with less than 1 % receiving an accurate diagnosis. 24 

Correlations of ECHO and ECG: Early ECG standards were compared with pathology specimens and with 
data from cardiac catheterizations for va~idity.~' More recent studies in adults have attempted to compare ECG 
standards, particularly for LVH, with echocardiographic or MRI estimates of LV mass, which has an excellent 
correlation with necropsy rneasurement~.~~~ 27 

ECG Variations with Race and Ethnicity: No studies have compared racial variations for all ECG parameters 
in a young population. In adults, comparisons of Hispanics, African-American and Caucasian populations, 
especially in athletes, have found differences in ECHO and ECG. 28"5 

Sensitivity of History and Physical Exam: Up to 80-90% of children at risk for SCA may be asymptomatic 
and the ~hvsical exam onlv identifies around 3-6% of those affected. 36 

Hypertrophic Cardiomyopathy (HCM) is the most common condition associated with SCA in the young. 
Etiolo~v: HCM is an autosomal dominant disorder caused by mutations in a variety of sarcomere genes, in 
mitochondria1 cellular processes that affect energy regulation, or in association with inborn errors of 
metabolism, malformation syndromes, and neuromuscular  disorder^.^^-^' Epidemioloqv: Prevalence is 
estimated to be 11500 in the US; the annual rate of sudden death in children with HCM has been reported to be 
2-8%.40 Very young children who present with symptoms have more severe cases and a higher mortality, but 
are not in the population (age) whom we plan to Diaqnosis: History and physical examination may 
be unreliable in the diagnosis of HCM; a family history of sudden death may not be reliable related to variable 
penetrance and heterogeneity in expression, as well as lack of knowledge of specific family history. A murmur 
may not be present, or can be missed. A 12-lead ECG is abnormal in 75-95% of HCM patients. 409 42s 43 The 
ECG may be abnormal when the echocardiogram (ECHO) is Characteristic ECG findings include 
left ventricular hypertrophy (LVH) with high voltage R waves in V4-V6, I and aVL. Tall R waves are often 
associated with ST segment and T wave changes. Deep and narrow Q waves are common in inferior and 
lateral leads. T waves may invert in the mid and lateral precordial leads.46 Interventions to Prevent SCA: 
Strategies to reduce SCA in HCM have included life style modifications, medications, and implantable 
cardioverter-defibrillators (ICD).~~, 48 

Distinguishing Characteristics of ECGs from HCM from Athletic Hearts: The characteristic ECG found in 
95% of those with HCM can be distinguished from athletic heart ECG findings, especially in the 10-19 age 

The majority of questionable cases can be clarified by the echocardiogram, magnetic resonance 
imaging (MRI), family history, and genetic studies. Recent data indicates that the ECG was interpreted as 
normal in 88.2% of an athletic population and abnormal in 11 .8%.23 Benign ECG changes related to athletic 
training were seen in 7% and more significant abnormalities in only 4.8%, lower than previously reported. 238 50 

Long QT Syndrome (LQTS): Etioloav: LQTS has delayed ventricular repolarization characterized by QT 
interval prolongation on the ECG, caused by abnormalities in sodium, potassium, or calcium ion channels, or 

I Siqnificance: Most common conditions associated with SCA have demonstrable ECG 
abnormalities that can lead to their identification when ECG is added to screening. While false 
positives exist, they are not exceedingly difficult or costly to differentiate from true pathology. I 



the macromolecular complex associated with the ion channel. SCA can result from superimposed adrenergic 
stimulation with triggering of ventricular arrhythmias, including the characteristic torsades de pointes, a form of 
ventricular tachycardia. E~iderniolo.~~~: Most commonly, congenital LQTS is inherited as an autosomal 
dominant with an incidence of 112000-2500.~' The first presentation in 9-44% of children or individuals with 
LQTS is SCA.~', 52 Depending on the type of LQTS, the average age of presentation of 50% of those affected is 
9-15 years. 53 Death occurs most commonly between ages 3 to 20 years. Around 20% of deaths in those with 
SCA, occurring before age 30 with a negative autopsy, have LQT mutations." The annual mortality rate for 
asymptomatic patients with LQTS is 1-5%. Patients with LQTS and a history of s ncope have an annual 
mortality risk of 10-20% after the syncopal episode if not diagnosed and treated.55Y56 Long-term follow-up 
studies of atients with LQTS report an incidence of SCA of 50-70%, reduced to 1-5% with beta-blocker 
therapy.578 Diacmosis: Vincent reported ECG, corrected QT interval (QTc) characteristics in families with 
LQTS genetic mutations; QTc 2 0.48s in females and QTc 20.46 in males had 100% and 95% positive 
predictive values, respectively, for LQTS and negative predictive values of 90% and 88%, respective~y.~' If 
there are no symptoms or family history, LQTS may be suspected from an ECG with a prolonged QTc interval 
or abnormal T waves. Confirmation for up to 75% of subjects is now available by using genetic testing, with 
25% of contributory genes not yet identified; this is not readily available due to a single clinical provider and 
failure of insurance to adequately cover the testing.60 Inten/entions to Prevent SCA: Twenty percent of patients 
will be refractory to beta-blocker therapy, and in these and other high-risk patients, combination therapy with 
beta-blockers and an ICD has reduced mortality to 1-2% per year.558 58,61 Other therapies include mexiletine, 
especially in LQT3, and left cervical sympathetic denervation in refractory cases. Treatment is effective; 
additionally, other affected family members can be found after the proband is identified.62 
Wolff-Parkinson-White Syndrome (WPW) is the most common form of ventricular pre-excitation. Incidence 
of SCA in children with this condition is unclear, but the lifetime incidence is estimated to be 3-4YOme3 
Other Causes of Sudden Cardiac Death include short QT Syndrome (SQTS), Brugada syndrome, 
cathecholaminergic polymorphic ventricular tachycardia (CPVT) and arrhythmogenic right ventricular 
cardiomyopathy (ARVC).~~. 65 Personal cardiac history may be more helpful than ECG in identifying congenital 
coronary artery anomalies, which occur in 0.2% of children and ado~escents.~~ ln patients with coronary 
abnormalities, the physical exam is usually normal. However, up to 40% of these patients have symptoms prior 
to SCA, and up to 20-30% may have ischemic changes on ECG. 67968 

5. EFFICACY OF ECG TO SCREEN FOR CONDITIONS ASSOCIATED WITH SCA 
- 

Sianificance: While screening has been evaluated and applied in other countries and settings, 
little data on screening a US population is currently available. These data need to be collected 
to obtain information that can be applied to young persons in the US. At this point, the value of 
adding an ECG to screening has been questioned because of assumed differences between 
the US population and the other reported populations, as well as differences in the US 
infrastructure. Our study can provide this additional important information on an effective and 
applicable ECG screening methodology for the US. 

~ a r g e  scale ECG screening in countries other than the US demonstrate that the ECG can help to identify 
youth with undiagnosed conditions predisposing to SCA, such as WPW, Long QT Syndrome, ARVC and HCM 
and prevent SCA and death.', 2g 69 Further, the ECG has been shown to be more sensitive in identifying those 
at risk for SCA than the history or physical exam alone.'"930 
Screening in Japan: Since 1973, mass screening of school children for cardiovascular disease using an ECG 
has been mandatory in Japan and is currently performed in the IS', 7'h, and/or loth grades, showing a greater 
sensitivity of ECG screening compared to history and physical exam 
ECG Screening of Athletes in Italy and Europe: Screening has been mandated for more than 30 years by 
the Italian government (Medical Protection of Athletic Activities Act). In 1998, Corrado reported a study of 
athletes <35 years of age who were screened with a history, physical and ECG from 1979 to 1 996.49 1.8% of 

athletes were disqualified from competition due to cardiovascular 
conditions with the ECG 3 times more likely to identify those at 
risk than the history and physical exam alone.49 Pelliccia 

q 2.5 
evaluated efficacy of screening to identify HCM in those 
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considered normal by ECG and found that the echocardiogram 

8 ::: - - ..................... - ....... - ..,.. -." - ...,,...-.....-. was normal in 98.8% of this group who were previously cleared 
by ECG and exam, demonstrating a high ECG ~ensitivity.~' From 
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for screening, Corrado recently reported data indicating that the incidence of SCA in athletes, especially from 
cardiomyopathies, has significantly decreased, by 89%, over a 25- year period.6g (See graph.) 
ECG Screening of Nevada High School Athletes: In the largest US ECG screening study of 5,615 high 
school athletes, in Nevada, sensitivity of the ECG in identifying serious cardiovascular abnormalities was 70% 
vs. 6% for history and physical exam. Overall, only 0.4% of athletes were disqualified from competition. 
Recent Screening in the UK and Netherlands: These studies show that screening between 143-301 
subjects will identify one subject at risk of sudden cardiac arrest. Most would have been missed without an 
ECG suggesting that a 12-lead ECG is necessary when screening for diseases that cause SCA. 72u73 
6. CONCERNS REGARDING ECG SCREENING: Despite compelling data, several concerns have been 
raised regarding feasibility, logistics, and costs of ECG screening that point out barriers to ECG screening in 
the US. Logistical concerns include location and organization of screening, the population to be screened, the 
composition of the screening team, and its interaction and communication with the community, school, 
students and their families, and primary physicians. We have developed, in our preliminary screening, a 
process to involve the community and to create a screening team. The post-screening process (confirmation 
of ECG reading, contact of physicians and parents, letters and follow-up appointments and results) will follow 
our protocol with assessment of difficulties at each of these points evaluated and a Best Practices model 
recommended. Our study will provide evidence that ECG screening meets the criteria of the  WHO^^ and 
USPSTF for screening. The accuracy and effectiveness of the ECG will be determined. This methodology 
developed in our study should resolve concerns raised in the AHA Scientific Statement and by others. The 
Table below is a response to these concerns and indicates how our Specific Aims address these 
issues. 

7. RECOMMENDATIONS AND GUIDELINES FOR SCREENING OF THE YOUNG 

-New ECG standards will improve sensitivity and specificity. 
ECG SENSITIVITY 81 -ECG is a screening tool, not a definitive diagnostic tool as every screening test requires 
SPECIFICITY, FALSE confirmation and further evaluation. 

Sianificance: The International Olympic committeeY5 European Society of ~ardiology," Federation 
Internationale de Football Association (FIFA),~~ Union Cycliste Internationale (uCI)," and many 
European and Asian countries have adopted screening using an ECG. Under American Heart 
Association (AHA) g~idelines,~' the United States continues to recommend screening only by history 
and physical exam without an ECG. "' 
AHA Statements on Preparticipation Screening in Athlete: The primary screening tool used in the US for 
those involved in athletics is the pre-participation history and physical exam. In 1996, the AHA recommended a 
12-element preparticipation screening history (8 elements) and physical exam (4 elements)." While recent 
information shows increased compliance with AHA recommendations, only 3% of states use all 12 elements, 

POSITIVES 

DISQUALIFICATION 

LIABILITY 

COSTS ** 
t Addressed by Aim 1 a 

-Anxiety of false positives not a huge problem as clarification can be quickly accomplished with few 
disqualified in the long-term. 
-Few screened have long-term disqualifications. 
-Accommodations or different sports can allow some type of athletic participation for most youth. 
-Indicate scope of screening to families when performed. 
-Liability may be applied to failure to screen rather than failure to identify. 
-Single small US study in Nevada athletes suggests that ECG screening may be cost effective 

#Addressed by Aim 1 b and 1 c 1 *Addressed by Aim 2a 1 **Addressed by Aim 2b and 2c 



and non-physician personnel such as chiropractors can perform preparticipation evaluations in 35% of 
states.82 The AHA Scientific Statement: Update 2007 recommended no substantive changes to the 1996 
statement, raised concerns regarding the addition of an ECG and concluded not to recommend its use.78 On 
the other hand, the AHA Update 2007 indicates that customary screening practices in the US [history and 
physical exam] may be encumbered by substantive false-negative results.. . with low sensitivity and specificity 
for detection of many cardiovascular abnormalities pertinent to young athletes. It further states that detection of 
HCM by the standard screening examination [history and physical] may be unreliable and that LQTS will not be 
identified unless selected items in the personal and family history are positive. 

8. COST EFFECTIVENESS OF ECG SCREENING 

Studies of Cost-Effectiveness of the ECG: The few cost-effectiveness studies on ECG screening provide 
some evidence that screening using ECG may be cost-effective. A study of high-school athletes found that 
ECG screening was more cost-effective ($44,000 per life year saved (LYS)d than taking a cardiovascular 
history and physical examination ($84,000 per LYS), relative to no ~creening.~, Studies of ECG screening in 
neonates also suggested cost effectiveness at €1 1,740 (Italy) and $18,465 (US) per LYS. 84985 These studies 
relied on secondary data for benefits and cost, were sensitivc '- '-put parameters, and do not modc' 'he 
impact of a US based universal screening program. In a cost-e;,,,.,.2ness analysis basely largely on primary 
data from Italy and for U.S. athletes ages 14 to 22, Wheeler and colleagues concluded that addition of ECG tc 
history and physical would save 2.1 llfe years per 1000 athletes for an incremental cost effectiveness ratlo of 
$42,900 per life year saved In simulation-based sensitrvity analyses ECG was a preferred strategy more than 
99% of the time. The study suggests that for our younger grot )f childrer st-effectiveness EC- ' 

n.8E ~ost-effectiv~l ~ 3 s  of an ECG st rat^^ ,I lay 
improve by identifyi.., ,...-. .-....., ...,...--., -. ...--, ...-. found with high-risk conditions by a screening 
approach.87988 Additionally, congenital heart defects, significant hypertension and other arrhythmias will be 
identified in screened children. 
9. SUMMARY OF ECG BACKGROUND INFORMATION: We have described the body of information 
regarding ECG screening for conditions associated with Sudden Cardiac Arrest in the young. These studies 
show that other countries have used a simple and inexpensive test, the ECG, in addition to history and 
physical exam, to increase identification of high-risk populations and by doing so, to decrease sudden death in 
young athletes. This same model, if adapted to the US, could be effective in saving a number of young lives. 
10. SUMMARY OF SIGNIFICANCE OF STUDY: With more studies supporting the value of ECG screening in 
identifying potentially lethal conditions, none of the present data offer convincing evidence that an ECG should 
not be part of the screening process. Our study will provide information from the US about the comparative 
effectiveness of different models in our population as well as policy relevant cost-effectiveness data. We are 
proposing the largest such prospective study in the US. This study will provide answers regarding logistics, 
manpower, and efficacy of ECG screening. Additionally, such a study will provide a model of Best Practices 
for identifying those young individuals at risk of sudden cardiac arrest. If solutions to the above noted concerns 
can be provided, it may be possible to save thousands of young lives every year. 

I 

INNOVATION 
1. NEW INFORMATION PROVIDED BY THIS STUDY: While this proposed study will not determine if SCA 
can be decreased, it will determine the extent to which many of the most common conditions associated with 
SCA can be accurately identified by adding an ECG to the history and physical exam. It will provide 
comparative and cost effectiveness of current methods of screening with screening that includes an ECG. 
Further, it will improve the screening by creating a new, more specific, and sensitive ECG reference standard 
database that can be used to screen other young individuals, decreasing false positives. Moreover, the 
development of improved and more sensitive and specific ECG normative standards for all groups would be 
expected to improve the efficacy and decrease the costs of screening. 
2. NEW ECG DATABASE: We will develop a new ECG reference standard database stratified by age, gender, 
race and ethnicity. This information is not currently available for the diverse US population. There is evidence 
that amplitudes of ECG signals do vary by age, gender and race, but these data are not available in the young 
population. It is not known if other ECG measurements vary among these groups. Similarly, the computerized 

Siunificance: Conducting an economic evaluation alongside a prospective study will enable 
accurate assessments of comparative-effectiveness, costs, and cost-effectiveness of an ECG- 
based screening effort in US school children to find those at risk of experiencing a SCA. I 



ECG technology has significantly changed since the currently used North American standards were developed. 
Our updated database will reflect current technology and population diversity in the United States. This new 
database is hypothesized to decrease false positives and improve the validity of ECG screening. 
3. COMPARATIVE EFFECTIVENESS: We will compare effectiveness in identifying conditions associated with 
SCA of the current screening model using history and physical exam with effectiveness of a different model 
that adds an ECG to the history and physical exam. This information is not available despite recommendation 
of the use of History and Physical by the AHA. Our study design will allow us to determine the incremental 
value, in terms of the additional number of cases of SCA related conditions identified, by adding an ECG with 
subsequent ECHO to a history and physical exam, compared to history and physical alone. 
4. COST-EFFECTIVENESS MODEL: We will estimate the cost of the current screening model and compare 
this with the cost of an ECG-based model, to determine the incremental cost per case identified. In addition, 
we will create a cost-effectiveness decision tree Markov model to determine the incremental cost per life year 
saved for a simulated cohort of children. Our model and sensitivity analysis will allow us to determine if a 
school based ECG screening program is cost-effective and under what conditions it is most likely to be cost- 
effective, e.g. one time screening for all 12-13 year olds. This will be the first time that a population-wide 
evaluation of the cost effectiveness of an ECG screening program in the US will be completed. These findings 
will provide important information in order to determine if an ECG screening for school-aged children should be 
implemented and under what conditions. 

RESEARCHAPPROACH 
1. PRELIMINARY DATA 
A. PILOT HEART HEALTH SCREENING STUDY (HHSS) FOR SUDDEN CARDIAC ARREST IN HEALTHY 
CHILDREN-CLINIC-BASED SCREENING: Our prior work demonstrates that life-threatening conditions not 
revealed by history and physical can be diagnosed through ECG-based screening, and that school- and clinic- 
based screening is feasible. From July 2006-June 2007, we conducted an IRB- approved pilot research study 

at The children-'s Hospital of ~h i lade l~h ia  
(CHOP) to determine the feasibility of using 
ECGs in a heart health screening program. 
HHSS targeted healthy children and 
adolescents to identify structural and 
electrical cardiac abnormalities that 
predispose to SCA including HCM, LQTS, 

Cardiac 1 23 I 5.8 1-1 and  and^ syndrome. The aim of the study 
was to determine feasibility of adding an 
ECG to screening and not solely to identify 
individuals with conditions that lead to SCA, 

POTENTIALLY SERIOUS UNDIAGNOSED CV CONDITIONS as the sample size was to0 small and not 
representative of the population at risk. 
Methods: We screened 400 healthy 5-19 
year olds (1 1.6k3.9 years) in clinical offices 
at CHOP using a medical and family history 
questionnaire, weight, height, blood 
pressure, heart rate, cardiac exam, ECG, and 
echocardiogram. All data were collected at a 
single study visit with clinical follow up for 
subjects needing further evaluation. 
SUMMARY: History and Physical Exam: 
Potentially life- threatening conditions were 

identified in 2.5%, but none by symptoms or family history. Symptoms were present in 19% and a positive 
family history of early sudden death in 1%. In fact, 3% had syncope (0.5% with exercise) and had 
shortness of breath with exercise, both suggestive of a serious condition, but all suspected from history were 
false positives. The physical exam in youth is confounded by the high prevalence of heart murmurs; we found 
37% with systolic functional murmurs (normal), again potential false positives, with only 2 having pathological 
murmurs leading to identification of the condition by physical exam. Only one of the significant conditions 
(Primum ASD) would have been identified using current methods (history and physical). Resting ECG 
Results: ECG identified far more abnormalities. Normal variant ECG findings were common as shown in the 



Table. Abnormal Rhythms: Two subjects had complex ventricular rhythms including nonsustained ventricular 
tachycardia; two had probable LQTS; one had WPW. Conduction Abnormalities: Second degree AV block 
was seen in two. Abnormal Waveform and Axis Deviation: Definite waveform abnormalities were seen in 
6.3% of ECGs including LVH, RVH or axis deviation. QTc Intervals: All QTc intervals were hand calculated. 
Normal QTc intervals up to 0.459s were seen in 389 (97.2%) subjects. Borderline intervals of 0.460 to 0.479s 
were seen in 2.3%. Only two were definitely prolonged at 0.482s and 0.49s (0.5%). ECG Summary: RV5, 
RV6 and SV3+RaVL were significantly different by gender. As expected, significant differences were noted in 
heart rate, QRS and PR intervals and T wave axis by age. Interestingly, T wave axis was significantly different 
by race. (p=.02). Abnormal ECGs were seen in 30 subjects (7.5%), with seven of these (1.8O/0) representing 
serious abnormalities first identified by ECG. ECHO Abnormalities: ECHO, the gold standard for our 
proposed study disclosed 5 important abnormalities (3 only by ECHO with normal ECGs). The primum ASD 
was diagnosed first by ECG. ECHO Analysis: LV diastolic and systolic dimensions and z scores were 
significantly associated with age, gender and race (pcO.OOOl).Current z-scores are only adjusted for age. 
These findings suggest that there are racial and gender differences in these values not represented by the 
current z-scores. These racial and gender differences would be expected to be seen, as well, on ECG and 
provides further justification for updating ECG reference standards (Aim la). ECGIECHO Associations: LV 
mass from ECHO associated with an ECG diagnosis of LVH , p=0.036). QV6 had the most significant single 
lead association with LV mass z-score (p=0.004). A composite of RII and RV6 associated significantly with LV 
diastolic wall thickness dimension z-scores (p=0.04), RV6 and QV6 with diastolic septal thickness z-scores 
(p=0.03) and LV mass z-scores (p=0.0003), and a composite of RII, RV6 and QV6 associated significantly with 
LV diastolic septal ((p=0.02) and free wall thickness (p=0.03) z-score dimensions and with LV mass z-score 
(p=0.009). It is important to note that LV mass on ECHO has been found to correlate significantly with autopsy 
findings of LVH and thus, the importance of the correlation of ECG with LV mass. Follow up: Further 
cardiovascular follow up has been recommended in 24 subjects (6.5%). Potentially serious, previously 
undiagnosed conditions (2.5%) are being treated with surgery, medications and/or activity restrictions. 

6. COMMUNITY-BASED SCREENINGS AT SCHOOL SITES: We used a 
community screening model between 2007 and 2009, screening 1523 
students at 6 school screening days under a CHOP IRB-approved protocol, 
targeting both high school athletic populations and all students in 
kindergarten through 12'~ grade (5-19 years of age). Students were 
screened using a medical and family history questionnaire, weight, height, 
blood pressure, heart rate, cardiac exam, and ECG, with abnormals also 
receiving an ECHO. Of the 1523 subjects, the first 674 received only ECGs 
at the school site and were asked to come to a clinic or hospital setting for 
additional evaluation including echocardiography. This required referral for 
additional testing and evaluation, led to a delay in diagnosis for these 
individuals, as well as some degree of anxiety. Our model evolved, and 
ECHOs were obtained on participants on site if their ECGs were abnormal 
or other information, such as a family history of HCM or early SCA, 
suggested that an echocardiogram would be helpful. The ability to obtain an 
echocardiogram at the original school screening decreased the referrals for 
additional testing from 7% to 5%.The abnormalities found are shown in the Table. Eight percent of the ECGs 
were abnormal. Serious abnormalities occurred in 1% of this cohort. The number with QTc prolongation in the 
borderline area of 0.460s to 0.479s was 0.7% and 0.3% were 20.480s. 

2. RESEARCH DESIGN AND METHODS 
Overview of Studv Design: We plan to screen 15,000 healthy children/adolescents ages 10 through 19 years 
to identify conditions leading to SCA, to focusing on this most affected age group. This age range of middle 
through high school was selected as the age at which HCM is most likely to start to become apparent on 
echocardiography. Additionally, LQTS and WPW will be evident by this age in most subjects. While some with 
WPW and LQTS could be identified earlier, the risk of SCA is low prior to adolescence. This study is not limited 
to athletes as almost all children are active, often in nonscholastic or non-traditional sports, making the 
screening of "only athletes'' an arbitrary choice. We will use a modification of the standard preparticipation 
medical and family history questionnaire. All participants will receive height, weight, blood pressure and heart 
rate measurements, and a cardiac exam. Additionally, all will receive ECG and ECHO. The study design calls 



for samples from schools, with testing performed either using a mobile school screening model similar to our 
community-based screening or a clinic-based model similar to our HHSS Pilot Study. The same protocol will be 
used whether the screening is performed at the school or clinic site. 
Study Sample Size: All data will be collected on 15,000 subjects with at least 2400 per racial and ethnic group 
for Caucasian, African-American, Hispanic, and Asian (specific targets will not be set for persons of other or 
multiple races). All groups will be further stratified by age and gender. The 8 Ancillary Sites will screen 500- 

2000 children each and CHOP will screen 
approximately 5000. The same school- 
based study methods described in this 
section will be used at all nine centers. 
Eliqibilitv Inclusion Criteria: Ten to 19 
year old children and adolescents with an 
informed consent who present for the study 
will be considered eligible without regard to 
gender, race, or ethnicity. Consent will be 
required from parents of all subjects 
through 17 years of age and from the 

subjects in those aged 18 and over. Assent will be obtained from all children in accordance with the specific 
center Institutional Review Board (IRB) policy. 
Exclusion Criteria: Children with known heart disease will be excluded from the analysis (looking at the 
efficacy and effectiveness of the ECG to identify unknown conditions), but will be allowed to be screened if 
they have consented as a member of a school classroom that has been considered eligible for screening. This 
is an effort to prevent any peer-associated concern or discrimination regarding their failure to participate or to 
expose their prior medical history. The only other exclusion criteria will be refusal of the child to participate, or 
removal of the child from the study by physician, other adult authority (e.g., school nurse) or parent. 
Multicenter Participants and Studv Orqanization: Children will be enrolled in nine Centers across the 
country that have been chosen from areas that represent the broad ethnic and racial diversity of the US. (1) 
Philadelphia, PA: The Children's Hospital of Philadelphia; (2) Boston, MA: Children's Hospital Boston; (3) 
Charleston, SC: Medical University of South Carolina; (4) Chicaqo, IL: Hope Children's Hospital and Midwest 
Heart Specialists; (5) Dallas, TX: Dallas Children's Hospital; (6) Durham, NC: Duke University School of 
Medicine; (7) Los Anneles, CA: Children's Hospital of Los Angeles; (8) Morqantown, WV: West Virginia 
University Children's Hospital; and (9) New York City. NY: Montefiore Medical Center; Investigators at these 
centers have experience with ECG school screening and have relationships with their school districts. (See 
support letters.) These investigators met in Philadelphia on October 17-18, 2008 to discuss protocol 
development and present screening methodologies they use. Participants attended a CHOP School ECG 
Screening at Abington School District on October 18, 2008 where 261 students were screened. These 
investigators have participated in multicenter studies involving the NIH supported Prospective Assessment of 
Pediatric Catheter Ablation study and the Pediatric EP Registry as well as other studies through the Pediatric 
and Congenital Electrophysiology Society (PACES). Additionally, the group has participated in Conference 
Calls regarding this submission. Further, five of the ancillary sites are currently members of the Pediatric Heart 
Network (PHN) and have participated in 9 multicenter studies to date. Our multicenter model organization will 
utilize the format of the PHN with multiple clinical centers and a Data Coordinating Center (DCC), and will 
potentially interact within the PHN by presenting study results when available to this group to enhance 

dissemination. The overall Organization is shown in Appendices 1 and 2. 

Study Duration and Time Line: The Time Line is shown in the chart. 
Core Laboratory development and Site Training will occur in the first 3 
months. It is estimated that it will take 3-4 years to obtain data from 
15,000 subjects The Reference Standard Database will be developed in 
the 6 months after the 15,000 students have been enrolled. Analysis will 
be on going as data are obtained. In the last year of the grant, we will 
evaluate the outcomes of the Specific Aims followed by dissemination of 
information. Appendix 8. 



Detailed Studv Methods and Testinq-Studv Flow: The Study, Subject, and Data Flow are shown below. 
Additional LQTS Testing: Those with QTc>0.48s will be considered abnormal and >0.460s-0.479s will be 
considered borderline. ~i borderline and "definite" abnormal QTc intervals subjects will enter the QTc 
algorithm that includes family ECGs, exercise stress testing, and genetic testing. (Appendix 7). 
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Recruitment: Combined recruitment from each of the study sites will provide more than adequate numbers of 
children needed for this study. To assure all ages, genders, races, and ethnicities are represented, these 
children will be separated into four age groups as follows: Group I: Ages 10-1 1; Group II: Ages 12-1 3; Group 
Ill: Ages 14-16; Group IV: Ages 17-19. Disproportionate distribution of participants according to ages, gender, 
race and ethnicity will be addressed at interim recruitment evaluations by the Data Coordinating Center (DCC) 
with corrections on a 6-month basis. Participants will consent to have an ECG, echocardiogram and cardiac 
exam, to fill out a questionnaire, to clinical follow-up visits and studies as needed (especially to diagnose 
LQTS), and to allow access to their medical records. Exercise and genetic studies are included in the LQTS 
evaluation algorithm covered by the research study. Other clinical studies will be provided at the institutions in 
this study. If insurance is not available, a financial counselor will assist parents in obtaining Medicaid, SCHIP, 
or charity care as needed. All institutions have agreed to provide urgent services, including diagnostic testing. 
The schools to be used for recruitment will be selected using lists of public schools obtained from the National 
Center for Education Statistics. Schools will be selected using a stratified, random sampling design that will 
provide an unbiased selection of schools for the areas served by the sites and adequate numbers of students 
for the targeted sample sizes. 
Recruitment and Screening Methodoloqy: The selected schools will be contacted by the Research Team. 
The research request process or protocol for the specific school will be used and all will have IRB approval. 
We will provide information through the school administration to the school community, often using school 
websites, and back-to-school nights. Flyers and information regarding the study will be provided. (Appendix 
5) Parents communicate with our research team either directly or through the study website to confirm their 
eligibility. The interested participants will be contacted by the study coordinator to explain the details and obtain 
verbal consent. A questionnaire, mailed to the participants, is completed prior to the screening day. Specific 
dates will be set up for school or clinic screening days. The parent will be asked to provide the name of their 
child's physician for transmission of information. Appropriate HIPPA regulations will be followed. We will bring 
all our supplies, including examination tables for ECGs, ECHOs, and cardiac examinations, ECG and ECHO 
machines to the schools. The Screening Team includes the Research Nurse Coordinator and other research 
nurses to assist with blood pressure, other measurements, and consent. Additional personnel include ECG and 
echocardiography technicians, and volunteers who help with registration, student flow, and check out. After 
Consent, the participants are directed to the ECG Station where a technician obtains a 15-lead ECG in the 
supine position in a private curtained area. Next, A pediatric cardiologist reviews the history without knowledge 
of the ECG or echocardiographic findings and performs a cardiac exam. Then, the Measurement Station 
collects data for height, weight and blood pressure while onsite physicians read the ECGs. The students are 
then taken to the ECHO Station for an echocardiogram by a pediatric echosonographer (15-20 minutes). If 
positive ECG or ECHO findings are identified, the parents and student are informed and recommendations for 

*Schedule *Measurements: B?, H t  v ~ t  



follow up with their primary physician are made, with a suggestion that cardiology follow up be obtained, at the 
discretion of the primary physician. Letters with findings from the screening and a copy of the ECG are sent to 

Resources Needed to Screen 100 Students the parent and primary physician. Information 
Locations school BulMinglGymnasiumlTmining regarding any serious finding is relayed immediately 

RoomslMedical Clinic Rooms to the subject, family, and to the primary physician. 
n-ih* Personnel 2 ECG Techs 6-8 ECGslhr 

MDS 48-64 ~ c ~ s l d a y n ~ h  (Appendix 6) 
I -*search Nurse Manager 73 E ~ H O  rechs 34ECHOs(hrlt8Ch- Communitv Screeninn: The number and type of 
1-2 NurseslMA 
3 4  Volunteers 

27-36 ECHOddayltech personnel to screen 100 subjects derived from our 
Equipment 23 ECG machines prior Community School Screening experience is 

3 4  ECHO machines shown in the adjacent table. In a clinic, fewer 
Screen daily in 8 3  h 100 personnel are needed. 

Design and Methodolonv to Develop ECG 
Reference Database: Aim 1 is to develop a new ECG reference standard database for different ages, 
genders, races, and ethnicities as this currently does not exist. This new reference standard database will be 
compatible with the most current high fidelity computerized ECG machine and storage systems. Mortara 
Instrument has agreed to help with this process by providing ECG machines, and an E-scribe analysis system. 
The data can be processed and extracted from the analysis system using programming methods to extract 
XML formats of ECG data to be transferred into Oracle Clinical database. 
Desiqn of Comparative Effectiveness, Cost, and Cost-effectiveness: Aim 2 of the study will determine 
comparative effectiveness, cost per incremental case identified, and cost per life year saved by adding an ECG 
to a history and physical exam for all school aged children (intervention) relative to the current pre-participation 
screening for athletes only (usual care). Effectiveness measures will be based on clinical findings (aim 1) to 
determine the number of cases detected by the intervention compared to usual care (aim 2a, b). Life years 
saved, will be modeled based on published lifetime histories for all SCA associated conditions (aim 2c). In an 
effort to obtain generalizable estimates for a universal screening program, costs will include amortized fixed 
costs of equipment and costs related to preparing for the screening day as well as variable costs principally 
related to staffing and collected from participating sites. We will exclude research specific costs. Cost 
determination will be based on the societal perspective. The cost-effectiveness ratios of incremental cost per 
case identified (aim 2b) and incremental cost per life year saved (aim 2c) will then be determined. 
Study AssessmentsIProcedures: Descriptions of the study assessments and procedures are found in 
Appendix 6. Additional appendices include ECG standards and echocardiographic procedures and Core 
Laboratory development and protocols, post study follow up procedures, and description of the DCC. 

3. RESEARCH OUTCOMES: 
Outcomes of Aim la: Raw and smoothed distributions of ECG values by age, gender, race and ethnicity, 
along with measures of uncertainty associated with critical thresholds. Outcomes of Aim Ib: Estimates of 
improvements in sensitivity and specificity using ECG added to history and physical in the diagnosis of HCM. 
Outcomes of Aim Ic: Positive and negative likelihood ratios for ECG as a diagnostic test for WPW and LQTS. 
Outcome of 2a: Comparisons of sensitivity and specificity and predictive values positive and negative 
between history and physical and ECG-based screening using diagnostic thresholds determined by relative 
costs and benefits of false and true positive and negative findings. Outcome of 2b: The incremental cost per 
case identified by an ECG screening based program for school aged children relative to pre-participation 
physical exam and history for athletes. Outcome of 2c: The cost per life year saved by an ECG screening 
based program for school-aged children relative to pre-participation physical exam and history for athletes. 

4. STATISTICAL ANALYSIS: The proposed statistical methods integrate our hypotheses into a continuum of 
methodology with the overall goal of assessing clinical usefulness and costs of ECG screening. The database 
with normative ECG values will assess diagnostic performance in terms of sensitivity and specificity based 
initially on these normative values. Together with contemporaneously collected and auxiliary information on 
probabilities of disease, prognoses, and costs of care, the result of diagnostic performance will support 
estimates of cost effectiveness. Performance of a diagnostic test depends on choice of threshold of ECG 
results, and that choice in turn depends on the inherent trade-off of sensitivity and specificity with varying 
thresholds, and the relative costs and benefits of true and false positive and negative clinical  decision^.^' The 
process of arriving at normative values, thresholds, sensitivity and specificity, and costs and benefits must 
therefore be iterative and mutually reinforcing. 
Aim l a  ECG reference standard database: The challenge for estimating references standards arises from 



relatively small samples available when data on 15,000 subjects are cross-classified by age, gender, and racial 
groupings. Thresholds for clinical decision making that use tails of distributions, where data are sparse, are 
subject to substantial imprecision arising out of the "edge effect". Therefore, we propose to avoid any set 
percentile of ECG results based on observed data (for example, the observed 95'h percentile). Instead, we 
shall use statistical modeling to consider a range of possible threshold values consistent with estimates of true 
population percentiles. In addition, small changes in age should not give rise to large changes in reference 
standards and clinical thresholds that may occur with reliance on observed percentiles. We shall begin by 
graphing and tabling observed distributions of each element of ECG readings in terms of mean, median, 
standard deviation, and percentiles by age, gender, and r a c e l e t h n i ~ i t y . ~ ~ ~ ~ ~  We shall next estimate confidence 
bounds of observed percentiles by using bootstrap resamp~ing.~' Third, for covariate-specific estimates, we 
propose kernel density estimation, to produce smoothed distributions and the centiles of those distributions for 
subgroups created by cross-classifications of age, gender, and race~ethnicity.~~~ 93 Finally, we propose to use 
parametric and semiparametric smoothing methods, which can reduce bias arising out of small sample sizes in 
subgroups, to arrive at adjusted reference ranges standardized as appropriate to age, to arrive at more stable 
distributions for the identification of unusual v a ~ u e s . ~ ~ - ~ ~  These methods model the center, spread, and shape 
(skewness and kurtosis) of distributions as a function of covariates of interest, e.g., age and racelethnicity, and 
estimate centiles (such as a 98'h percentile) smoothed in the same spirit as a regression model. These 
methods have been programmed in standard statistical packages such as Stata v 11, and R. Once estimated 
by age, gender, race and ethnicity, 'the distributions of these model-based normative values can be compared 
and reported, along with key thresholds. 
Precision for Specific Aim l a  - Reference Standard Database: The precision requirements for Specific Aim 
l a  are based on methods developed by Jennen-Steimetz and Wellek (2005)." Specifically, reference intervals 
containing 95% of the population accurate to within i 0.01 with 90O/0 probability will require -300 subjects 
within each target study group. We propose to obtain estimates for four age groups by gender within each of 
four racelethnicity groups. Thus, a sample size of approximately 2400 students will be enrolled for each of the 
four targeted racelethnicity groups. These sample sizes can easily be obtained within the larger framework of 
15,000 screenings required to have adequate power for Specific Aim 1 b, as discussed below. Improvements in 
predictive values of ECG will be estimated by varying the thresholds for determinations of a positive test. 
Improvement in performance of new versus existing ECG reference standards will be tested by methods of the 
paired comparisons outlined below. 
Statistical Analysis for Aims 1 b and 1 c-Sensitivity and specificity of testing for HCM, LQTS and WPW: 
(Aim 1 b) To compare ECG added to history and physical (H&P) versus H&P alone in terms of sensitivity and 

specificity in detecting HCM, we will use paired analyses at the subject level. Thresholds for estimating 
sensitivity and specificities will be derived from the normative databases (above) and readjusted as needed 
based on relative costs and benefit derived from the cost-effectiveness analyses (below). Comparisons of 
(sensitivity (Sn) and specificity (Sp) at a given threshold) using methods for stratified data, will contrast for 
each diseased (sensitivity) or non-diseased (specificity) child, the accuracy of ECG versus history and physical 
exam. loo (Aim Ic)  Sn and Sp of ECG will be combined to form positive (Sn/(l-Sp) and negative ((I-Sn)/Sp)) 
diagnostic likelihood ratios (LR+ and LR-). These ratios will then estimate the added diagnostic information 
from positive and negative ECG findings in confirming or ruling out LQTS and WPW. Estimates will be reported 
with confidence bounds. Analyses will be done in Stata v 11 (Stata Corp, College Station, TX, 2009). 

Statistical Power for Specific Aims 
1b and Ic: Power of ECG vs. 
standard diagnosis using H&P are 
based on paired comparisons of 
15,000 subjects. The tables provide 
estimates of sensitivity, specificity and 

expected number of events (diseased children), as statistical power is 
determined largely by the number of children expected with a condition. For 
each condition and its prevalence we estimated power for paired 
comparisons over a range, where indicated, of possible numbers of 
discordant pairs (where ECG found a condition but H&P did not, for 
example).100 In all instances, power to detect a statistically significant 
difference of ECG over H&P in terms of both sensitivity and specificity 
exceeded 0.8 and, in some instances, approached 1 .O. 

Risk 

0.0005 
0.0010 
0.0015 
0.0020 
0.0025 

Confidence 
bounds 

0.00021, 0.001 00 
0.00056, 0.00165 
0.00095, 0.00226 
0.00135, 0.00285 
0.00177, 0.00344 

Expected 
events 

7 to 8 
15 
23 
30 
38 



+ Aim 2a, b, and c: Comparative and Cost-effectiveness: (Aim 2a) Comparative effectiveness will be 
estimated as outlined previously for Aims 1b and 1c together with external data as outlined here, for the 
addition of ECG as a component of routine screening. Diagnoses made and lives saved per 1000 subjects will 
be compared. (Aim 2b) To estimate cost-effectiveness we will estimate cost differences between treatment 
groups using arithmetic means because this measure permits a budgetary assessment of treatment. Cost 
data distributions are often skewed to the right so non-parametric bootstrap will be used as a check on the 
robustness of standard parametric t-tests.lol The cost-effectiveness ratio of the difference between mean costs 
of school-based screening and usual care and cases detected in school based screening and usual care will 
have stochastic uncertainty that will be expressed through 95% confidence intervals estimated via Fieller's 
method. (Aim 2c) The cost-effectiveness ratio of the incremental cost per case identified is both an internally 
valid and useful outcome for comparing various strategies for screening of SCA. However, when allocating 
resources between conditions it is useful to derive a cost-effectiveness ratio applicable across conditions, such 
as lifetime incremental cost per life year saved. We will derive this outcome by developing a decision-analytic 
Markov model. This model will be populated with inputs on disease progression and treatment from the 
epidemiology literature because it would be infeasible to collect primary data with sufficient follow-up (life time). 
As such, it is classified as exploratory. The model inputs derived from the primary data are direct screening 
costs and additional cases identified. Sensitivity analyses will be performed in order to determine which 
parameters are the most critical (e.g. cost/sensitivity/specificity of an ECG, etc.) in determining whether a 
school-based screening would be considered cost-effective. Sensitivity analysis will aid in determining which 
screening strategies are the most cost-effective, e.g. one-time screening for all 12-13 year olds vs. for all 17-1 9 
year olds. Hypothesis testing involves determining whether the CER is significantly less than the maximum 
acceptable cost-effectiveness ratio (or ceiling ratio); this is currently unknown so we do not provide power 
estimates but the ample power for detecting combined disease sensitivity differences suggests ample power 
for cost-effectiveness. We will determine the implied acceptable ceiling ratio by finding the CER of current 
practice (history and physical of athletes) compared to no screening. We will consider how cost-effectiveness 
may change with different costs of ECG screen, changes in sensitivity and specificity of ECG, and different 
ceiling ratios. Additionally, sensitivity analysis will be performed to determine the impact of uncertainty in input 
parameters. 

DATA MANAGEMENTIDATA COORDINATING CENTER 
Data Coordinating Center (DCC): The DCC for this grant application will draw its key and other personnel 
from the CHOP Biostatistics and Data Management Core (BDMC), located at CHOP. This BDMC supports 
investigators from virtually all subspecialties of pediatric medicine, and currently conducts over 50 funded 
studies from basic science projects to large, multi-site clinical trials. It is staffed by a full-time Scientific Director, 
Deputy Director, biostatistics and data managementlinformation technology managers, two administrative 
support personnel, and 20 additional staff members representing the disciplines of biostatistics, data 
management and information technology. Since 2008, the CHOP BDMC has been operated and supported by 
Westat, Inc. (Appendix 2 for expanded description of the DCC.) 
Data Management: The DCC will provide a central data processing resource for this project. To ensure that 
data achieve the highest quality, sophisticated automated data transmission and data editing procedures will 
be implemented along with quality assurances procedures, including both manual and computerized edits. 
Data will be structured into a relational database. Data management will include: 1) Developing Data 
Management Plans (DMPs), case report forms (CRFs), data entry screen requirements, edit check 
specifications, data collection and entry guidelines; 2) functional testing, data review, medical coding, and data 
discrepancy management; 3) quality control database audits; and 4) training. See Appendix 2. 
Core Laboratories: AN ECG Core Laboratorv at CHOP will include two ECG Core Lab readers and a 
Director. (Appendix 3). A Cardiovascular Echo Core Laboratory at CHOP will be expanded for this study. 
Personnel include a Core Lab Director along with 2 other faculty level echocardiographers. For details see 
Appendix 4: Echocardiographic Core. For discrepancies between Ancillary Site readings and Core Lab 
readings, the Core Lab readings will take precedence with regard to determining study diagnosis. Any subject 
with QTc 20.460 will have exercise stress testing and genetics. Data Sharing and Dissemination Plan: We 
will disseminate our findings widely throughout the academic, medical, and education, advocacy communities, 
and the general population. We will create a number of scientific publications. Data will be shared according to 
the Final NIH Statement on Sharing Research Data (2.2.2003), Notice NOT-OD-03-032. (See Appendix 8.) 
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National Electrocardiography Screening for Competitive Athletes: 
Feasible in the United States? 

S udden death in young persons, associated with partici- 
pation in competitive athletics, has generated consider- 

able visibility and concern in both the general public and 
medical community (1-7). Such deaths, particularly when 
associated with unsuspected cardiovascular disease, have 
become a prominent public health debate focused on strat- 
egies to prevent these catastrophes (8-1 1). Two primary 
prevention initiatives have evolved in an effort to create a 
safer athletic environment: preparticipation screening in 
athlete populations to identify the culprit diseases (3, 5, 
12-17), and eligibility and disqualification standards to 
prohibit athletes identified with cardiovascular abnormali- 
ties from engaging in competitive sports to reduce their 
risk (2, 4). 

The efficacy of the preparticipation screening pro- 
cess has been scrutinized (8, 9). Substantial contribu- 
tions from investigators in Italy have energized this di- 
alogue, reporting that the routine addition of 12-lead 
electrocardiography (ECG) to systematic screening of 
competitive sports participants reliably identified po- 
tentially fatal cardiac diseases, such as hypertrophic 
cardiomyopathy (12, 15). 

In Italy, for the past 27 years, a mandatory national 
program has been used to screen all competitive athletes 
with a medical history, physical examination, and 12-lead 
ECG and disqualify those identified with various car- 
diovascular diseases (3, 12, 15). This program attracted 
heightened visibility, with an observational study from the 
~ e n e t o ,  Italy, that- reported a substantially reduced inci- 
dence of cardiovascular disease-related sudden death asso- 
ciated with the implementation of the national screening 
program (1 2). 

In this issue, 2 groups from respected U.S. centers 
offer much-needed data relevant to screening with ECG, 
an area impaired by a paucity of evidence. In a study of 
5 10 collegiate student-athletes, Baggish and colleagues 
(18) report that screening with ECG enhanced sensitivity 
and negative predictive accuracy (compared with history 
and physical examination alone) for detection of cardiovas- 
cular abnormalities; however, this strategy was also associ- 
ated with a high rate of false-positive results. In a detailed - 
economic analysis, Wheeler and coworkers (19) present a 
construct supporting the cost-efficacy of ECG in screening 
athletes for cardiovascular disease. 

Although mass ECG screening has its proponents (8) 
(largely in Europe [3]), it is useful to dissect this issue 
without bias from all perspectives by focusing on resources, 
implementation, and societal influences relevant to trans- 
lating the Italian model to the very different U.S. health 
care system. Screening of general populations for diseases 
responsible for sudden death in athletes (7) is a far more 

complex venture than it might seem initially. Excessively 
simplistic conclusions about screening are reminiscent of 
the allegory in which 6 blind men come in contact with 
different parts of an elephant and each is convinced that 
their interpretation is correct without realizing that they 
are describing only one part of the animal, and none of 
them is completely accurate. 

MANDATED SCREENING 
Considerable confusion about screening with ECG 

persists, and it is important to first frame what has become 
a complex debate. Italian preparticipation screening with 
ECG is a federally subsidized program required of all ath- 
letes (aged 12 to 35 years) and anchored in Italian law (2, 
3, 12, 15)-which is much different from the United 
States, in which history and physical examination screening 
without additional testing is customary practice (5, 13, 
14). A multitude of factors reinforce the impracticality of 
creating such a massive and expensive governmental pro- 
gram within the U.S. medical system, confined to only 
athletes and administered long-term. 

First, the U.S. population is 300 million, with an ath- 
lete population of an estimated 15 million-who largely 
participate in high school and college sports programs- 
easily exceeding that in Italy (about 6 million athletes). An 
ambitious screening program limited to young persons 
who choose organized sports would probably be regarded 
as exclusionary and discriminatory because most sudden 
deaths due to genetic heart disease occur in nonathletes. 
Therefore, any systematic program with ECG screening 
would probably require the participation of all children in 
the United States (there are 75 million persons younger 
than 18 years). 

Second, although sudden deaths of young athletes are 
tragic, these are uncommon events in the United States- 
fewer than 100 annually (7) or 1 in 220 000 participants 
(20), with a low event rate no different from that in the 
Veneto region of Italy over the past 1 1 years (1 1). 

Third, as noted (18), inclusion of ECGs may lead to 
screening with low specificity and positive predictive value, 
as well as a high rate of false-positive ECG results (10% to 
20% [5 ,  9, 16, 21, 221 and 17% [18]) requiring extensive 
noninvasive testing that would unavoidably promote inap- 
propriate disqualifications, unnecessary anxiety, and possi- 
bly chaos in a national program (5). False-negative ECG 
results may also occur, particularly in young athletes with 
hypertrophic cardiomyopathy or congenital coronary ar- 
tery anomalies (5, 22, 23). 

Fourth, although it is impossible to assign a monetary 
value to the life of a young athlete and despite the inter- 
esting data from Wheeler and coworkers (19) and the rel- 
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atively low mortality rate (7, 1 I), cost-efficacy consider- 
ations will inevitably persist in this dialogue. The American 
Heart Association's panel estimated that the initial annual 
cost of a national screening program would be about $2 
billion (5). 

Fifth, certain societal, cultural, and legal consider- 
ations may limit acceptance of mandatory screening, in- 
cluding the inevitable perception by some that disqual- 
ification from sports represents an infringement on 
individual liberty and the freedom to assume personal risks, 
even for sudden death. Also deserving of consideration is - 
the potential exposure to legal liability for examining phy- 
sicians who (under the Italian model) are responsible for 
establishing diagnosis and enforcing disqualification. Such 
circumstances would inevitably lead to federal lawsuits dis- 
puting disqualification decisions, with U.S. physicians po- 
sitioned as defendants. 

Finally, and perhaps most important, is the matter of 
resources and logistics. It is underappreciated that the Ital- 
ian program is workable largely because of the availability 
of a dedicated cadre of primary care sports medicine 
sicians (without in-hospital postgraduate training) who 
have formal responsibilities that are confined to evaluating 
athletes for sports eligibility. Such physician resources sim- 
ply do not exist in the United States (or probably any other 
country), and consequently, a nationwide screening pro- 
gram would create substantial additional burden to an al- - 
ready overworked and overcommitted physician workforce. 

INDIVIDUAL SCREENING INITIATIVES 
Although the American Heart Association's consensus 

panel (5) does not endorse mandatory ECG screening for 
all competitive athletes, it does not discourage less ambi- 
tious screening initiatives in individual high schools, col- 
leges, and local communities, as reported by Baggish and 
colleagues (18) for the intercollegiate athletic program at 
Harvard University. Some programs in universities (16, 
17), certain professional sports in the United States (for 
example, basketball and football [24, 25]), and some Eu- 
ropean Olympic teams (6) have selectively undertaken rou- 
tine ECG screening. Of  course, many of the afotemen- 
tioned obstacles to mass screening nationally are also 
relevant to regional or local initiatives, not the least of which 
are false-positive test results and the challenge of recruiting 
long-term financial and manpower commitments. 

CONCLUSION 
Prevention of sudden death due largely to congenital 

and genetic cardiovascular diseases in young, trained ath- 
letes has become a highly visible and controversial public 
health and societal issue, albeit a deceptively complex one 
involving diverse clinical practice disciplines. However, 
convincing solutions continue to be elusive. The attraction 
of the Italian screening model is perhaps understandable, 
given that ECG is a relatively simple and inexpensive test 

that the medical community is comfortable in performing. 
However, on closer inspection, when even such an appar- 
ently "simple" test is applied to large, healthy populations, 
important limitations become obvious, temporizing initial 
enthusiasm with prudent restraint. At this time, the afore- 
mentioned obstacles probably prohibit the creation of a 
mandatory, systematic preparticipation screening program 
with ECGs confined to young persons in competitive 
sports in the United States. 
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Cost-Effectiveness of Preparticipation Screening for Prevention of 
Sudden Cardiac Death in Young Athletes 
Matthew T. Wheeler, MD, PhD; Paul A. Heidenreich, MD, MS; Victor F. Froelicher, MD; Mark A. Hlatky, MD; and 
Euan A. Ashley, MB ChB. DPhil 

Background: Inclusion of 12-lead electrocardiography (ECQ in mental total cost of $89 per athlete and yields a cost-effectiveness 
preparticipation screening of young athletes is controversial because ratio of $42 900 per life-year saved (95% CI, $21 200 to $71 300 
of concerns about cost-effectiveness. per life-year saved) compared with cardiovascular-focused history 

and physical examination alone. Compared with no screening, ECC 
Objedive: To evaluate the ECC pius plus cardiovascular-focused history and physical examination saves 
cardiovascular-focused history and physical examination compared 2.6 lifemyears per athletes and $199 per ath- 
with cardiovascular-focused history and physical examination alone lete, yielding a cost-effectiveness ratio of $76 100 per life-year 
for preparticipation screening. saved ($62 400 to $1 30 000). 

Design: Decision-analysis, cost-effectiveness model. Results of Sensitivity Analysis: Results are sensitive to the relative 

Data Sources: Published epidemiologic and preparticipation screen- risk reduction associated with nonparticipation and the cost of initial 

ing data, vital statistics, and other publicly available data. screening. 

Target Population: Competitive athletes in high school and college Limitations: Effectiveness data are derived from 1 major Euro- 

aged 14 to 22 years. pean study. Patterns of causes of sudden death may vary 
among countries. 

Time Horizon: Lifetime. 
Conclusion: Screening young athletes with 12-lead ECC plus 

Perspective: Societal. cardiovascular-focused history and physical examination may be 
cost-effective. 

Intervention: Nonparticipation in competitive athletic activity and 
disease-specific treatment for identified athletes with heart disease. Primary Funding Source: Stanford Cardiovascular Institute and the 

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

Results of Base-Case Analysis: Addition of ECC to preparticipa- Ann Intern Med. 201 0;152:276-286. 

tion screening saves 2.06 life-years per 1000 athletes at an incre- For author affiliations, see end of text. 

Y 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 ~ardiom~opathy, anoma- 
lous coronary artery anatomy, arrhythmogenic right ven- 
tricular cardiomyopathy, and aortic aneurysm (1). Athletes 
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 substantially 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 
(ECG). 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 (1 8). 

The cost of adding ECG to the screening program has 
been a central argument against its routine use (1 3). 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 Arner- 
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). W e  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 identi6 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 (1 3); 
and cardiovascular-focused history and physical examina- 
tion 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-etFectiveness 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. W e  did not include costs and benefits unre- 
lated to cardiovascular health of the athletes screened in the 
analysis. 

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 I European study, and 
patterns of cardiac disease differ geographically. 

-The Editors 

Decision Model 
W e  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. 
W e  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 (2.5); the cost of medical care; and the utility- 
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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CV = cardiovascular; ECG = I t l e a d  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 
W e  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. 
W e  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 

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). 
W e  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 
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approach to determining secondary testing methods, in- 
cluding cardiac magnetic resonance imaging or commer- 
cially available genetic testing, when appropriate in a 
minority of athletes undergoing secondary screening, 
generated a similar mean value. We estimated initial treat- 
ment and follow-up above yearly baseline costs on the basis 
of expected rates of utilization for athletes who had a pos- 
itive screening result on initial or secondary testing, and we 
used wide estimates for high and low ranges because of the 
uncertainty inherent in these estimates. This estimate in- 
cludes expected initial-year societal costs for cardiac surgery 
($48 000 per person) (36) for 1 %, electrophysiology study 
and ablation ($18 000 per person) (37) for 296, and im- 
plantable cardioverter-defibrillator implantation ($28 000 
per person) (38) for 2% of the true-positive population. 

Effectiveness of Treatment and Nonparticipation 
We estimated baseline effectiveness of correct identifi- 

cation and treatment of athletes with occult heart disease 
from a large published longitudinal study evaluating ef- 

fectiveness of preparticipation screening in Italy (9). 
The  effect of treatment or nonparticipation, expressed 
as the ratio of the risk for sudden cardiac death for a 
competitive athlete with occult heart disease versus the 
risk for sudden cardiac death for athletes identified with 
heart disease and treated appropriately, varied widely. 
W e  calculated the baseline risk reduction directly from 
the findings of Corrado and colleagues (9) and modified 
the risk reduction to account for expected differences in 
baseline prevalence of predisposing underlying disease in 
U.S. versus Italian athletes, including a lower expected 
prevalence of arrhythmogenic right ventricular cardio- 
myopathy and an increased frequency of premature cor- 
onary artery disease (1). This ratio was varied from 1, 
reflecting no effect of screening-based discovery of dis- 
ease, to 23, calculated as the maximum literature- 
derived rate of sudden cardiac death in athletes divided 
by the minimum estimate of sudden cardiac death in 
nonathletes after identification. 

fable 1. rom, tnenlveness Assumptions, ana I e s  cnaracter~nlcs* 

Variable Base Case Low Estimate Low CI for 
Simulation 

SCD risk per 100 000 person-years 
Athlete with heart d~sease -174 (9) 38 (5) 
Athlete with no heart disease 0.4 (9) 0.11 (5) 
Athlete disqualified with heart disease 28 (9) qt 

Nonathlete with no heart disease 0.2 (9) 
Heart disease prevalence 1.2 (9) 0.3 (LJ 

Test characteristics 
Sensitivity 

H & P  
ECC + H & P 

Specificity 
H & P  
ECC + H & P 

Costs, S 
Screening 

H & P  
ECC 

Evaluation 
Cardiology visit 
Echocardiography 
Stress test 
Cardiac MRI 
Holter monitor 
Cardlac CT 
Total cost 

Treatment for discovered heart disease 
Cost (I st year) 
Cost per year (annual) 

High CI for 
Simulation 

High Estimate 
(Reference) 

--  - 

C T  = 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. 
t Author consensus estimates. 
$ Medicare reimbursement cost of $61 + $12 indirect cost for H & P and Medicare reimbursement cost of $27 + $7 indirect cost for ECG. 
5 Maximum estimates for costs of ECG, echo~ardiograph~, 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). 
I( Averaged over a population who underwent secondary testing and was found to have positive results, above baseline medial cost; each identified individual is modeled to 
have 2 additional clinic visits, additional echocardiography, stress testing, and Holter monitor and either MRI or C T  (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 Compari~g Methods of tardiovascular 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 rnlllion S 
Testing. n n* LY5 

Cost-effectiveness assuming baseline of 
no screening 

No screening 0 0 1100 05 Of 0 0 5  
H & P 117000 6700 1010 5100 2060 0.56 41 0 
ECC + H & P 213 000 30 200 670 24  200 9700 2.62 736 

Cost-effectiveness assuming baseline of 
CV-focused H & P 

ECC + H & P" 

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 yean. 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. 
5 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. 
1 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 
W e  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. W e  

discounted the decrement in utility 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. W e  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 I-sided normal distributions, with 
values limited to positive numbers (or values from O to I 
for utilities or test characteristics) to evaluate the overall 
CIS of the model. W e  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- 
~ o r t e d  by a U.S. Public Health Service training grant from 
the National Heart, Lung, and Blood Institute, National 
Institutes of Health.  he-hnding 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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Tabh 2-Continued 

Incremental Cost ICER, 95% CI, 
per Athlete discounted S/LY 
Screened. save& 
discounted $ 

ICER, discounted 
$/LY saved 

0 Y* !;pii,$(li:* - - 
111 153 000-41 2 000 Weakly dominated1 %&*xi 62 400-1 30 000 76 100 

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. 
$3 10 000 per person or $1 14 000 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 $1 11 on a discounted basis. W e  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 [QALYI 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 $1 11 000 per 
QALY saved. 

Addition of ECC 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. 
T o  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 addinn 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   re valence 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 
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ECC + H & P cost 

Base H & P cost 

Secondary testlng cost 

lnltial treatment cost (1st year) 
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Al l  costs 

Base Case inputs 

I I I 
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Base Case 

SCD risk: athlete with dlsease 

Rlsk ratlo: athlete vs. DQ 

Years of increased risk 

ECC + H & P senslspec 

H & P senslspec 

Age at saeening 

Discount rate 

Prevalence 

ECC cost I +- 

i 
ECG + H & PIH & P cost 

H & P cost I 7 
Secondary testing cost ( &- 

Initial treatment cost (1st year) I -& 
Maintenance treatment cost (annual) I t 

All costs I 
so s 1 w m  1200 WO 

Inputs 

200. 150' 38. 

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

The incremental cost-effectiveness ratios (ICERs) of ECG + H & P versus no screening (top) 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. D Q  = disqualified; ECG = 12-lead electrocardiography; H & P = cardiovascular-focused history and physical examina- 
tion; S C D  = sudden cardiac death; senslspec = sensitivity/specificity. 
" Per 100 000 life-years. 
t x-fold risk reduction. 
$ Base-case assumption. 
5 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 
$1 19 000 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 $15 1. 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. 

Figure 3. Probabilistic sensitivity analysis. 
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ECG = 12-lead electrocardiography; H & P = cardiovascular-focused 
histov 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 ICERs 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 & P and H & P, ECG + H & 
P and no screening, and H & P and no screening. Proportion of simulations 

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 is cost-effective and life-saving in 0.2% ofsimulations 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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Cosi-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 ~ublished sources (9, 13, 27, 
44, 5 1, 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   referred strategy, may cost less, and may detect 
more at-risk individuals than history and physical exami- - .  

nation alone. Univariate and ~robabilistic 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. 

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 $42 900 per life- 
year. Screening athletes with cardiovascular-focused his- - 
tory and physical examination alone is unlikely to save 
money (>$I99 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 ( I ,  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- 

nitude to determine the etKcacy ot 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 
(1 3, 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 ~arental    references and risk 
tolerance are ofien 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 ofket 
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 
Q ~ L Y  saved) or implantable cardioverter-defibrillator A- 
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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Underlying Potentially Detectable Cardiovascular Disease 
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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 o f  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 
rhe population. 
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Risk for Sudden Cardiac Death per Athlete-Year, % 

ARVC = arrhythmogenic 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 (see Appendii 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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Variable Base Case 
(Reference) 

Low Estimate 
(Reference) 

Low CI for 
Simulation 

High CI for 
Simulation 

High Estimate 
(Reference) 

Baseline medical cost per year by age, S 
6 1 7 y  , 1285 (35) ' 1000 1100 1400 1600 
18-44 y 2631 (35) 2200 2500 2800 3000 
45-64 y ' 5224 (35) 4400 5100 . 5300 6000 
2 6 5  y 8906 (35) 7800 8500 9500 1 0  000 

Utilities 
~ t h l i t e  J.:' : . , .  0 9 4  (49) 0 87 0.93 " *  ' 0.95 ,I 1.00 
Secondary screening a t  1 y 0 939 t  0 87 0 929 0 949 1 0 0  
~ona th lb t e  . _  . . I (  A 0.94-t.. ' -  . .. 0 87 < 0.93' ' . ' 0.95 ' .1.00 
Heart disease (newly diagnosed) 0 89  (49) 0 76 0 85 0 93  1 0 0  
Heart disease (4 y onward after dtagnosls) 0 9 4 t  " 0.76 ' 0.93 - 0 9 5  2.1 0 0  
False negabve (disease not d~scovered) 0 9 4 t  0 90 0 93 0 9 5  1 0 0  

Test characteristics of ECG alone 
Sensitlv~ty,'% , , . - .  * , . =,' '10(27)..  . 1 25,: I . .  45 ,  . ' " : 'a.h 
Spec~fictty, % 98 61 5 (27)$ 95 2 98  8 99 
cost.'$ - , . . \ -  I 5 - 25 : 6 5  1, ' 304 ;~  . ,y,34 : . . , I  . 4 ?  

Miscellaneous 
Maximum life span, y 100 t  - - - - 

. ,  , ,Age a t  screening, y . . ,16t  ' 12  , 1 4  18 . - , ,  22 
Years of extra risk 8 t  3 5 1 0  1 5  
~ n n l i a l  discount rate ' , .  . ,'0.03 (60) ' ' . ' ,  'OiOo : ' 0.025 . 0.04 , 0.07 
Annual probability of heart disease discovery in 0.01 t 5  0.001 0.008 0.012 0.075 

primary testing false-negative group 
, , Athletes screened, nH - 370000011'.  - 1 0 0 0 0 0 0 . .  2 0 0 0 0 0 0  - 5  0 0 0 0 0 0 ~ ~  2 0  000 0001.: 

Prevalence, % 
Hypertrophic cardiomyopathy 
 nom ma lo us coronary anatomy 
Left ventncular hypertrophy 
Myocardltis 
Aortrc aneurysm 
Amhythmogenic rtght ventncular cardlomyopathy 
Premature coronary artery d~sease 
D~lated cardlomyopathy . 
Mltral stenosts 
Long QT syndrome 
Mltral valve prolapse 
The Brugada syridrome 
The Wolff-Park~nson-Whlte syndrome 
Pulrnonar) arterial hypertens~on * 

The Marfan syndrome 
Coarht ion . . . 
B~cusp~d aortic valve 

0 3 (63) 
1 3 (66) 

8 (43) 
0.1 

0 1 3  (30) 
' 0 0 5  

5 n o )  
0 2 (72) 

0 1 
0 0 6  

5 (29) 
0.6 (78) 

0 4 
0 003 

0 03 (8:) 
'ow 

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). 
5 Disease 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 lattcr 
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. 
(1 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% Cls of two I-sided normal distributions, with ail values limited to positive numbers (or values of 0 to 1 for utilities and 
test characteristics). 
1 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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OE 2. Cost-Effectiveness Ratios Using Relative Risk as Multipliers of the rtaseline 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 I000 Cost vs. No Athlete, S Screening, Expensive S/OALY saved 
Testing, n Risk for n' life-years Athletes, Screening. $/life-year Nondominated 

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

saved 

No screening - - 1070 - - - Least expensive - 
ECG alone 73 100 17 700 818 10200 2.8 328 89 32 200 32 200 40 300 
H & P 11OOOO 6700 980 3730 1 422 114 113000 Dominated Dominated 
ECG + H & P 180 000 30 200 650 17250 1.90 794 215 46 000 65 500 83 600 

ECG = 12-lead electrocardiography; H & P = cardiowcular-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 afcer 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. 

Baseline Comparator Simulation 95% CI. Simulation 95% Ci. Mean Total Mean Simulation Simulation (95% Ci). Median Simulation (95% CI). 
Variable Comparator or Comparator Incremental (Median). ICER, ICER. $/life-year Simulation. ICER. ICER, S/QALYa 

False-Positive Test TN~-Positive Test Cost per $/life-year saved saved' $/OA LYt  
Results, ng Results, n. 10 000 

Simulations, 
million $ 

I ...,_.. ., .-.**..cx -I .'.=A,-- ... Sr ...A. ..... A - - .<--- - -. , . 
NO screening ECC '"' 9 -' 44 300-172 (boo 10800-21 500 319 65 100 (62 100) 43 900-102 100 94 600 24 400; dominated* 
No screening H & P 74 400-290 100 3500-11 300 433 241 000 (223 OM)) 153 000412 000 381 000 85 300 QALY: dominated* 
No screening ECC + 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-saving5 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 (1 17 000) 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 painvise comparisons, ignoring dominance and weak dominance. 
t Simulation median iven as mean was not meaningful because of proportion of QALY costing simulations. 
$ Because of the rignilcant effect of changes in utilities varied over the estimated range, ICE& 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). 
5 Screening with ECG versus H & P alone saves $1 15 million. 
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Appendk Tabk 4. Comparison of Cost-Effectiveness of Different Screening Methods for Reducing Sudden Death in Young Athletes* 

Screening Method Sensitivity. Specificity. Reference Criteria 
% % 

False- Identified LYs Discounted 
Positive as High Saved LYs Saved 
Result, n Risk at per per 1000 

1 y. rrt 1000 Athletes 
Athletes 

Total Cost Discounted 
Cost, per Cost per 
million Athlete. Athlete. S 
S S 

Discounted Discounted Incremental Incremental 
Cost per Cost per Cost per LYs Saved 
LY Saved. QALY Athlete. S t  per 1000 
5 Saved. S Athletes 

ICER Compared 
With Next Least 
Expensive. 
Wondominated 
Strategy 

All methods 
No screening 
FH 

Least expensive 

Weakly dominated Unexpla~ned death In 
young family member 

ECC abnormal 
ECG abnormal 
Markedly abnormal elite 

athletes 
Base case 
Abnormal ECG, serious 

symptoms, or FH 
Disbnctly abnormal, elite 

athletes 
Base case 
ECG or positive H & P 
ECC or pmtive history 
ECG + H & P 
Any heart disease in 

fam~ly member 
Mildly abnormal, el~te 

athletes 
Isolated LVH by 

Sokdow-Lyon criteria 

ECG alone 
ECC alone 
ECG alone 

Weakly domlnated 
$51 400 
Weakly domlnated 

H & P  
ECG + history 

Dominated 
Dominated 

ECC alone Weakly dominated 

ECG + H & P 
ECG + H & P 
ECG + H & P 
ECG + H & P 
FH 

76 100 111 000 - - 
78 800 116000 

232 500 425 000 - - 
81 600 125000 195 1.82 

Net hfe Domlnated 
cosbng 

174 400 335 000 - - 

Weakly dominated 
Weakly dominated 
Dominated 
107 000 
Domlnated 

ECG alone Domnated 

ECC alone 

hl 

lnaemental 
Effectiveness 
(LYs Saved 
per 1000 
Athletes) 

H & P as baseline 
comparator 

H & P 15 97.0 - Base case - - - - - - - - - 
ECG + history 25 97.5 17 Abnormal ECC, serious -18 278 4440 1.01 0.0  134 - 36 90 800 125 000 - - We&ly domhated 

symptoms, or FH 
ECG + H & P 68 95 - Base case 73 112 23 532 5.18 2.06 328 - 89 42 900 61 600 89 2.06 42 900 

ECG + H & P 73 93.1 52 ECC or positive H & P 142 568 25 752 5.61 2.24 405 - 109 48900 71100 - - Weakly dominated 

ECG + H & P 34 84.7 26 ECC or positive history 449 639 8436 1.48 0.61 591 - 160 263 000 571 000 - - Dominated 

ECC + H & P 90 84.9 13 E C G + H & P  442 327 33 300 7.02 2.81 607 - 164 58356 310 000 75 a75 101 000 

e 
s ECG = 12-lead electrocardiography; FH = family historv; H & P = cardiovascular-focused history and physical examination; ICER = incremental cost-effectiveness ratio; LVH f left ventricular hypertrophy; LY = life-year; . - - " QALY = quality-adjusted lifLye&.' 
:: T h e  didity o f  comparison among strategies may  be l im i ted  because the test characteristics derived o r  estimated f rom the cited publications may no t  be fu l ly  applicable t o  the population used for  the model nor  reproducible in 

wide clinical practice. 
t Cost versus next least expensive, nondominated strategy. Dominated strategies are those that are more expensive and less effective than less expensive strategies. Weakly dominated strategies are those that are incrementally lets 
cost-effective per LY saved than more costly strategis, ruch  that a combination o f  the more expensive and less expensive nondominated strategies would be preferable t o  use o f  rhe weakly dominated strategy. 

!-? 
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&~~end~j,  Figrrre 3. Cost-effectiveness of screening athletes tb ppverit'-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-effectiveness 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. 

FH 
Estimated sensitivity, specificity 
criteria (reference) 

--.$I00 0001life-year 
.-...- $50 0001life-year 
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4pp1dk Figure 4, Univariate sensitivity analyses for ECC strategies. 
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ECC alone senslspec 

ECC cost I r 
Secondary testing cost 

initial treatment cost 

Maintenance treatment cost 

All costs SO h $100 000 $200 000 

incremental Cost-Effectiveness Ratio: 
ECC Alone vs. No Screening. discounted $//Ye-year saved 

Base Case lnpuk 

11 335. 200. 150. 38' SCD risk: athlete with disease 

Risk ratio: athlete vs. DQ 

Years of increased risk 

Age at screening 

Discount rate 

Prevalence 

ECC + H & P senslspec 68%195% 73%193% 75%184% 50%197% 
ECC alone senslspec 10%/99% 25%198.8% 45%/95.2% 40%198% 

ECC + H & P cost 

Base H & P cost 

Secondary testing cost I 
initial treatment cost (1st year) 

Maintenance treatment cost (annual) 

All costs 
so $100000 $200 000 S3W 000 

incremental Cost-Effectiveness Ratio: 
ECC + H & P vs. ECC alone, discounted Wfe-year saved 

The incremental cost-effectiveness ratios (ICERs) of ECG alone versus no screening (top) 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 lnillilllu~n and ~naxinlurrl inputs, which may be applicable to specific subgroups or particular 
payers. The table s h o w  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. D Q  = disqualified; ECG = 12-lead electro- 
cardiography; H & P = cardiovascular-focused history and physical examination; SCD = sudden cardiac death; senslspec = sensitivity/specificity. 
" Per 100 000 life-years. 
t x-fold risk reduction. 
$ Base-case assumption. 
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nine athletes using ECG alone versus other 

ECG + H & P vr. ECG alone: Top 
ECG alone vr. no scmnlng: Middle 
ECG alone vs. CV-focused H h P: Bottom 

- $50 OM)/iife-year saved 
$100 00011ikyear saved 

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

---- ECG vs. H & P 

loo000 2 m  ooo 
Willingness to Pay, dlsmunted $/life-year sand 

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 Appendii 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 (Appendii 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 CIS 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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Appendk Fipre 6 Effect of repeated testing on screening 
cost-effectiveness. 

Tests per Athlete During Career, n 

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 F&we Z Sensitivity analysis of cost-effectiveness 
of screening as a function of total students and student- 
athletes potentially at rigk 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 schoo1-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 disease 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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Screening Method Comparator Sensitivity, Specificity, Total Incremental Incremental Cost Incremental 
% % Cost discounted per Athlete, Discounted 

million S nondiscounted S Cost per 
Athlete. S 

LYs Saved Discounted LYs ICER, False-Positive Identified as 
per 1000 Saved per 1000 discounted $1 Test Results. High Risk at 
Athletes Athletes LY saved n 1 y, nt 

Statement assumptions. 10 
million screened, single 
screening per athlete 

H & P (base case) No screening 15 97 970 108 
ECC + H & P (base case) No screening 68 95 1510 174 
ECC + H & P (13) No screening 90 85 1960 252 

Base-case assumptions 3.7 
million screened, yearly 
screening per athlete. 
recurring follow-up testing 
costs 

Yearly H & P No screening 15 97 2780 862 757 1 39 0.56 1 350 OOO* 880000 6600 
Yearly ECC + H & P No screening 68 95 4380 1366 1184 6.56 2.62 452 100 1464000 30200 

Statement assumptions, 10 
million screened, yearly 
screening per athlete. 
recurring follow-up testing 
costs 

Yearly H & P No screening 15 97 7320 83 1 732 0.29 0.13 5 717 OOO$ 2 397 600 1500 
Yearly ECC + H & P No screening 90 85 13 300 1549 1334 1.97 0.85 1 563 000 11 988 000 9000 

Base-case assumptions. 3.7 
million screened, yearly 
screening per athlete, no 
recurring follow-up testing 
costs 

Yearly H & P No screening 15 97 2300 717 
Yearly ECC + H & P No screening 68 95 3500 1100 

Statement assumptions. 10 
million screened, yearly 
screening per athlete, no 
recurring follow-up testing 
costs 

Yearly H & P No screening 15 97 6090 692 0.29 0.13 47M)000$ 2397600 1500 
Yearly ECG + H & P No screening 90 85 7230 853 723 1.97 0.85 850 000 11 988 000 9000 



Screening Method Comparator Sensitivity. Specificity, Total lncremental Incremental LYs Incremental Increments! Incremental Difference in  Difference in  Difference 
% % Cost, discounted Saved per 1000 Discounted LYs Cost per Discounted Discounted S False-Positive in Persons 

millions $ Athletes Saved per 1000 Athlete. Cost per per LY Saved Test Results, Identified as 
Athletes nondiscounted Athlete, S (Screening n High Risk at 

s Method vs. 1 Y, nt 
Comparator), $ 

Statement assumptions. 10 
million screened, single 
screening per athlete 

ECC + H & P (13) H & P(basecase) 90 85 990 1.69 0.73 144 

Base-case assumptions. 3.7 
million screened, yearly 
screening per athlete. 
recurring follow-up testing 
costs 

Yearly ECC + H & P Yearly H & P 

Statement assumptions, 10 
million screened, yearly 
screening per athlete. 
recurring follow-up testing 
costs 

Yearly ECC + H & P Yearly H & P 68 95 3760 1.73 0.69 434 376 
Yearly ECC + H & P Yearly H & P 90 85 6030 1.69 0.73 718 603 

Base-case assumptions. 3.7 
million screened. yearly 
screening per athlete. no 
recurring follow-up testing 
costs 

Yearly ECC + H & P Yearly H & P 68 95 1210 2.18 

Statement assumptions. 10 
million screened, yearly 
screening per athlete, no 
recurring follow-up testing 
costs 

Yearly ECC + H & P Yearly H & P 90 85 1140 1 69 0.73 161 
Yearly ECC + H & P Yearly H & P 68 95 2930 1.73 0.69 339 

ECG = 12-lead electrocardiography; H & P = cardiovascular-focused history and physical examination; ICER = incremental cost-effectiveness ratio; LY = life-year. 
Compared with baseline of H & P. Effects of several tests, repeated follow-up testing, and screened population size. 

t Number of athletes who received screening and were found to have high nsk. In yearly screening analyses, only athletes identified at 1 y were included. * Dominated strategy. 




