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Abstract
Background—Although the severity of inducible ischemia provides incremental prognostic
information in persons with known or suspected coronary artery disease (CAD), its significance
for predicting long-term CAD outcomes in apparently healthy populations is unknown. This study
was designed to evaluate the presence and degree of myocardial ischemia in asymptomatic
siblings of persons with premature CAD <60 years of age and to determine its significance for
predicting incident acute coronary syndromes (ACS) during follow-up of 5 to 25 years.

Methods—Siblings (n = 1,287, age 30-59 years, 55% female) were screened for traditional risk
factors, underwent exercise treadmill testing with nuclear perfusion imaging, and were followed
for the development of ACS (mean follow-up 11.6 ± 5.1 years). The severity of ischemia was
assessed by semiquantitative methods using the standard 17-segment model and then categorized
by the percent maximal summed stress score as none (0%), minimal (1% to <5%), mild (5% to
10%), moderate (10% to 15%), or severe (≥15%).

Results—ACS occurred in 132 subjects (10.3%) and included sudden cardiac death (n = 13),
acute MI (n = 62), and unstable angina with revascularization (n = 57). The presence of no (88%),
minimal (6%), mild (5%), and moderate/severe (1%) ischemia was associated with an ACS
incidence of 8.3%, 19.7%, 25.0%, and 38.9%, respectively (P < .0001 for trend). Kaplan-Meier
event-free survival analyses by myocardial ischemia severity categories showed that even minimal
and mild myocardial ischemia were associated with greater ACS incidence detectable as early as 2
years after baseline. A Cox proportional hazard model, adjusted for risk factors and follow-up
time, showed that each 5% increment in the severity of ischemia resulted in a 77% increase in the
hazard of incident ACS (P < .001).

Conclusion—Inducible myocardial ischemia is prevalent in asymptomatic siblings of persons
with early onset CAD. Most ischemia is minimal or mild in severity, and although the severity of
ischemia is associated with the risk of ACS in a graded fashion, the presence of even minimal and
mild perfusion defects predicts worse CAD outcomes in this population.
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INTRODUCTION
Coronary atherosclerosis begins long before the clinical onset of coronary artery disease
(CAD).1 During this period of quiescent CAD progression, myocardial ischemia may be
detected by exercise stress myocardial perfusion imaging even in the absence of symptoms.2
Its presence predicts CAD events in subjects without established CAD.2-4 Although the
severity of inducible myocardial ischemia provides incremental prognostic information in
persons with known or suspected CAD,5-7 its significance in asymptomatic populations is
unknown.

Family history of CAD in a first-degree relative is a well-recognized risk factor for
premature CAD; the younger the age of CAD onset in a proband, the higher the risk to other
first-degree relatives.8-10 We have previously reported that apparently healthy siblings of
persons with CAD events prior to 60 years of age have an excess prevalence of all CAD risk
factors and also of subclinical CAD11,12 and a higher than predicted incidence of CAD
events within a relatively short time after the proband CAD event.4,13,14 Early detection of
the presence and characterization of the severity of inducible myocardial ischemia in this
asymptomatic population may help identify individuals at highest risk, in whom aggressive
preventive risk management would be most beneficial.

We therefore designed this study to examine whether the severity of inducible myocardial
ischemia is useful for predicting clinical CAD outcomes in asymptomatic siblings of persons
with premature CAD.

METHODS
Study Population

The study population consisted of 1,287 apparently healthy siblings of individuals with
documented CAD prior to 60 years of age as part of the ongoing prospective Genetic Study
of Atherosclerosis Risk (GeneSTAR) research program in families with early onset CAD.
Index patients were identified at any of 10 Baltimore hospitals with documented acute
myocardial infarction, coronary artery bypass surgery, percutaneous coronary intervention,
or angina with angiographic evidence of a stenosis >50% diameter in at least one coronary
artery. Siblings of the index patients were eligible if they were 30 to 60 years of age and had
no known CAD, but were excluded if they had systemic autoimmune disease, life-
threatening co-morbidity, motor function limitations precluding exercise testing, or were
receiving glucocorticosteroid therapy, as previously described.4 The study was approved by
the Johns Hopkins Medicine Institutional Review Board and all participants gave informed
consent.

Risk Factor Screening
Following an overnight fast, siblings underwent baseline screening for traditional CAD risk
factors and evaluation of inducible myocardial ischemia during maximal stress myocardial
perfusion testing. Medical history and information on all medications were elicited. A
physical examination was performed by an attending cardiologist. For anthropometric
measures, height was determined using a stadiometer, and weight was measured with the
subject wearing light clothing and no shoes. Body mass index (BMI) was calculated as
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weight in kilograms divided by height in meters squared. Cigarette smoking was assessed by
self-report or by an expired carbon monoxide level.15 Participants who reported any
cigarette smoking within the past month or who had 2 expired CO readings of ≥8 ppm were
classified as current smokers. Blood pressure was measured according to American Heart
Association guidelines three times over the course of an 8-hour day and the average of 3
measurements was used to characterize blood pressure.16 Hypertension was defined as an
average blood pressure ≥140 mm Hg systolic, or ≥90 mm Hg diastolic, or by the patient
taking an antihypertensive drug. Blood was drawn for determination of lipid and glucose
levels. Total cholesterol, high-density lipoprotein (HDL) cholesterol, and triglyceride levels
were measured using Centers for Disease Control standardized methods in the Johns
Hopkins Clinical Chemistry Laboratory.17 Low-density lipoprotein (LDL) cholesterol was
estimated using the Friedewald formula18 for persons with triglyceride levels up to 400 mg/
dL. Glucose concentration was measured using the glucose oxidase method in The Johns
Hopkins Clinical Chemistry Laboratory.19 Type 2 diabetes mellitus was defined as a fasting
glucose level ≥126 mg/dL, ore self-report of a physician’s diagnosis and use of
hypoglycemic medication. We calculated the 10-year Framingham Risk Score (FRS) to
identify siblings with a low annual risk (<1% per year), intermediate risk (1% to 2% per
year), and high risk (≥2% per year) for total CAD events based on their baseline risk factor
levels.20

Maximal Graded Exercise with Stress Thallium Scintigraphy
All siblings underwent a maximal graded treadmill test using a modified Bruce protocol.4
Exercise was continued until maximal effort (n = 967), fatigue and/or musculoskeletal pain
(n = 104), dyspnea (n = 78), dizziness (n = 4), chest pain (n = 6), leg weakness or pain (n =
76), panic (n = 3), severe pallor and diaphoresis (n = 4), hypertensive response (n = 21),
serious arrhythmias (n = 2), or marked ST-segment changes (n = 22).

Thallium-201 scintigraphy was performed immediately following the maximal treadmill
test. One minute before the end of exercise, 3 mCi thallium-201 was injected intravenously
and tomographic imaging was performed as previously described.4 Three hours later,
delayed imaging was performed without reinjection of thallium. Images were reconstructed
by filtered back projection using a ramp filter after prefiltering of the projection images with
a two-dimensional Fourier (Weiner) filter and correction for translational motion.21,22 Image
interpretation was performed by two experienced nuclear cardiologists, blinded to the
subject’s risk factor profile, identity or exercise test results, and in the case of disagreement,
the images were discussed until consensus. Inducible ischemia was defined as a perfusion
defect on the immediate post-exercise images in at least two contiguous tomographic slices
and two image orientations, with definite improvement or normalization on delayed
images.23

Semiquantitative visual interpretation of perfusion images using the standard 17-segment
model24 as recommended by the American Heart Association25 was performed by the two
readers. All segments were scored to consensus using a five-point scoring system for
reversible perfusion defects (0 = normal; 1 = mild; 2 = moderate; 3 = severe; and 4 =
absence of detectable radiotracer uptake). A summed stress score (SSS) was calculated as
the summed score of all individual segments. The percent severity of ischemia was
expressed as the summed stress score divided by the maximum possible score of 6824 and
categorized as normal (0%), minimal (1 to <5%), mild (5 to <10%), or moderate to severe
(≥10%).26
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Definition and Adjudication of Incident CAD
Participants were followed at 5-year intervals up to 25 years after baseline screening for
incident CAD events. A standardized instrument was administered via telephone by a
trained interviewer to elicit a history of cardiac-related procedures or symptoms, the use of
any coronary disease-related medications, and any history of CAD. In the event of a death,
the closest family member served as a proxy. All reported CAD events were verified from
physician records, hospital records, death records, and/or autopsy records. Data were also
recorded on all CAD diagnostic tests and results. The “hardest” first CAD event during the
follow-up period was recorded in the following priority order: sudden cardiac death,
myocardial infarction (MI), unstable angina with coronary bypass surgery (CABG), unstable
angina with percutaneous coronary intervention (PCI), stable angina with CABG or PCI,
and medically treated angina with documented stenosis ≥50%, but no coronary intervention.
Thus, each person could only enter CAD event modeling once.

The primary endpoint was defined as acute coronary syndrome (ACS), including sudden
death, acute myocardial infarction, and unstable angina requiring hospitalization with
revascularization. Participants with any event occurring within the first 3 months of follow-
up (n = 2, one acute MI and one with new onset angina with revascularization) were
censored to remove any potential screening bias introduced by early post-screening events.

All records were reviewed independently by two cardiologists and one epidemiologist, each
blinded to the classification assignments of the other reviewers. Whenever there was a
discordant classification by any single member of this team, an External Adjudication
Committee consisting of at least one non-study cardiologist from Johns Hopkins and one
from an extrinsic academic institution reviewed the records and adjudicated the final event
classification using the same standardized coding schema.

Statistical Analyses
All risk factors were examined for distributions using standard univariate techniques. For
continuous variables, frequencies, means, and standard deviations were examined. For
bivariable analyses among continuous variables, the t test and ANOVA were used;
contingency table arrays and the χ2 statistic were used for the examination of relationships
between categorical variables. Kaplan-Meier CAD event-free survival curves were
generated for the absence and severity classification of baseline exercise-induced ischemia.
We analyzed the annual incidence of total and ACS events at 5 years of follow-up, by
ischemia absence or severity stratified by Framingham risk categories. For multivariable
analyses, Cox proportional hazards modeling predicting incident ACS events and accounting
for familial clustering was used for the full duration of follow-up with adjustment for
baseline traditional CAD risk factors. Potential covariate relationships were examined
between inducible ischemia and age, sex, race, and other risk factors. The final and best
fitting model allowed for different underlying hazards according to sex and race. Hazards
ratios, 95% confidence intervals, and statistical significance for each variable in the models
were determined. Thus in the final model, hazard ratios were standardized for the severity of
inducible ischemia and all modifiable risk factors, and reflect the increased risk above
stratified sex and race specific baseline hazards. Since the occurrence of non-ACS cardiac
events with subsequent treatment competes with the risk of ACS, to estimate the ACS-
specific relative hazards, we used the modeling for cause-specific hazards of competing
events as described by Lau et al.27 In these models the time to each of the competing events
is censored when the other event occurs, but covariate adjustment for both ACS and non-
ACS events is done in the same model.
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RESULTS
Baseline Sample Characteristics

The 1,287 siblings were identified from 699 families (one index case per family, 1.84 ± 1.1
siblings per proband). Index cases were 67% male, with a mean age of 46.5 ± 7.3 years for
first CAD event, and had the following diagnoses: MI (48.2%), unstable angina with
revascularization (31.8%), and stable angina with revascularization or managed medically
(19.8%). Their siblings, the subjects of this study, were 55% female and 47% African
American, and all were asymptomatic, without chest pain or angina-equivalent symptoms at
the time of baseline screening. No subjects had a history of CAD or evidence of silent
myocardial infarction on the baseline resting electrocardiogram.

Baseline population characteristics are shown by ischemia severity classification in Table 1.
Increasing severity of inducible ischemia was associated with older age, male sex,
hypertension, higher levels of low-density lipoprotein cholesterol and triglycerides, and
lower levels of high-density lipoprotein cholesterol. There was a significantly higher
incidence of ACS across worsening categories of ischemia severity.

Results of Perfusion Imaging
Inducible ischemia, defined by the presence of a reversible perfusion defect, was present at
baseline in a total of 158 siblings (12.3%) (Figure 1). Notably, the prevalence of any
ischemia was strongly associated with increasing age decade in both males and females (P
= .002 and .008, respectively). Males had a higher prevalence of inducible ischemia than
females across all age strata (21.5% vs 4.8%) with the highest prevalence >30% in males
50-59 years of age. Using 17-segment semiquantitative analysis for those siblings with
perfusion defects, the mean severity of ischemia was 6.0% ± 3.3%, consistent with mild
ischemia. Overall classification of perfusion defects showed that 48% were minimal, 40%
were mild, and 12% were moderate or severe.

CAD Events During Follow-up
The overall mean follow-up time was 11.6 ± 5.1 years, with a maximum of 25 years.
Follow-up was conducted in regular intervals with censoring at the time of occurrence of an
incident event. For those without events, 38.3% were followed for a maximum of 5 years,
34.8% for 10 years, 15.9% for 15 years, 7.9% for 20 years, and 3.1% for 25 years. During
follow-up there were 195 people with newly documented CAD events, including 132 with
ACS [90 males (15.4%) and 42 females (6.0%)], and an additional 63 with the onset of
stable CAD. Acute coronary syndromes, including sudden death (7%), acute myocardial
infarction (31%), or unstable angina with revascularization (29%), was the predominant
event classification and accounted for 68% of all events. Stable symptomatic CAD,
including angina with revascularization and medically treated angina with documented
angiographic CAD accounted for 32% of all CAD events. After censoring events in the first
3 months, the mean time to an ACS event following baseline screening was similar in
siblings with mild compared to moderate/severe ischemia (5.5 vs 5.1 years, respectively) but
less than those with absent or minimal ischemia (8.7 vs 7.3 years, respectively; P = .06 for
time to event across categories of ischemia severity).

Kaplan-Meier ACS event-free survival analyses were performed for the entire length of
follow-up for each individual up to 25 years by the categories of ischemia severity (Figure
2). Overall, siblings with any inducible ischemia had a worse event-free survival than those
without ischemia. For increasing categories of ischemia severity, event-free survival
decreased progressively (P < 0.0001) (Panel A). The divergence in event-free survival
between categories of ischemia was most pronounced during the first 5 years but continued
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to increase throughout the entire follow-up period. Decreased event-free survival by age of
onset was also observed for increasing categories of ischemia severity (P < .0001) (Panel B).
For those siblings followed until 65 years of age, event-free survival was only 75% in those
with minimal or mild reversible perfusion defects and 30% in those with moderate or severe
defects at baseline screening.

Annual Incident ACS Risk at Five Years of Follow-up
After 5 years of follow-up, there were 61 total CAD events, of which 46 were ACS.
Increasing categories of ischemia severity were associated with higher 5-year incident total
CAD and ACS events (for both, P < .0001 for trend overall). It was notable that siblings
with minimal or mild ischemia had an annual ACS incidence of 2.1% and 2.8%,
respectively, compared to a 0.4% incidence in those with no ischemia. The distribution of
siblings with low, intermediate, and high Framingham risk scores was 67%, 26%, and 7%,
respectively. Only 7.2% of siblings with low Framingham risk scores had any inducible
ischemia at baseline and also had a relatively low annual incidence of ACS events in those
without or with ischemia (0.2% and 1.0%, respectively). Conversely, 25.0% of high-
Framingham risk siblings had inducible ischemia with annual incidence of ACS of 3.5%,
compared to 1.7% in those without ischemia. The annual incidence of total and ACS events
at 5 years of follow-up in intermediate risk siblings is shown in Figure 3. The prevalence of
inducible ischemia in this group was 21.9%, and most of the ischemia that was present was
minimal or mild in severity. Overall, only 1.8% had moderate or high severity ischemia.
Annual incidence of CAD increased progressively with the severity of ischemia, and all
events in this group were ACS, with the exception of 3 individuals with stable CAD in those
with mild ischemia.

Cox Proportional Hazard Analyses of ACS Risk
Cox proportional hazard modeling using a competitive risk model, demonstrated that all
traditional risk factors were strong independent predictors of ACS events (Table 2). In
addition, for each 5% increase in percent severity of ischemia (summed stress score divided
by the maximum possible score of 68), there was a statistically significant relative hazard of
1.61 compared to those without ischemia.

DISCUSSION
This is the first study to examine the severity of inducible ischemia in an asymptomatic
population of individuals with a sibling family history of premature CAD. We demonstrate
that the presence and the severity of inducible ischemia at the time of screening are strongly
and independently associated with long-term prognosis and the development of ACS. The
prevalence of inducible ischemia was notably high in male siblings, including >30% after 50
years of age. Most siblings with reversible perfusion abnormalities had only minimal or mild
severity ischemia but that still conveyed significant excess risk of subsequent ACS events.
The presence and the severity of ischemia were particularly significant in predicting ACS
events in siblings at intermediate risk by traditional risk factor assessment.

Very little is known about ischemia severity and CAD outcomes in asymptomatic
populations. Few studies have been constituted entirely of asymptomatic persons who were
not referred for testing based on risk assessment. Khandaker et al7 retrospectively evaluated
260 asymptomatic patients who were referred for nuclear perfusion imaging without known
CAD but with an increased index of suspicion; all were at intermediate Framingham risk.
Low and severe risk scans were defined by corresponding percent summed stress score as
<5.5% and ≥14.0%, respectively, as per the Cedars-Sinai criteria.6 The prevalence of low,
moderate, and severe ischemia was 22%, 20%, and 13%, respectively. Over 10 years of
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follow-up, little difference was seen in annual mortality in absent, low, and moderate
severity ischemia but high severity subjects had an annual mortality rate ≥3%. Recently,
Zellweger et al3 retrospectively examined an asymptomatic population referred for exercise
treadmill stress myocardial perfusion imaging. High severity ischemia (≥7.5%) was
significantly predictive for MI or cardiac death (annual event rate ≥3.0%). For other
ischemia severity groups, the rate of incident CAD was very low, 0.4%. Thus, in a referred
population, ischemia severity was not really predictive of CAD events, likely because the
group was relatively homogenous for CAD events a priori. In contrast, our study did not
select subjects based on any a priori suspicion or concern about possible CAD, except for
family history. Fleg et al2 found the prevalence of ischemia by stress thallium perfusion
imaging to be <5% in apparently healthy individuals 40 to 60 years of age in the Baltimore
Longitudinal Study of Aging (BLSA), in contrast to the higher prevalence observed in our
higher risk population with a family history of CAD. Annual ACS event rates were lower
than seen in our study.

Recent position statements by the American College of Cardiology/American Heart
Association28 and the American Society of Nuclear Cardiology29 indicate that myocardial
perfusion imaging may be considered in asymptomatic adults with a strong family history of
CAD, although there are no prior studies that support this and no guidelines currently exist.
Our findings indicate that stress myocardial perfusion imaging in asymptomatic persons
with a sibling history of premature CAD further risk stratifies persons in the Framingham
intermediate risk category.

Other noninvasive imaging modalities exist for identifying occult coronary atherosclerosis.
Coronary artery calcification (CAC) as determined by electron beam computed tomography
or multidetector helical computed tomography (MDCT) is a popular and rapid means of
detection of subclinical CAD. Higher coronary calcium scores offer incremental predictive
value for CAD events over the Framingham Risk Score, especially among those at
intermediate Framingham risk.30 However, CAC is an indirect measurement of anatomical
CAD and does not necessarily reflect the severity of CAD stenoses,31 or more dynamic
functional ischemic abnormalities on perfusion imaging.12,32 Some investigators have
suggested that CAC could be used as a first-step screening tool in asymptomatic subjects to
identify individuals with a higher pretest likelihood of hemodynamically significant CAD on
stress perfusion testing.33,34 However, the specificity of CAC is very low in young persons,
especially those <50 years of age.35 We have previously demonstrated discordance between
CAC on MDCT and inducible ischemia on exercise thallium tomography.12 Recent
advances in MDCT angiography now enable direct anatomical quantification of plaque
severity and composition but the technique does not routinely detect perfusion
abnormalities, and true utility for risk prediction in asymptomatic populations has yet to be
determined.36 Thus, perfusion imaging may improve CAD risk prediction in this population
with a strong family history of premature CAD by possibly capturing the early dynamic
vascular pathophysiology of subclinical CAD.37 It is also possible that a tiered or hybrid
approach for CAD detection using a combination of stress perfusion imaging with helical
CT for CAC or MDCT angiography could provide improved prognostic assessment in
higher risk asymptomatic populations, as has been suggested by some investigators for
patients with known or suspected CAD.38

CONCLUSION
Inducible silent myocardial ischemia is common in asymptomatic persons with a sibling
family history of premature CAD, particularly in men over 50 years of age. The degree of
ischemic burden is a potent independent predictor of subsequent acute coronary syndromes
in this population. Most siblings with ischemia have perfusion defects of only minimal or
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mild severity, but even this finding conveys an excess risk and may represent an early high-
risk pathophysiologic substrate for subsequent coronary plaque rupture and thrombosis.
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Figure 1.
Prevalence of inducible ischemia and ischemia severity (based as measured by 17-segment
semi-quantitative analysis [none (0%), minimal (1% to 5%), mild (5% to 10%), moderate
(10% to 15%), and severe (≥15%)]) by sex and age group. A Male (N = 583), P = .002 for
the presence of ischemia across age decade and B female (N = 704), P = .008 for the
presence of ischemia across age decade.
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Figure 2.
Kaplan-Meier event-free survival curves by categories of ischemia severity. A Time to
incident acute coronary syndrome following baseline screening and B age of onset, P < .
0001 for increasing categories of ischemia severity.
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Figure 3.
Annual risk of incident acute coronary syndromes and stable coronary artery disease at 5
years of follow-up by the absence or the severity of myocardial ischemia in siblings
considered intermediate risk (Intermediate risk defined as annual risk of an incident event of
1% to 2% based on the Framingham 10-year total CAD risk equation.) (N = 332), P < .0001
for annual risk of total CAD and ACS events across categories of ischemia severity.
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