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Abstract
Background—Dyslipidemia causes coronary heart disease in middle-aged and elderly adults,
but the consequences of lipid exposure during young adulthood are unclear.

Objective—To assess whether exposure to non-optimal lipids during young adulthood causes
atherosclerotic changes that persist into middle age

Design—We estimated time-averaged cumulative exposure to lipids between ages 20-35 years
using repeated serum lipid measures collected over 20 years by the Coronary Artery Risk
Development in Young Adults (CARDIA) Study, and related this to coronary calcium measured
later in life (45±4 years).

Setting—Four US cities

Participants—Black and white men and women recruited at age 18-30 in 1985-6

Measurements—Low- and high-density lipoprotein cholesterol (LDL and HDL) and
triglycerides; coronary calcium

Results—Of 3258 participants, 2824 (87%) were exposed to non-optimal levels of LDL (≥100
mg/dl), HDL (<60 mg/dl) or triglyceride (≥150 mg/dl) during young adulthood. Coronary calcium
prevalence two decades later was 8% in participants who maintained optimal LDL levels <70 mg/
dl, and 44% in participants with LDL >160 mg/dl (p<.001). The association was similar across
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race and gender, and strongly graded, with odds ratios for coronary calcium of 1.5 (95%
confidence interval 0.7-3.3) for LDL 70-99 mg/dl, 2.4 (1.1-5.3) for 100-129, 3.3 (1.3-7.8) for
130-159 and 5.6 (2.0-16) for ≥160 compared with LDL <70 mg/dl after adjustment for lipid
exposure after age 35 and other coronary risk factors. After excluding lipid-lowering medication
users and participants with clinically abnormal lipids, both LDL and HDL were independently
associated with coronary calcium.

Limitations—Coronary calcium, although a strong predictor of future coronary heart disease, is
not a clinical outcome.

Conclusions—Non-optimal LDL and HDL cholesterol at commonly observed levels during
young adulthood are independently associated with coronary atherosclerosis two decades later.

INTRODUCTION
Abnormal blood lipids are a major cause of coronary heart disease (CHD) in middle-aged
and older adults1. Associations with CHD risk are consistent across a wide range of
cholesterol levels, in men and women, and in persons as young as 40 years of age2, and
lowering cholesterol reduces CHD risk in these age groups3.

It is unclear, however, whether cholesterol levels are important earlier in life when short-
term CHD risk is low. Long-term follow-up studies demonstrate associations between total
cholesterol measured once during young adulthood and CHD events later in life4-6, but this
association could be wholly attributable to later-life lipid abnormalities, which are strongly
associated with lipid levels earlier in life7. Whether early-life lipid levels themselves cause
atherosclerotic damage during young adulthood that persists into middle age is unknown.

The Coronary Artery Risk Development in Young Adults (CARDIA) Study provides a
unique opportunity to evaluate the consequences of lipid abnormalities during young
adulthood. Using CARDIA’s repeated measurements of fasting lipids starting at the outset
of adulthood and continuing over 20 years of follow-up, we estimated cumulative exposure
to lipid abnormalities between age 20 and 35 years and observed associations with coronary
calcium measured after age 35 with adjustment for lipid levels later in life.

METHODS
Study Design and Sample

CARDIA is an institutional review board-approved longitudinal cohort of 5115 black and
white women and men recruited from 4 U.S. cities, aged 18-30 years and healthy at the time
of enrollment in 19858. Consenting participants underwent a baseline examination and
follow-up examinations at Years 2, 5, 7, 10, 15, and 20. For this report, we assessed all 3258
CARDIA participants who received a cardiac computed tomography scan for coronary
calcium after the age of 35 in either the Year 15 or 20 follow-up examinations and had
complete CHD risk factor data at the time of the scan, excluding the 375 participants with
missing risk factor measurements. Excluded participants were slightly older (45.2 vs. 44.6
years), no different in sex, race, income or education, no different in cumulative exposure to
LDL, but had slightly lower time-averaged HDL (52 vs. 54 mg/dl) and higher time-averaged
triglyceride (75 vs. 68 mg/dl) exposure between ages 20-35. Inclusion of these participants
in unadjusted analyses (and adjusted analyses, where possible), had no qualitative effect on
results.
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Lipid Measurements
Fasting blood samples were drawn at each CARDIA examination, and measurements on
plasma stored at −70°C were carried out at the Northwest Lipid Research Lab, University of
Washington. Total cholesterol and triglycerides were measured enzymatically, high density
lipoprotein (HDL) cholesterol was determined by precipitation with dextran sulfate-
magnesium chloride, and low density lipoprotein (LDL) cholesterol was calculated using the
Friedewald equation. These methods and our extensive quality control procedures have been
described9.

Estimating lipid trajectories and cumulative exposure
We used mixed models to estimate trajectories (age-dependent within-person average
values) for LDL cholesterol, HDL cholesterol and triglycerides for each participant from age
20 up to the time of his or her coronary calcium measurement, using methods previously
described for blood pressure in CARDIA10. Triglyceride measurements were normally
distributed after log-transformation, so log-transformed values were used for all statistical
purposes and back-transformed to triglyceride levels for presentation. We assumed that
trajectories for each participant had a constant slope within each decade of life (age 20-29,
30-39, 40-49), so we allowed each participant a different random intercept and 3 random
slopes, modeled as deviations from race- and gender-specific mean trajectories (see Online
Data Supplement and a previous publication for details10).

We then calculated the area under the curve for each lipid trajectory for each participant.
These measurements estimate the cumulative exposure to each lipid, and when divided by
the number of years of exposure, provide time-averaged lipid levels for the given time
period. Time-averaged exposures from age 20-35 for each lipid were the primary predictors
in this analysis. Cumulative exposure after age 35 and the lipid measurements made at the
time of the coronary calcium scan for each participant were used as covariates in the
multivariable analysis in order to isolate the putative effects of lipid exposure during young
adulthood. We also examined exposure before age 35 with finer stratification by age (20-25,
25-30, 30-35 years) to evaluate for interaction by recency of exposure.

Participants were categorized by their average exposure to each lipid from age 20-35, and
also categorized as having “Normal”, “Borderline” or “Abnormal” lipid exposure from age
20-35 based on cutoffs derived from National Cholesterol Education Program guidelines1

(see Table footnotes for details). Use of cholesterol-lowering medications was self-reported;
participants reporting use of a lipid-lowering medication at any exam (n=302, 9%) were
included in the primary analysis, and then excluded in a secondary analysis.

Coronary calcium
Consenting CARDIA participants underwent cardiac computed tomography scanning at
Year 15 and Year 20 to measure coronary calcium. We obtained two sequential scans using
either an electron beam or multi-detector electrocardiographically-gated cardiac computed
tomography scanner, with a standard phantom for calibration. Image analysts blinded to
participant characteristics and paired scan results calculated a total coronary calcium score
using a modified Agatston method11, with select overreading by an expert physician in
cardiovascular imaging. Accuracy, comparability, and reproducibility of these methods has
been published12, 13. We used the scan from Year 20, if available (n=2792); otherwise the
scan from Year 15 (n=466).

Other measurements
We ascertained gender, ethnicity, date of birth, serum cotinine levels, and family history of
premature CHD (defined by a mother or father with myocardial infarction before age 60) at
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baseline. We used measurements of blood pressure (systolic and diastolic) and smoking
habits from all CARDIA examinations. Other covariates, including educational grade
attained and income, fasting glucose, diabetes history and medication use, body mass index
and waist circumference, alcohol use, and physical activity (self-reported on a scale of 1-5)
were taken from the time of the coronary calcium scan9. We estimated total cumulative
exposure to systolic and diastolic blood pressure using the same method as was used for
lipids, as previously described10.

Statistical analysis
We described persons with normal, borderline, and abnormal lipid exposure during young
adulthood, and compared characteristics using Spearman rank correlation (for continuous
variables) and chi-square tests of trend (for dichotomous variables). We then described
coronary calcium presence and extent by level of exposure to each lipid and by race/sex
subgroups, using chi-squared tests of trend.

We used logistic regression to analyze adjusted associations between average lipid
exposures and presence/absence of coronary calcium. We fit models for each lipid predictor,
with full adjustment for potential confounders, flexibly modeled using linear splines with
knots where suggested by Lowess plots (see Online Data Supplement for details). Fully
adjusted models for LDL cholesterol, for example, included adjustment for current and
cumulative exposure to HDL and triglycerides from age 20 on; for cumulative exposure to
systolic and diastolic blood pressure from age 20 on, measured in mmHg-years, as described
in our prior publication on this topic10, and for current levels as well; for current levels and
cumulative exposure to LDL after age 35; for demographics (age, sex, race); and for
socioeconomic status (income and education), body mass index and waist circumference,
self-reported physical activity, alcohol use and other CHD risk factors including diabetes,
pack-years of tobacco exposure, and family history of premature CHD obtained at the time
of the coronary calcium scan, as well as serum cotinine at baseline. We also fit adjusted
models after excluding participants with clinically abnormal lipids (LDL cholesterol ≥160
mg/dl, HDL cholesterol <40 mg/dl, or triglycerides ≥200 mg/dl) or self-reported use of a
lipid-lowering medication at any CARDIA examination.

Role of the Funding Source
CARDIA is funded by the National Heart, Lung and Blood Institute, which had input into
the overall design and conduct of the study and was represented on the Publications
Committee that approved this manuscript.

RESULTS
Coronary calcium and CHD risk factor measurements were available for 3258 CARDIA
participants. About half were black (47%), half were female (56%), and the average age was
45±4 years at the time of the coronary calcium scan. Coronary calcium was present in 17%
of participants and the coronary calcium score was over 100 in 4%.

Only 13% of participants (n=434) maintained average lipid levels throughout young
adulthood that would be considered normal or optimal per National Cholesterol Education
Program (ATPIII) guidelines (LDL cholesterol < 100 mg/dl, HDL cholesterol > 60 mg/dl
and triglycerides < 150 mg/dl); 12% (n=381) had at least one lipid that averaged in the
abnormal range (LDL cholesterol ≥ 160 mg/dl, HDL cholesterol < 40 mg/dl, or triglycerides
≥ 200 mg/dl) during young adulthood; the remainder, representing a majority of the sample
(n=2443, 75%), had borderline/non-optimal lipids. Abnormal lipid levels were associated
with male sex, white race/ethnicity, higher income, family history of premature CHD, low
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self-reported activity levels and low levels of alcohol consumption, high BMI and waist
circumference, diabetes, and higher blood pressure. Lipid levels during young adulthood
were also strongly related to lipid levels measured at the time of the coronary calcium scan
(Table 1).

Presence and extent of coronary calcification were strongly associated with lipid exposure
before age 35 (Figure 1). Nearly one half (44%) of persons with time-averaged LDL
cholesterol levels over 160 mg/dl during young adulthood had coronary calcium compared
with only 8% of persons with optimal levels less than 70 mg/dl. Extensive coronary
calcification (a coronary calcium score > 100) was completely absent in the latter group
(prevalence = 0%; 95% CI: 0-3%). Similar trends were present for HDL (inverse) and for
triglycerides (Figure 1). These trends were generally consistent across the four race-sex
subgroups (Figure 2).

After adjustment for lipid exposure after age 35 and other CHD risk factors, LDL
cholesterol levels during young adulthood remained strongly associated with coronary
calcium later in life (Table 2). Compared with optimal levels <70 mg/dl, the odds of
coronary calcium in persons with abnormal LDL ≥160 mg/dl were more than five times
higher (adjusted odds ratio (OR) 5.6; 95%CI: 2.0-16), and even participants with levels as
low as 100-129 mg/dl had more than double the odds of coronary calcium (adjusted OR 2.4;
95%CI: 1.1-5.3). Associations for HDL cholesterol and triglyceride were weakened and not
statistically significant in the adjusted analysis. We found no statistical evidence that the
association of coronary calcium with LDL varied by age (20-35 vs. >35 years, interaction
p=0.29) or within sub-intervals of age during young adulthood (20-25, 25-30, and 30-35
years, interaction trend p=0.17).

In the subset of participants without clinically abnormal lipids and who never reported use
of a lipid-lowering medication, the association with LDL cholesterol remained strong (Table
3). Coronary calcium was nearly absent with optimal LDL cholesterol levels (prevalence
4%), and even modest elevations in LDL of 130-159 mg/dl were associated with a more
than 4-fold higher prevalence of coronary calcium. In this subset, lower HDL cholesterol
before age 35 was also associated with coronary calcium later in life, with odds of coronary
calcium nearly three times higher when participants were exposed to time-averaged HDL
cholesterol levels of 40-49 mg/dl compared with ≥70 mg/dl (adjusted OR 2.8; 95%CI:
1.1-6.8) after adjustment for LDL cholesterol, triglyceride, HDL cholesterol after age 35,
and other CHD risk factors. After multivariate adjustment, there was no association between
triglyceride levels and coronary calcium.

DISCUSSION
Exposure to non-optimal levels of LDL cholesterol during young adulthood is a strong risk
factor for coronary calcification later in life. LDL cholesterol levels during young adulthood
are correlated with lipid levels later in life, but accounting for later-life lipid exposure did
not explain the association of young adult LDL cholesterol levels with calcification. After
removing the potentially obscuring influences of medication use and clinically abnormal
levels of other lipids, the graded association between non-optimal LDL cholesterol and
coronary calcium remained, and we also observed an association with HDL cholesterol (in
the opposite direction), but not with triglyceride. Our results suggest that atherosclerotic
changes begin during young adulthood as a result of non-optimal lipids, that these changes
persist into middle age, and that maintaining optimal levels of lipids (particularly LDL
cholesterol) throughout young adulthood could provide substantial benefits in terms of
lifetime CHD prevention.
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Associations between cholesterol and CHD events in middle-aged and elderly adults have
been described in many studies since the 1950’s14, 15. Descriptions of the effects of lipid
levels during young adulthood, which require long-term follow-up and/or measurement of
subclinical disease, are less complete. Several long-term follow-up studies have
demonstrated associations between total serum cholesterol measured once during young
adulthood with CHD events later in life4-6, but lipid elevations later in life could explain
these associations. Follow-up studies in middle-aged16 and elderly adults17 suggest that
vascular damage from lipid abnormalities may persist for many years, but it is unclear if
damage accumulates as early as young adulthood from borderline and modestly abnormal
lipid levels typical of this age. A previous CARDIA analysis found that baseline lipids were
stronger predictors of coronary calcium than current lipids, but no attempt was made to
measure cumulative time-averaged exposure or to isolate exposure during a particular age
range (e.g., young adulthood)18. Other studies among children and young adults show
associations between lipid levels and atherosclerosis, demonstrated by autopsy19-22, carotid
intima-media thickness23-28 and coronary calcium29, but no prior study has provided
adequate sample size, repeated measurements of the three major lipids, and follow-up long
enough to isolate the association of lipid levels during young adulthood with atherosclerosis
during middle-age while controlling for confounding from other risk factors including lipid
levels later in life. Our analysis is large enough (overall and for the four race-gender
subgroups) and uses repeated measures of the three major lipids over a long enough period
(two decades before measuring coronary calcium during middle age) to provide these
answers.

Even the moderate lipid levels seen in the majority of young adults were associated with
coronary calcium later in life, and the smoothly graded association with LDL cholesterol
appeared to extend to very low levels. CARDIA participants maintaining optimal LDL
cholesterol levels below 70 mg/dl during young adulthood without lipid-lowering
medications had a very low prevalence of coronary calcium in middle age, and none had
evidence of extensive atherosclerosis. These findings are consistent with cohort studies in
middle-aged and older adults showing associations with CHD events down to a total
cholesterol level of 135 mg/dl2 and randomized trials showing benefits from very aggressive
lipid-lowering30 in both primary31 and secondary32-34 prevention studies. Moderate
elevations in LDL cholesterol (and other lipids) are commonly ignored by both patients and
physicians during young adulthood35.

Our findings – that LDL cholesterol, HDL cholesterol, and triglycerides all predicted
coronary calcium in unadjusted analyses, but that only LDL and HDL cholesterol did so in
adjusted analysis of participants without clinically abnormal lipids or lipid treatment –
mirror many previous epidemiologic studies of older populations that have found a similar
pattern of associations for lipid predictors of coronary heart disease (CHD)36, 37. The strong
clinical trial evidence that LDL cholesterol-lowering agents reduce CHD incidence and
mortality1 leaves little doubt about the causal basis of the association between LDL
cholesterol and CHD. The evidence that low HDL cholesterol is causally related to CHD is
less certain, though supported by epidemiologic and pathophysiologic evidence1, and by the
Veteran’s Affairs HDL cholesterol Intervention Trial (HIT)38. The causal relationships
supported by these lines of evidence suggest that some of the atherosclerotic changes
occurring during young adulthood may be preventable with optimization of LDL and HDL
levels.

Several limitations are worth noting. Despite standardized approaches to measuring lipids at
seven examinations over 20 years, our findings are susceptible to measurement error and
within-individual variation in lipid levels between examinations. Our mixed modeling
approach should minimize these problems, but random error in the primary lipid predictor
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could result in underestimation of true associations with coronary calcium (regression
dilution bias39). On the other hand, measurement error in covariates (including later life
lipid exposure, self-reported factors like alcohol use, etc) or unmeasured factors could lead
to residual confounding. We rely on a subclinical endpoint (coronary calcium) because our
cohort is still too young to have suffered many myocardial infarctions or deaths from CHD;
coronary calcium, however, is a strong, independent predictor of these CHD events40-42, and
the complete absence of coronary calcium is a strongly protective factor43, 44.

Our findings may have implications for the prevention of CHD. Average LDL cholesterol
levels in young adults (114 mg/dl for 20-29 year-olds and 126 mg/dl in 30-39 year-olds35)
are well above what is considered optimal1. Our results suggest that non-optimal lipids,
particularly LDL cholesterol, are not just a cause of short-term CHD event rates during
middle age, as is well known, but cause atherosclerotic changes even during young
adulthood that persist into middle-age, and probably contribute to higher CHD event rates
through subsequent years of life. These findings reinforce the importance of a heart-healthy
diet, exercise, and maintenance of normal weight beginning at least as early as young
adulthood.

Whether to screen and/or treat adults for sub-optimal lipids before middle age is less
clear1, 45, 46. The benefits of lipid-lowering do not appear to be any smaller at younger
ages3, but previous trials have not tested effectiveness in adults younger than 40 years of
age, and safety concerns rightly magnify when contemplating treatment starting early in life.
Our observational study cannot provide evidence for effectiveness or safety of initiating
pharmacological lipid-lowering during young adulthood, but does suggest that this could be
an area for further investigation. Meanwhile, young adults and their physicians should
realize that what they eat and how much they exercise matters even early in life when short-
term CHD risk is extremely low, and that healthy behavior modifications should not be
deferred until middle-age.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Coronary calcium score distribution in middle age with increasing exposure to lipids
before age 35 years
Cumulative exposure to each lipid (LDL cholesterol, HDL cholesterol and triglycerides) is
estimated via integrated lipid trajectory analysis (see Methods), and expressed as a time-
averaged value. The association with coronary calcium score category is significant in all
cases (p<.001). Ten persons with a positive coronary calcium scan but an unknown coronary
calcium score were excluded from this analysis.
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Figure 2. Prevalence of coronary calcium by lipid exposure before age 35 years, stratified by
race and sex
Cumulative exposure to each lipid (LDL cholesterol, HDL cholesterol and triglycerides) is
estimated via integrated lipid trajectory analysis (see Methods), and expressed as a time-
averaged value. Numbers in bars are subgroup sample sizes; no bar with fewer than 20
participants is shown (n is shown in parentheses for these). P-values represent trend for
increasing odds of calcification by category.
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Table 1
Characteristics of participants with normal, borderline, or clinically abnormal lipids
during young adulthood

Characteristics at the time of the coronary
calcium measurement*

Average lipid levels from age 20-35
†

P-value
‡

Normal
N=434

Borderline
N=2443

Abnormal
N=381

Age, years, mean +/− SD 44.7 ± 3.9 44.6 ± 3.9 44.1 ± 4.1 .04

Sex, % male 26% 43% 70% <.001

Race/ethnicity, % Black 48% 48% 38% .004

Never went to college, % 28% 22% 31% .44

Income < $25,000/year, % 21% 14% 16% .04

Family history of premature coronary disease, % 10% 12% 15% .02

Ever smoked, % 51% 42% 51% .80

Baseline cotinine level, ng/ml 67 ± 134 58 ± 121 94 ± 157 .32

Low self-reported physical activity
§
, %

18% 21% 24% .038

Alcohol use, ml per day**, mean +/− SD 16 +/− 25 11 +/− 22 8 +/− 22 <.001

Body mass index ≥ 30 kg/m2, % 23% 37% 52% <.001

Waist circumference, cm, mean +/− SD 83 +/− 13 91 +/− 14 100 +/− 14 <.001

Diabetes, % 5% 8% 14% <.001

Blood pressure exposure, %

- Normotensive throughout follow-up 70% 63% 50% <.001

- Prehypertensive
¶
 after age 35

15% 17% 16%

- Prehypertensive
¶
 before age 35

10% 13% 23%

- Hypertensive (anytime) 5% 7% 11%

Current systolic blood pressure, mean +/− SD 114 ± 16 116 ± 15 120 ± 16 <.001

Current LDL cholesterol, mg/dl, mean +/− SD 86 ± 23 113 ± 29 125 ± 42 <.001

Current HDL cholesterol, mg/dl, mean +/− SD 73 ± 17 53 ± 14 39 ± 11 <.001

Current triglycerides
∥
, mg/dl, mean +/− SD

67 ± 1.6 89 ± 1.6 140 ± 1.6 <.001

SD – Standard deviation; LDL – Low-density lipoprotein; HDL – High-density lipoprotein; NCEP – National Cholesterol Education Program

*
Characteristics measured at the time of the coronary calcium scan (Year 20, or Year 15 if a scan at Year 20 is not available).

†
Per NCEP guidelines, lipid levels defined as normal/borderline/abnormal are LDL cholesterol <100/100-159/≥160 mg/dl, HDL cholesterol

≥60/40-59/<40 mg/dl, or Triglycerides <150/150-199/≥200 mg/dl; participants categorized according to the most abnormal lipid.

‡
Using chi-squared tests of trend (dichotomous) or spearman rank correlation (continuous)

§
Low self-reported physical activity is defined by an answer of 1 or 2 on a scale of 1-5.

∥
Log-transformed values of triglycerides were used for all estimation procedures; log(triglyceride) values have been back-transformed to natural

triglyceride levels for presentation purposes.

¶
Prehypertension is defined as a systolic blood pressure trajectory over 120 mg/dl or a diastolic blood pressure trajectory over 80 mg/dl;

hypertension is defined by a systolic blood pressure trajectory over 140 mg/dl or a diastolic blood pressure trajectory over 90 mg/dl. Trajectories

estimated via mixed modeling10.
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**
Usual weekly alcohol consumption was queried separately for beer, wine and spirits, and then converted to ml of alcohol consumption per day.
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