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Background: Atherosclerosis begins in childhood and
progresses through young adulthood to form the le-
sions that cause coronary heart disease. These preclini-
cal lesions are associated with coronary heart disease risk
factors in young persons.

Methods: The Pathobiological Determinants of Athero-
sclerosis in Youth study collected arteries and samples
of blood and other tissues from persons aged 15 to 34
years who died of external causes and underwent au-
topsy in forensic laboratories. We measured the coro-
nary heart disease risk factors and atherosclerotic le-
sions in the coronary arteries (CAs) (n=1117) and the
abdominal aorta (n=1458).

Results: We developed risk scores, normalized so that
a 1-unit increase was equivalent to a 1-year increase in
age, to estimate the probability of advanced atheroscle-

rotic lesions in the CAs and the abdominal aorta from
age, sex, serum lipoprotein concentrations, smoking, hy-
pertension, obesity, and hyperglycemia. Odds ratios for
a 1-unit increase in the risk scores were 1.18 (95% con-
fidence interval, 1.14-1.22) for the CAs and 1.29 (95%
confidence interval, 1.23-1.35) for the abdominal aorta.
These risk scores had good discrimination (c-indexes: 0.78
for the CAs and 0.84 for the abdominal aorta) and were
calibrated. The presence of abdominal aortic lesions in-
creased the likelihood of having CA lesions.

Conclusion: Risk scores calculated from traditional coro-
nary heart disease risk factors provide a tool for identi-
fying young individuals with a high probability of hav-
ing advanced atherosclerotic lesions.
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I N 1953, ENOS ET AL1 PUBLISHED A

landmark article that described a
high frequency of advanced coro-
nary atherosclerosis in young Ko-
rean War casualties.2 Fifty years

of study have reinforced this finding of ath-
erosclerosis in young Americans.3 Be-
tween 1987 and 1994, approximately 1 in
20 men aged 25 to 29 years and 1 in 5 men
aged 30 to 34 years had an advanced ath-
erosclerotic lesion that caused stenosis of
40% or more in the proximal left anterior
descending coronary artery (LADCA).4

Furthermore, the risk factors for adult
coronary heart disease (CHD) were asso-
ciated with the prevalence and severity of
atherosclerosis in autopsied young people
decades before the occurrence of CHD.4-8

The same risk factors were associated with
atherosclerosis in living young people
whose arteries were evaluated by nonin-
vasive imaging.9-13 These results from au-
topsied and living individuals indicate that
dyslipidemia, hypertension, smoking, hy-
perglycemia, and obesity damage arteries

during youth and suggest that long-
range prevention of CHD should begin
early in life. A public health strategy for
population-based prevention will re-
quire decades to accomplish. During the
intervening time, physicians have the op-
portunity to promote risk factor control
among their young patients.14,15

Risk factor modification to prevent
CHD is now accepted practice in adults,16

but evidence based on randomized clini-
cal trials for similar intervention in young
persons is not available except for those
with familial hypercholesterolemia.17 Cur-
rently, physicians who care for young
people must be guided by observational
evidence. The lack of clinical trial re-
sults, together with the difficulty in per-
ceiving atherosclerosis as a decades-long
process beginning in adolescence, has
hampered intervention to modify risk fac-
tors in young individuals to prevent pro-
gression of atherosclerosis.

When the clinical manifestations of a
disease do not appear until several de-
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cades later, motivation for patients to make lifestyle
changes is weak. Even objective evidence of advanced
coronary artery (CA) atherosclerosis in the form of ra-
diographic images of CA calcification did not motivate
young adults to modify their risk factor status.18 In con-
trast, intensive case management compared with usual
care resulted in improved risk factor status after 1 year,
and improvement was independent of radiographic find-
ings. These results show that physicians’ concern about
long-term CHD risk in young persons is critical to cur-
rent preventive efforts.

We analyzed data from the Pathobiological Determi-
nants of Atherosclerosis in Youth (PDAY) study to de-
termine whether a risk score derived from CHD risk fac-
tor measurements in young persons aged 15 to 34 years
predicts the probability of advanced atherosclerotic le-
sions in the CAs and the abdominal aorta (AA) just as a
risk score in older adults predicts the probability of clini-
cal CHD.19 The results indicate that such a risk score can
identify young people with advanced atherosclerotic dis-
ease who consequently are at high long-term risk of CHD.

METHODS

STUDY DESIGN

Fifteen cooperating medical centers followed standardized pro-
cedures to collect specimens and data and to submit them to
central laboratories. Study subjects were persons aged 15 through
34 years who died of external causes (accidents, homicides, and
suicides) within 72 hours of injury and underwent autopsy
within 48 hours of death in a cooperating forensic laboratory.
The institutional review board of each participating medical cen-
ter approved this study.

ARTERIES AND LESIONS

The PDAY study investigators prepared opened, flattened, and
Sudan IV–stained gross specimens of the right CA (RCA) and
the AA.3 They prepared Gomori trichrome–stained and Oil Red
O–stained microscopic sections of a standard site in the per-
fusion-fixed LADCA.4 This site was known to be highly sus-
ceptible to advanced atherosclerosis.4 Three pathologists (R.E.T.,
J.P.S., and another pathologist) blindly and independently es-
timated the extent of raised lesions in the RCA and the AA, and
2 pathologists (A.W.Z. and H.C.M.) blindly and indepen-
dently evaluated LADCA sections according to the American
Heart Association grading system.20

TARGET LESIONS

We defined a case as positive for CA target lesions if there were
lesions of a specified size or quality in the LADCA, the RCA,
or both. For the LADCA, we selected American Heart Associa-
tion grade 4 or 5 lesions as target lesions. A grade 4 lesion con-
tains numerous macrophage foam cells and a well-defined core
of extracellular lipid covered by normal intima. A grade 5 le-
sion shows a similar lipid core plus a reactive fibrous cap, vas-
cularization, or calcification. Lesions with these characteris-
tics are susceptible to rupture and thrombosis.20 For the RCA,
we defined raised lesions covering 9% or more of the intimal
surface as the target. This cutoff point was selected to yield a
prevalence similar to that of grade 4 or 5 lesions in the LADCA
of 30- to 34-year-old men. The International Atherosclerosis

Project21 showed a positive relation between CHD among popu-
lations and the average extent of raised lesions in the CAs above
a threshold of approximately 10%, approximately equal to the
RCA target lesion definition of 9% extent involvement used in
this study. For the AA, we selected a cutoff point of 15% sur-
face area involvement with raised lesions to yield a prevalence
similar to that of grade 4 or 5 lesions in the LADCA in 30- to
34-year-old men.

RISK FACTOR MEASUREMENTS

Methods for measuring the risk factors are described in previ-
ous publications.5-7 Briefly, we measured concentrations of total
serum cholesterol and high-density lipoprotein (HDL) choles-
terol (after precipitation of other lipoproteins) using a choles-
terol oxidase method, and we calculated non-HDL cholesterol
concentration by subtraction. We constructed categories of non-
HDL cholesterol by adding 30 mg/dL (0.78 mmol/L)22 to the
cutoff points for low-density lipoprotein cholesterol recom-
mended by the National Cholesterol Education Program,16 and
we used the HDL cholesterol categories as recommended by
the same group. A serum thiocyanate level of 5 mg/L or more
(�90 µmol/L) defined a smoker. Hypertension was identified
when the intimal thickness of small renal arteries indicated a
mean blood pressure of 110 mm Hg or greater.7 This classifi-
cation resulted in a hypertension prevalence similar to that re-
ported for sex, race, and age groups by the National Health and
Nutrition Examination Survey II.7 A body mass index (calcu-
lated as weight in kilograms divided by the square of height in
meters) greater than 30 indicated obesity, and a red blood cell
glycated hemoglobin value of 8% or greater indicated hyper-
glycemia.23

STATISTICAL ANALYSIS

For each artery, a prediction model was developed using maxi-
mum likelihood logistic regression.24,25 Appropriate models in-
cluded the effects of sex, linear trend with 5-year age group,
linear trend with non-HDL cholesterol category, linear trend
with HDL cholesterol category, hypertension, smoking, obe-
sity, and hyperglycemia.4-8,26 For the CAs, the effect of obesity
differed in men and women.8 The numbers of predictors (9 for
the CAs and 8 for the AA) were consistent with recommenda-
tions.25 The models were assessed by residual analysis, good-
ness-of fit tests, and comparison with second-order models (in-
cluding race, quadratic terms, and interactions).24,25

The c-index, equivalent to the area under the receiver op-
erating characteristic curve,24,25 was used as a global measure-
ment of discrimination, defined as the ability of a prediction
model to separate individuals with target lesions from those with-
out target lesions. The c-index is the proportion of all pairs of
subjects, 1 with and 1 without target lesions, in which the sub-
ject with the lesions has the higher predicted probability of le-
sions. A value of 0.5 for the c-index indicates no discrimina-
tion (noninformative test), and a value of 1.0 indicates perfect
discrimination. Bootstrapping (1000 samples) was used for in-
ternal validation of the c-index and to estimate shrinkage.25 Cali-
bration was assessed by using graphical displays and goodness-
of-fit statistics.24

Coefficients for the risk factors estimated from the logistic
regression model were normalized relative to the coefficient for
the linear term for 5-year age group. This coefficient was given
the value of 5 so that each increase of 1 unit in the risk score
was equivalent, on the logit scale, to a 1-year increase in age.
We conducted a search over a grid in which all normalized co-
efficients were either the nearest larger or smaller integer, and
we selected the risk score with the greatest c-index. The inte-
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ger risk score was used as a single predictor in a logistic re-
gression analysis to predict the probability of lesions.

RESULTS

LESION PREVALENCE

Table 1 gives the prevalence of target lesions by sex, age,
and artery. Prevalence increased with age (P� .001) in all
arteries and was higher in men than in women for the CAs
(P=.05), the LADCA (P=.06), and the RCA (P=.09).

PREDICTION OF LESIONS

Multivariable Analysis

Odds ratios (ORs) from the logistic regression analyses
are given in Table 2. Each OR is adjusted for the other
variables in the model. The relationship to lesions was
different in the CAs and the AA for sex,3 smoking,6 and
obesity,8 and the association of obesity with CA lesions
was different in men and women.8 The reasons for these
differences are unknown.

The goodness-of-fit statistics (CAs: �2
8=2.59; P=.96;

AA: �2
8=7.11; P=.52) indicated agreement between the

observed and predicted probabilities. The mean (SD) boot-
strap-validated c-index for the CAs was 0.78 (0.01) and
for the AA was 0.84 (0.01). The estimate of shrinkage
was 0.91 for the CAs and 0.94 for the AA. The estimates
of shrinkage (both �0.8525) did not indicate model over-
fitting and suggested that the models will be useful in other
groups of patients.

Risk Scores Based on Risk Factors

Table 3 gives the points, derived from the logistic re-
gression models, assigned to each risk factor. The points
for each risk factor are added to calculate the risk score.
The ORs for a 1-unit increase in the risk score were 1.18
(95% confidence interval, 1.14-1.22) for the CAs and 1.29
(95% confidence interval, 1.23-1.35) for the AA. For an

individual patient, the estimated probability of lesions
(absolute risk) can be obtained for the risk score as shown
in Figure 1. For the CAs and the AA, high risk scores
are associated with substantial probabilities of lesions.

The cumulative effects of modifiable risk factors (non-
HDL cholesterol, HDL cholesterol, smoking, hyperten-
sion, obesity, and hyperglycemia) can result in individu-
als having substantially increased risk relative to others
in their age and sex group. Figure 2 shows the risk due
to combinations of only modifiable risk factors. These
ORs compare the odds of a CA target lesion in an indi-
vidual who has a specified risk score due only to the modi-
fiable risk factors with the odds of a target lesion in an
individual of the same sex and 5-year age group who has
no modifiable risk factors.

Risk Scores Based on Risk Factors
and Aortic Lesions

Including the presence of AA target lesions with the CA
risk score in a logistic regression model indicated in-

Table 2. Multivariable-Adjusted Odds Ratios
for Associations Between Risk Factors and Target Lesions

Risk Factor

Odds Ratio (95% CI)

Coronary
Arteries

Abdominal
Aorta

Age (5 y) 2.25 (1.76-2.86) 3.63 (2.58-5.12)
Female sex 0.80 (0.44-1.45) 1.61 (0.99-2.64)
Non-HDL cholesterol 1.41 (1.21-1.65) 1.23 (1.04-1.45)
HDL cholesterol 0.80 (0.61-1.05) 1.05 (0.77-1.41)
Smoking 1.26 (0.81-1.95) 2.93 (1.74-4.96)
Hypertension 1.91 (1.11-3.26) 1.93 (1.13-3.28)
Obesity

Men 2.36 (1.31-4.24) 0.89 (0.41-1.92)
Women 0.91 (0.28-2.98) 0.89 (0.41-1.92)

Hyperglycemia 2.57 (1.10-6.00) 2.28 (0.91-5.70)

Abbreviations: CI, confidence interval; HDL, high-density lipoprotein.

Table 1. Prevalence of Target Lesions by Sex, Age, and Artery

Sex and Age, y

Coronary Arteries

AA

Patients, No.
(n = 1117)

Prevalence, %

Patients, No.
(n = 1458) Prevalence, %

Either or Both
LADCA and RCA LADCA RCA

Men
15-19 201 2.5 2.0 0.5 243 0.4
20-24 226 5.3 3.5 2.2 285 1.4
25-29 226 9.7 5.8 6.2 312 5.1
30-34 182 25.3 17.6 18.1 245 18.8

Women
15-19 56 0 0 0 71 0
20-24 69 2.9 2.9 0 94 2.1
25-29 86 10.5 5.8 5.8 119 7.6
30-34 71 12.7 7.0 9.9 89 24.7

Abbreviations: AA, abdominal aorta; LADCA, left anterior descending coronary artery; RCA, right coronary artery.
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creased risk of CA lesions for individuals with AA le-
sions (OR, 3.44; 95% confidence interval, 1.94-6.10). The
presence or absence of AA lesions combined with the CA
risk score yields the estimated probabilities in Figure 3.

Discrimination and Calibration of Risk Scores

The receiver operating characteristic curves for the CAs
and the AA are shown in Figure 4. The mean (SD) boot-
strap-validated c-indexes were 0.78 (0.01) for the CAs
and 0.84 (0.01) for the AA. These c-indexes correspond
to the categories of acceptable (0.7�c�0.8) or excel-
lent (0.8�c�0.9) discrimination.24

Figure 5 and goodness-of-fit statistics (CAs for men:
�2

7=3.55; P=.83; CAs for women: �2
5=5.04; P=.41; AA for

men: �2
6=6.93; P=.33; AA for women: �2

6=5.95; P=.43)
indicated agreement between the estimated and ob-
served probability of lesions; that is, the risk scores were
calibrated.

Including the presence of AA lesions with the CA risk
score yielded a mean (SD) c-index of 0.80 (0.01). The
large OR for the presence of AA target lesions did not re-
sult in a large increase in the c-index because of the low
prevalence of AA target lesions and because the c-index
is based on rank order.

COMMENT

We developed risk scores that use traditional CHD risk
factors to predict the probability of advanced atheroscle-
rotic lesions in the CAs and the AA of young persons 15
to 34 years of age. Discrimination is similar to that ob-
tained for the prediction of CHD events in Framing-
ham,19 a result indicating that the PDAY formulas pre-
dict the risk of advanced preclinical atherosclerosis in
young people years before CHD just as the Framingham
formulas predict the risk of CHD events in older people.
The weighting of risk factors differs between the 2 for-
mulas because risk factors may contribute to atherogen-
esis and clinical CHD in different ways. For example, a
risk factor that promotes lipid deposition (such as hy-
percholesterolemia) may not contribute to plaque rup-
ture and thrombosis (such as smoking), and vice versa.
The PDAY risk score reflects the slow but steady pro-
gression of atherosclerosis with age in young people. In
contrast, the Framingham formula19 includes a large nega-
tive contribution to the score for individuals aged 30 to
34 years, and no information is given for younger people.

CALCULATION AND APPLICATION
OF RISK SCORES

The risk scores are calculated by adding the points for
each risk factor given in Table 3. For example, a man (0
points) aged 25 to 29 (10 points) with a non-HDL cho-
lesterol concentration of 160 to 189 mg/dL (4.14-4.90
mmol/L) (4 points) who smokes (1 point), is obese (6
points), and has no other risk factors has a CA risk score
of 21, with 11 of the points due to modifiable risk fac-
tors. Figure 1 indicates that this individual has approxi-
mately a 25% probability of having a target CA lesion.
For ease of interpretation, the risk scores are normal-
ized so that a 1-unit increase is equivalent to a multipli-
cative change in the odds (an additive change in the loga-
rithm of the odds) due to a 1-year increase in age. Thus,
the points due to the modifiable risk factors are equiva-
lent to 11 years. The documented presence of a target AA
lesion, which can be determined by current imaging tech-
niques,27 increases the probability of an advanced CA le-
sion in this example to 48% (Figure 3).

COMPARISON WITH COHORT STUDIES

The PDAY study results are strongly supported by find-
ings from 5 cohort studies, all reported during the past
3 years, of the relation of cardiovascular risk factors to
markers for atherosclerosis in living persons. Three stud-
ies9-11 assessed risk factors in adolescents or young adults
and then measured carotid artery intimal-medial thick-
ness in the same individuals 12 to 22 years later. In all

Table 3. Risk Scores for Predicting Target Lesions
in the Coronary Arteries and the Abdominal Aorta

Risk Factor

Points

Coronary Arteries Abdominal Aorta

Age, y
15-19* 0 0
20-24 5 5
25-29 10 10
30-34 15 15

Sex
M* 0 0
F –1 1

Non-HDL cholesterol, mg/dL
�130* 0 0
130-159 2 1
160-189 4 2
190-219 6 3
�220 8 4

HDL cholesterol, mg/dL
�40 1 0
40-59* 0 0
�60 –1 0

Smoking
Nonsmoker* 0 0
Smoker 1 4

Blood pressure
Normotensive* 0 0
Hypertensive 4 3

Obesity (BMI, kg/m2)
Men

�30* 0 0
�30 6 0

Women
�30* 0 0
�30 0 0

Hyperglycemia
(glycohemoglobin, %)

�8* 0 0
�8 5 3

Abbreviations: BMI, body mass index; HDL, high-density lipoprotein.
SI conversion factor: To convert HDL cholesterol and non-HDL cholesterol

to millimoles per liter, multiply by 0.0259.
*Reference category.
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of these studies, 1 or more of the risk factors were asso-
ciated with the carotid intimal-medial thickness of adults.
Another study13 found a similar association between CA
calcification and risk factors measured 10 years earlier.
A fifth study12 found strong associations between cur-
rent risk factors and carotid intimal-medial thickness in
young adults.

RISK FACTORS IN
YOUNGER INDIVIDUALS

In younger persons, the contribution of the modifiable risk
factors to long-term risk has increased importance be-
cause risk factors not only persist with time (track)28,29 but
also typically worsen with age.30 At age 15 to 19 years, a
moderate risk score such as 10 due entirely to modifiable
risk factors (typical examples include an obese young man
with hypertension or a young man with a non-HDL cho-
lesterol level �220 mg/dL [�5.70 mmol/L], an HDL cho-
lesterol level �40 mg/dL [�1.04 mmol/L], and smok-
ing) predicts a probability of only 5% of advanced lesions.

This 5% probability is composed of a probability of 1% for
a man of that age group along with an OR of approxi-
mately 5 due to the modifiable risk factors (Figure 2). The
same modifiable risk factors at age 30 to 34 years result in
a predicted probability of advanced lesions of almost 40%.
This probability results from the OR of 5 combined with
a probability of 11% for a 30- to 34-year-old man with no
risk factors.

Although at increased risk relative to their age group,
the probability of lesions in young persons (aged 15-19
years) may remain low (Figure 1) even for those with sev-
eral modifiable risk factors. In older persons, when con-
tributions of age are included with risk due to similar val-
ues of the modifiable risk factors, the probability of lesions
is greatly increased. High relative risk at a young age will
likely be transformed into high absolute risk later in life.30

Two of the previously cited cohort studies10,11 reported
that the risk factors measured in adolescence predicted
adult lesions better than the risk factors measured at the
time of imaging, a result further emphasizing the impor-
tance of risk factors at young ages.
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Figure 1. Estimated probability of target lesions in the coronary arteries (A) and the abdominal aorta (B) by risk score. Error bars represent 95% confidence
intervals.
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Figure 2. Estimated odds ratio of coronary artery target lesions relative to an
individual of the same sex and 5-year age group without risk factors by risk
score due to modifiable risk factors (non–high-density lipoprotein
cholesterol, high-density lipoprotein cholesterol, smoking, hypertension,
obesity, and hyperglycemia). Error bars represent 95% confidence intervals.
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bars represent 95% confidence intervals.
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Figure 4. Receiver operating characteristic curves for the prediction of target lesions in the coronary arteries (A) and the abdominal aorta (B). The numbers are
the corresponding risk score cutoff points.
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RISK SCORES COMBINED WITH
NONINVASIVE IMAGING

Noninvasive imaging may have 2 potential roles in the
future management of atherosclerosis in youth. The first
is to separate individuals with high risk scores and ath-
erosclerotic lesions from those with high risk scores but
without atherosclerotic lesions.31-33 This information could
make management decisions more precise. The second
use is to monitor response to risk factor modifica-
tion.34,35 Imaging of the AA could be used as a surrogate
for CA atherosclerosis until CA imaging is routinely avail-
able.27,36 However, guidelines for the application of im-
aging currently are not available.

FUTURE STUDIES

The association of AA lesions with CA lesions beyond
the expected relation due to similar associations with the
CHD risk factors presumably reflects other factors that
affect both lesion sites; this association suggests that in-
cluding other risk factors will improve prediction. Co-
hort studies using noninvasive imaging, such as those al-
ready referenced, will be able to identify additional risk
factors, refine the risk scores, and help develop guide-
lines for the clinical application of imaging and the age
at which to measure the risk factors.

Clinical trials of lifestyle and, for extreme cases, phar-
macologic intervention in adolescents and young adults
likely to have advanced atherosclerotic lesions could be
designed with noninvasive imaging techniques to show
the value of treatment in limiting atherosclerosis pro-
gression, as has been demonstrated in middle-aged and
elderly adults using noninvasive35 and invasive37 meth-
ods. Positive results from clinical trials would add a pow-
erful impetus to the recommendation for risk factor con-
trol in youth.38

IMPLICATIONS

Previous PDAY studies showed that many young people
have advanced atherosclerotic lesions, and these stud-
ies support the public health strategy of encouraging
young people to adopt a healthy lifestyle. The present
study shows that a risk score, based on simple and in-
expensive measurements, has sufficient discrimination
that physicians could identify and advise high-risk ado-
lescents and young adults concerning their risk factors
(hyperlipidemia, hypertension, smoking, obesity, and hy-
perglycemia) and their long-term risk of CHD.
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