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A BS T R AC T
BACKGROUND

Childhood cardiovascular risk factors predict subclinical adult cardiovascular disease, but links to clinical events are unclear.
METHODS

In a prospective cohort study involving participants in the International Childhood
Cardiovascular Cohorts (i3C) Consortium, we evaluated whether childhood risk factors
(at the ages of 3 to 19 years) were associated with cardiovascular events in adulthood
after a mean follow-up of 35 years. Body-mass index, systolic blood pressure, total
cholesterol level, triglyceride level, and youth smoking were analyzed with the use of
i3C-derived age- and sex-specific z scores and with a combined-risk z score that was
calculated as the unweighted mean of the five risk z scores. An algebraically comparable adult combined-risk z score (before any cardiovascular event) was analyzed
jointly with the childhood risk factors. Study outcomes were fatal cardiovascular events
and fatal or nonfatal cardiovascular events, and analyses were performed after multiple
imputation with the use of proportional-hazards regression.
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RESULTS

In the analysis of 319 fatal cardiovascular events that occurred among 38,589 participants (49.7% male and 15.0% Black; mean [±SD] age at childhood visits, 11.8±3.1
years), the hazard ratios for a fatal cardiovascular event in adulthood ranged from
1.30 (95% confidence interval [CI], 1.14 to 1.47) per unit increase in the z score for
total cholesterol level to 1.61 (95% CI, 1.21 to 2.13) for youth smoking (yes vs. no).
The hazard ratio for a fatal cardiovascular event with respect to the combined-risk
z score was 2.71 (95% CI, 2.23 to 3.29) per unit increase. The hazard ratios and their
95% confidence intervals in the analyses of fatal cardiovascular events were similar
to those in the analyses of 779 fatal or nonfatal cardiovascular events that occurred
among 20,656 participants who could be evaluated for this outcome. In the analysis
of 115 fatal cardiovascular events that occurred in a subgroup of 13,401 participants
(31.0±5.6 years of age at the adult measurement) who had data on adult risk factors,
the adjusted hazard ratio with respect to the childhood combined-risk z score was
3.54 (95% CI, 2.57 to 4.87) per unit increase, and the mutually adjusted hazard ratio
with respect to the change in the combined-risk z score from childhood to adulthood was 2.88 (95% CI, 2.06 to 4.05) per unit increase. The results were similar in
the analysis of 524 fatal or nonfatal cardiovascular events.
CONCLUSIONS

In this prospective cohort study, childhood risk factors and the change in the
combined-risk z score between childhood and adulthood were associated with
cardiovascular events in midlife. (Funded by the National Institutes of Health.)
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revention of cardiovascular disease remains a major public health issue,
with well-documented associations between
cardiovascular risk factors in adulthood and
cardiovascular events.1 Despite the interest in
childhood risk factors and subsequent adult cardiovascular disease, as recently reviewed,2,3 findings from longitudinal studies that begin with
the evaluation of childhood risk factors have
generally been restricted to associations with
subclinical disease in adulthood. The possibility
of extending the findings to include associations
with adult cardiovascular events has been hampered by a lack of cohorts with available comprehensive childhood data on anthropometric measures, blood pressure, and laboratory values and
with follow-up conducted up to ages at which
cardiovascular events become prevalent.
The International Childhood Cardiovascular
Cohorts (i3C) Consortium4,5 includes seven cohorts
in Australia, Finland, and the United States, in
which data on cardiovascular risk factors from
early childhood through adolescence have been
collected and adult cardiovascular events have
been adjudicated. In the current study, we used
these data to examine the development of cardiovascular disease over the life course and test our
hypothesis that traditional cardiovascular risk factors in childhood are associated with the subsequent development of adult cardiovascular events.
Details on the study hypotheses are provided in
Section S1 in Supplementary Appendix 1, available
with the full text of this article at NEJM.org.

Me thods
Study Design and Oversight

A total of 42,324 participants 3 to 19 years of age
were enrolled in the seven i3C Consortium cohorts
from the 1970s through the 1990s; of these participants, 40,648 had identifying information for
follow-up and were included in the sampling frame
(Fig. S1 in Supplementary Appendix 1).4 This study
was approved by the institutional review board at
each site of the seven cohorts. Written parental
permission and oral assent by the participant were
obtained for childhood visits, written informed
consent was obtained from the participant for
in-person adult visits, and oral consent under
waiver of documentation of consent was obtained
for the recent follow-up questionnaire. Full details
of the study methods are provided in Section S2.
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Our study focused on the five risk factors most
often evaluated in childhood and adolescence: the
body-mass index, systolic blood pressure, total
cholesterol level, triglyceride level, and youth smoking. Triglyceride levels were transformed by means
of the natural logarithm (ln[triglycerides]). Data
on the cardiovascular risk factors were harmonized across the seven cohorts into a single database (114,476 visits, with 1 to 19 visits per participant). Because independent protocols, with variable
schedules for clinic visits that were conducted at
various participant ages, were used for each cohort, not every study measure was assessed in
every cohort, in every participant within a cohort,
or in every participant at every age.5 Age, sex,
parent-reported race (which was updated if the
participant was seen in adulthood), height, weight,
and systolic blood pressure (measured by mercury
sphygmomanometry) were assessed prospectively at the clinic visits; fasting levels of plasma or
serum cholesterol and triglycerides were measured by means of standard methods.6 The education levels of the parents and participants
were obtained at childhood and adult visits.
From 2015 through 2019, the i3C Consortium
investigators conducted a coordinated study to
locate and survey participants and search national
death indexes for the participants who were not
located (Figs. S1 and S2).5 Fatal cardiovascular
events in all the cohorts were classified according to the coded causes of death in the International Classification of Diseases (ICD), versions 9 and
10 (Table S1). Finnish participants were followed
for nonfatal cardiovascular events through December 31, 2017, with the use of the Finnish
national medical registry, and the events were
classified according to the same version of the
ICD that was used for the classification of deaths.
U.S. and Australian adult participants who had
been successfully located reported any cardiovascular event that had occurred (Tables S2 and S3),
and medical records were requested for adjudication of the participant reports. The medical
records were reviewed by a physician committee
that was unaware of the study data from the
participants, and each reported event was classified as a confirmed cardiovascular event, not a
cardiovascular event, or not possible to adjudicate (Section S2B). Nonfatal cardiovascular events
included the first instance of adjudicated myocardial infarction, stroke, transient ischemic attack, ischemic heart failure, angina, peripheral
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artery disease, carotid intervention, abdominal vidual risk factors and the combined-risk z score
aortic aneurysm, or coronary revascularization. were analyzed as continuous measures. In addition, we examined childhood risk factors using
Statistical Analysis
thresholds for standard clinical categories,8-10
Full details of the statistical methods are pro- dividing the clinically normal category into lowvided in Section S3 and in the statistical analysis normal and high-normal groups (Table S6).
plan in Supplementary Appendix 2, available at Adult combined-risk z scores were calculated
NEJM.org. Because of the potential for bias due with the same algebraic procedures and risk facto loss to follow-up, fatal cardiovascular events tors as those used for the childhood combinedwere analyzed separately from the composite risk z scores (Section S3B and Tables S7 and S8).
outcome of fatal or nonfatal cardiovascular events.
All primary analyses were performed after
There were 319 fatal cardiovascular events among multiple imputation of missing values by means
the 38,589 participants (95% of the sampling of chained equations with fully conditional speciframe) who could be classified as alive and lo- fication (10 replications) in PC-SAS software
cated, deceased with known cause, or searched (version 9.4, SAS Institute); data were assumed
for and not found in the death indexes and thus to be missing at random.11 Imputation was conpresumed to be alive. The analysis of fatal or ducted in three phases with the use of subsamnonfatal cardiovascular events included 779 ad- pling methods (Section S3C and Table S9).12 In
judicated nonfatal events and 784 imputed non- phase 1, multiple imputation was applied for missfatal events (the mean number across imputa- ing data on childhood risk factors and events
tions) for persons who were not located or who among 38,589 participants; in phase 2, for nonreported a cardiovascular event that was not pos- fatal events that could not be adjudicated among
sible to be adjudicated. Among 13,401 participants 1360 participants who reported a nonfatal event;
with adult measurements before any cardiovas- and in phase 3, for missing ages at which the
cular event, there were 115 fatal cardiovascular imputed event occurred among 779 adjudicated
events and a mean of 524 fatal or nonfatal events events and a mean of 784 imputed events. All
(406 observed) across imputations.
proportional-hazards regression analyses were
Because of age-related developmental chang- conducted with the use of adult age as the time
es, childhood risk factors at each visit were nor- axis and noncardiovascular mortality as a commalized to z scores within the i3C Consortium, peting risk13 and were adjusted for sex, race, cowhich were calculated with the mean values hort indicator, mean childhood age at and mean
(with standard deviations) of the study variables, calendar year of childhood measurement, and
stratified according to age and sex (Section S3A parental education level. The widths of the 95%
and Tables S4 and S5). The resulting i3C-derived confidence intervals were not adjusted for mulz scores for each participant were then averaged tiple comparisons.
across their childhood and adolescent measureAdequacy of the linearity assumption was viments (obtained at the ages of 3 to 19 years) to sualized with the use of restricted cubic splines
obtain a single mean z score of childhood risk and by examining categories of z score units in
per person. The classification of youth smoking widths of 0.5 with extreme higher and lower
was based on reports by the participants during categories open-ended. The proportionality aschildhood,7 augmented by adult recall of the sumption was assessed with the addition of the
smoking initiation date, and was analyzed as a interaction term between the risk factor and
dichotomous variable (yes vs. no). An a priori age transformed by the natural logarithm (risk
combined-risk z score was calculated as the un- factor*ln[age]). When hazards varied according
weighted mean of the z scores of the four child- to participant age during follow-up, we present
hood risk factors plus youth smoking, which was hazard ratios for events in participants younger
included in the calculation as either 2 (a high-risk than the median age of 47.7 years or 47.7 years
value in terms of z score units) for smoking or 0 of age or older. Interactions with sex, race, and
(average risk) for nonsmoking. The use of this age group of childhood measurement (3 to 11
combined-risk z score addresses our hypothesis years vs. 12 to 19 years) were estimated. We
that all five risk factors predict future events, with- examined the predictive power of the childhood
out the estimation of risk-factor weights. Indi- combined-risk z score, accounting for adult risk
n engl j med  nejm.org
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4
NA

Age at time of event — yr**

5,051/23,401 (21.6)
7,501/23,401 (32.1)
5,104/23,401 (21.8)
5,745/23,401 (24.6)

Less than high school degree

High school degree

Higher than high school degree but no college degree

College degree or higher

Parental education level — no./total no. (%)

11.8±3.1
46.4±7.4

Attainable age in 2016 — yr

1981.5±6.3

Mean age at childhood visits — yr‖

1969.6±7.4

5,727/5,745 (99.7)

5,080/5,104 (99.5)

7,426/7,501 (99.0)

5,011/5,051 (99.2)

NA

46.3±7.4

11.8±3.1

1981.5±6.3

1969.7±7.4

3,520/3,531 (99.7)

2,173/2,201 (98.7)

818/820 (99.8)

9,699/9,842 (98.5)

2,023/2,032 (99.6)

8,414/8,426 (99.9)

11,623/11,737 (99.0)

61/5,792 (1.1)

18/5,745 (0.3)

24/5,104 (0.5)

75/7,501 (1.0)

40/5,051 (0.8)

47.0±8.0

52.2±6.2

12.9±2.9

1976.7±4.8

1963.8±6.2

11/3,531 (0.3)

28/2,201 (1.3)

2/820 (0.2)

143/9,842 (1.5)

9/2,032 (0.4)

12/8,426 (0.1)

114/11,737 (1.0)

258/32,797 (0.8)

3,664/3,728 (98.3)

3,261/3,340 (97.6)

4,303/4,504 (95.5)

3,284/3,397 (96.7)

NA

47.4±7.6

12.3±3.1

1980.9±6.4

1968.3±7.6

3,458/3,531 (97.9)

954/1,019 (93.6)

509/513 (99.2)

6,577/6,978 (94.3)

1,218/1,232 (98.9)

3,103/3,130 (99.1)

4,058/4,253 (95.4)

17,391/18,064 (96.3)

2,486/2,592 (95.9)

10,905/11,182 (97.5)

8,972/9,474 (94.7)

19,877/20,656 (96.2)

Participants with No
Event

64/3,728 (1.7)

79/3,340 (2.4)

201/4,504 (4.5)

113/3,397 (3.3)

47.1±7.4

53.0±5.9

13.3±2.8

1976.3±4.6

1963.0±5.9

73/3,531 (2.1)

65/1,019 (6.4)

4/513 (0.8)

401/6,978 (5.7)

14/1,232 (1.1)

27/3,130 (0.9)

195/4,253 (4.6)

673/18,064 (3.7)

106/2,592 (4.1)

277/11,182 (2.5)

502/9,474 (5.3)

779/20,656 (3.8)

Participants with
Event

of

Mean calendar year of childhood visits¶

3,531/38,589 (9.2)

5,731/5,792 (98.9)
32,539/32,797 (99.2)

92/19,421 (0.5)

227/19,168 (1.2)

319/38,589 (0.8)

Participants with
Event

Fatal or Nonfatal Cardiovascular Events‡

n e w e ng l a n d j o u r na l

Birth year

2,201/38,589 (5.7)

Cardiovascular Risk in Young Finns Study, FIN, 1980–1986

9,842/38,589 (25.5)

Muscatine Study, U.S., 1970–1981

Princeton Lipid Research Study, U.S., 1973–1978

2,032/38,589 (5.3)

Minnesota Childhood Cardiovascular Cohorts, U.S., 1978–
1996
820/38,589 (2.1)

8,426/38,589 (21.8)

Childhood Determinants of Adult Health, AUS, 1985

NHLBI Growth and Health Study, U.S., 1987–1996

11,737/38,589 (30.4)

Bogalusa Heart Study, U.S., 1973–1994

Cohort, country, years of childhood visits — no./total no. (%)

5,792/38,589 (15.0)
32,797/38,589 (85.0)

19,329/19,421 (99.5)

19,421/38,589 (50.3)

White or other than Black or White

18,941/19,168 (98.8)

38,270/38,589 (99.2)

Participants with No
Event

Fatal Cardiovascular Events

19,168/38,589 (49.7)

38,589/38,589 (100)

Analysis Sample

Black

Race — no./total no. (%)§

Female

Male

Sex — no./total no. (%)

Participants — no./total no. (%)

Characteristic†

Table 1. Demographic Characteristics of the Participants in the Analysis Sample, Stratified According to Cardiovascular Outcome.*
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33/2,534 (1.3)
2,501/2,534 (98.7)
2,774/2,777 (99.9)
2,777/21,473 (12.9)
Higher than college degree

*	Plus–minus values are means ±SD. Percentages may not total 100 because of rounding. AUS denotes Australia, FIN Finland, NA not applicable, and NHLBI National Heart, Lung,
and Blood Institute.
†	There were no missing data for birth year, mean calendar year of childhood visits, mean age at childhood visits, or attainable age in 2016.
‡	Data are presented for the 20,656 participants who could be evaluated for fatal or nonfatal cardiovascular events. A comparison between observed and imputed values is provided in
Table S26 in Supplementary Appendix 1. Nonfatal cardiovascular events included the first instance of adjudicated myocardial infarction, stroke, transient ischemic attack, ischemic
heart failure, angina, peripheral artery disease, carotid intervention, abdominal aortic aneurysm, or coronary revascularization.
§	Race was reported by the parent and was updated if the participant was seen in adulthood.
¶	The mean calendar year of childhood visits was the mean calendar year across all available childhood visits by the participant from the age of 3 to 19 years.
‖	The mean age at childhood visits was the mean age of the participant across all available childhood visits from the age of 3 to 19 years.
**	Age at time of event was assessed among 319 participants who had a fatal event and among 779 participants who had a fatal or nonfatal event.

97/4,592 (2.1)
4,495/4,592 (97.9)
5,173/5,187 (99.7)
5,187/21,473 (24.2)
College degree

3/2,777 (0.1)

164/6,185 (2.7)
6,021/6,185 (97.3)
7,074/7,088 (99.8)
7,088/21,473 (33.0)
Higher than high school degree but no college degree

14/5,187 (0.3)

178/4,292 (4.1)
4,114/4,292 (95.9)
4,910/4,952 (99.2)
4,952/21,473 (23.1)
High school degree

14/7,088 (0.2)

52/887 (5.9)
835/887 (94.1)
9/1,469 (0.6)
1,460/1,469 (99.4)
1,469/21,473 (6.8)
Less than high school degree

42/4,952 (0.8)

Participants with
Event
Participants with No
Event
Participants with
Event
Participants with No
Event
Participant education level — no./total no. (%)

Characteristic†

Analysis Sample

Fatal Cardiovascular Events

Fatal or Nonfatal Cardiovascular Events‡

Childhood Risk Factors and Adult Cardiovascular Events

factors using three analytic models, one in which
the adult combined-risk z score was considered
alone, one in which the childhood combined-risk
z score was paired with the adult combined-risk
z score, and one in which the childhood combined-risk z score was paired with the change in
combined-risk z score between childhood and
adulthood.

R e sult s
Participants

A total of 38,589 participants were included in
the overall sample; 19,168 (49.7%) were male,
5792 (15.0%) were Black, and the mean (±SD) age
at which the participant was seen during childhood was 11.8±3.1 years (Table 1). The mean age
of the participants at the time of their cardiovascular event was 47.0±8.0 years. Participants with
cardiovascular events were older, more likely to
be male, and had a lower parental and personal
education level than those without cardiovascular events. Correlations among childhood risk
factors ranged from −0.002 to 0.35 (Section S4
and Table S10), and within-person correlations
among childhood, adolescence, and adulthood
ranged from 0.40 to 0.84 (Tables S11 and S12).
The mean combined-risk z score was 0.16±0.49
(Table S13).
Adult Cardiovascular Events

Hazard ratios for a fatal cardiovascular event in
adulthood with respect to the risk-factor z scores
(Table 2) ranged from 1.30 (95% confidence interval [CI], 1.14 to 1.47) per unit increase in the
z score for the total cholesterol level to 1.61
(95% CI, 1.21 to 2.13) for youth smoking (yes vs.
no). The hazard ratio for a fatal cardiovascular
event in adulthood with respect to the combinedrisk z score was 2.71 (95% CI, 2.23 to 3.29) per
unit increase, and the hazard ratio for a fatal or
nonfatal cardiovascular event in adulthood was
2.75 (95% CI, 2.48 to 3.06) per unit increase. The
hazard ratio with respect to the combined-risk
z score showed some attenuation for fatal or nonfatal events at older adult ages (Fig. 1 and Table
S14). None of the interaction terms of childhood
age group (3 to 11 years vs. 12 to 19 years), race,
or sex were notable (Tables S15, S16, and S17).
The childhood risk score was also positively associated with total mortality (Table S18).
The study measures in adulthood were evalu-
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Table 2. Hazard Ratios for Adult Cardiovascular Events According to Childhood, Adult, or Childhood plus Adult Risk
Scores.*
Variable

Hazard Ratio (95% CI)†
Fatal Event

Fatal or Nonfatal
Event

1.61 (1.21–2.13)

1.70 (1.49–1.93)

Childhood risk factor
Youth smoking: yes vs. no
z Score for body-mass index

1.44 (1.33–1.57)

1.45 (1.38–1.53)‡

z Score for systolic blood pressure

1.34 (1.19–1.50)

1.33 (1.24–1.42)

z Score for ln(triglycerides)

1.50 (1.33–1.70)

1.45 (1.34–1.56)

z Score for total cholesterol level

1.30 (1.14–1.47)

1.31 (1.22–1.42)

Combined-risk z score§

2.71 (2.23–3.29)

2.75 (2.48–3.06)‡

3.20 (2.46–4.17)

2.88 (2.47–3.35)‡

Childhood combined-risk z score

1.23 (0.83–1.82)

1.25 (1.03–1.52)

Adult combined-risk z score

2.88 (2.06–4.05)

2.58 (2.15–3.09)

Childhood combined-risk z score

3.54 (2.57–4.87)

3.21 (2.69–3.85)‡

Change in combined-risk z score from childhood to adulthood

2.88 (2.06–4.05)

2.58 (2.15–3.09)

Subgroup with risk factors evaluated in adulthood
Adult combined-risk z score§
Childhood plus adult combined-risk z score¶

Childhood combined-risk z score plus change in combined-risk
z score from childhood to adulthood¶

*	All models were adjusted for sex, Black race, cohort, mean age at and calendar year of childhood visits, and parental
education level. Hazard ratios and confidence intervals were based on data imputed to represent all 38,589 childhood
participants. The imputation was based on 319 fatal cardiovascular events that occurred among 38,589 participants
and 779 observed fatal or nonfatal cardiovascular events that occurred among 20,656 participants. The widths of the
confidence intervals were not adjusted for multiple comparisons. ln(triglycerides) denotes the triglyceride level transformed by means of the natural logarithm.
†	Hazard ratios are reported per unit increase in the z score for the risk factor, except for the hazard ratio with respect to
youth smoking, which is reported for the comparison of “yes” and “no.”
‡	In the testing of the proportionality assumption, which was performed with the addition of the interaction term between the risk factor and age (transformed by the natural logarithm), the 95% confidence interval excluded 1, which
means that the proportional-hazards assumption might have been violated. A separate analysis of early as compared
with late events is provided in Section S4 and Table S14 in Supplementary Appendix 1.
§	Hazard ratios and confidence intervals were based on data imputed to represent all 13,401 participants in whom both
childhood and adult risk-factor data were available. The imputation was based on 115 fatal cardiovascular events in
13,401 participants and 406 observed fatal or nonfatal cardiovascular events in 11,156 participants. The combined-risk
z score is the mean of the z scores for body-mass index, systolic blood pressure, ln(triglycerides), and total cholesterol,
with the youth smoking dichotomous variables coded as 0 z score units for no and 2 z score units for yes. The combined-risk z score was calculated consistently in childhood and adulthood.
¶	These two models are alternate ways of expressing the same information in a regression model through rearrangement
of the terms of the model. Algebraically, the adult minus child term in the second model is the same as the adult term
in the first, whereas the child term in the second model is the same as the child term plus the adult term in the first
(Section S3C).

ated in the participants at a mean age of
31.0±5.6 years. In the analyses involving participants who had data on the study measures in
both childhood and adulthood (Table S19), the
adult combined-risk z score was associated with
adult cardiovascular events, both alone and
when paired with the childhood combined-risk z
score (Table 2). The childhood combined-risk z
6

score, when paired with the adult combined-risk
z score, was attenuated and remained independently associated only with fatal or nonfatal
cardiovascular events. In the analysis including
the childhood combined-risk z score and the
change in the combined-risk z score from childhood to adulthood, both predictors were associated with fatal cardiovascular events and fatal or
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With the use of “no” (for youth smoking), lownormal (for body-mass index and systolic blood
pressure), and low-acceptable (for triglyceride
level and total cholesterol level) as references in
the standard clinical categories currently used
for the risk factors, the gradient of the hazard
ratio for cardiovascular events, whether fatal
only or fatal or nonfatal, was apparent across the
clinical categories for each risk factor (Table 3).
There was a higher risk observed not only
among the participants in the highest category
of the risk-factor level but also — in the analysis
of fatal or nonfatal events — among those in the
high-normal or high-acceptable categories for the
body-mass index, systolic blood pressure, and
triglyceride level. The gradient of risk across the
categories of the combined-risk z score was steeper than the gradient of risk across the categories
of any of the individual risk factors (Table S21);
among the participants with a combined-risk
z score of 0 or greater (23,103 of 38,589 [59.9%]),
the risk of adult cardiovascular events was 2 to
9 times as high as the risk among those in the
lowest z score category (a z score of less than
−0.5), with the risk increasing with age in the
life-table analysis (Fig. 2 and Figs. S3 through S6).
Several sensitivity analyses were conducted to
evaluate the effect of loss to follow-up (Section S5
and Tables S22 through S25), the reasonableness
of the imputation results (Tables S26 and S27),
and the differences among the cohorts (Figs. S7
and S8 and Tables S28 and S29), which did not
materially change the findings.

Discussion
The current study, with its large sample and use
of prospective data on five traditional cardiovascular risk factors (body-mass index, total cholesterol level, triglyceride level, systolic blood
pressure, and youth smoking) from childhood

≥47.7 yr of age

A Fatal Cardiovascular Events
50.00
30.00
20.00

Hazard Ratio

Risk-Factor Categories and Thresholds
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nonfatal cardiovascular events, with the hazard
ratio lower for the prediction of events at older
adults ages than at younger adult ages. Between
30% and 50% of the participants in each quartile of childhood combined-risk z score remained
in the same quartile of combined-risk z score in
adulthood (Table S20).
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Figure 1. Hazard Ratios for Cardiovascular Events at Younger and Older
Ages.
Panel A shows the hazard ratios for fatal cardiovascular events, and Panel
B shows the hazard ratios for fatal or nonfatal cardiovascular events. The
spline of the hazard ratio is presented on a logarithmic scale across the
distribution of the childhood combined-risk z scores, with 95% confidence
intervals (shorter dashed lines). Younger age (<47.7 years) includes all the
participants, among whom there were 157 fatal events and a mean of 797
fatal or nonfatal events across imputations. The older age group includes
only the participants who were followed and had no event or had events at
or after 47.7 years of age (a total of 18,352 participants, among whom 162
had a fatal cardiovascular event and 1049 either had a fatal event due to
other causes or were not followed past the age of 47.6 years; the 17,141 remaining participants had a mean of 766 fatal or nonfatal events across imputations). The black circles indicate knots placed at the 5th, 25th, 50th,
75th, and 95th percentiles of the combined-risk z score.
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4,720/38,451 (12.3)
2,819/38,451 (7.3)

1,009/32,339 (3.1)
1,163/32,339 (3.6)

Prehypertension

Hypertension
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3,287/29,221 (11.2)
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12,289/29,495 (41.7)
7,925/29,495 (26.9)
3,868/29,495 (13.1)
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High

39/3,868 (1.0)

79/7,925 (1.0)

121/12,289 (1.0)

55/5,413 (1.0)

2.20 (1.44–3.37)
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8,175/16,674 (49.0)

3,226/16,674 (19.3)

801/18,288 (4.4)
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200/4,615 (4.3)

284/6,557 (4.3)

130/2,888 (4.5)
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174/3,396 (5.1)

326/8,175 (4.0)

92/3,226 (2.9)

67/801 (8.4)
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346/7,942 (4.4)

288/8,879 (3.2)

117/1,440 (8.1)

134/2,423 (5.5)

280/8,688 (3.2)
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327/7,219 (4.5)

2.13 (1.60–2.83)

1.50 (1.23–1.83)

1.15 (0.94–1.40)

Reference

2.47 (1.89–3.24)

1.69 (1.28–2.24)

1.34 (1.05–1.70)

Reference

2.31 (1.74–3.07)

1.99 (1.48–2.67)

1.46 (1.26–1.69)

Reference

3.39 (2.73–4.21)

1.92 (1.62–2.27)

1.19 (1.01–1.41)

Reference

1.70 (1.49–1.93)

Reference

Hazard Ratio
(95% CI)†

*	The values for the number/total number (percent) of participants and of participants with an event were derived from observed data; hazard ratios and confidence intervals were based
on imputed data. For fatal or nonfatal events, data are presented from the 20,656 participants whose event status could be ascertained.
†	All models were adjusted for sex, Black race, cohort, mean age at and calendar year of childhood measurement, and parental education level. The widths of the confidence intervals
were not adjusted for multiple comparisons.
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Low-acceptable
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62/3,287 (1.9)
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1.59 (1.24–2.04)

Participants with
Event

no./total no. (%)
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of

127/14,045 (0.9)

37/6,209 (0.6)

20/1,163 (1.7)

16/1,009 (1.6)

141/12,709 (1.1)

125/17,458 (0.7)

3.34 (2.42–4.60)

1.61 (1.14–2.27)

1.01 (0.77–1.33)

Reference

1.61 (1.21–2.13)

Reference

Hazard Ratio
(95% CI)†
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Total cholesterol level

6,209/29,221 (21.2)
14,045/29,221 (48.1)

Low-acceptable

High-acceptable

Triglyceride level

17,458/32,339 (54.0)
12,709/32,339 (39.3)

Low-normal

High-normal

Systolic blood pressure

Obese

49/4,720 (1.0)

16,055/38,451 (41.8)

High-normal

Overweight

107/16,055 (0.7)

14,857/38,451 (38.6)

96/14,857 (0.6)

82/9,549 (0.9)

Low-normal

Body-mass index

Participants with
Event

no./total no. (%)

Participants

Fatal Cardiovascular Events

Yes

Youth smoking

Risk Factor

Table 3. Hazard Ratios for Adult Cardiovascular Events According to Clinical Categories of Childhood Risk-Factor Levels.*
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to adulthood, showed comprehensive associations between the levels of these childhood risk
factors, individually and in combination, and the
development of incident adult cardiovascular
events beginning as early as 40 years of age.
Cardiovascular events in children are rare,14 but
autopsies have shown pervasive histologic atherosclerotic lesions of the aorta and coronary
arteries in young persons that were associated
with dyslipidemia, elevated blood pressure, and
smoking.15,16 Data from the Coronary Artery
Risk Development in Young Adults (CARDIA)
study have shown a relation between the Framingham risk score and cardiovascular events
among young adults followed for 20 years,17 but
studies linking childhood risk factors to adult
events have been lacking.
Traditional cardiovascular risk factors have
been evaluated in childhood because of their
presumed association with the occurrence of
adult cardiovascular events.2 Each risk factor was
related to adult cardiovascular events in our
study, and the combination of the risk factors
into a mean risk score, similar in concept to the
Framingham score, resulted in a stronger association than any single risk factor; among 38,589
participants, the 59.9% who had a combinedrisk z score of 0 or greater, corresponding to the
risk-factor level of an average child, were at increased risk for cardiovascular events, as compared with those who were in the lowest z score
category (a z score of less than −0.5). Risk factors during childhood (3 to 11 years of age) and
adolescence (12 to 19 years of age) were similarly related to adult cardiovascular events, as were
risk factors according to sex and racial groups.
Hazard ratios for fatal or nonfatal events with
respect to the childhood combined-risk z score
decreased as adult age increased.
We evaluated cardiovascular events in relation to the standard clinical categories currently
used for childhood risk factors and found that
children in the highest category of risk (e.g.,
overweight or obese body-mass index and prehypertensive or hypertensive blood-pressure levels)
had a markedly higher risk of adult cardiovascular events, as expected. However, most children
who were at excess risk for the development of
adult cardiovascular events were in the middle to
lower categories of the combined-risk z score.
Previous longitudinal studies involving the i3C
Consortium also showed an association of the

midrange of childhood risk-factor levels with the
development of adult hypertension6 and adult
diabetes.18
Because of the rarity of cardiovascular disease
in childhood, there continue to be questions
about the merits of evaluating cardiovascular risk
factors in childhood as opposed to adulthood,
when subclinical and clinical disease are prevalent.19 In the model including both childhood and
adult combined-risk z scores, the adult combined-risk z score was a strong predictor of adult
events, and the childhood combined-risk z score
was seemingly attenuated. Such attenuation suggests that childhood risk factors predicted adult
events principally because they tracked to adult
values. However, a complementary analysis20
showed that both the childhood combined-risk
z score and the change in combined-risk z score
between childhood and adulthood were important in predicting the risk of adult events. From
the perspective of prevention, both childhood riskfactor levels and the path to risk in adulthood appear to be informative. Thus, we posit that assessment of cardiovascular risk should begin in
childhood, and a reduction in risk-factor levels
between childhood and adulthood may have the
potential to lower the incidence of premature
cardiovascular disease.
Our study raises important questions about
broader childhood strategies for reducing the
risk of premature cardiovascular disease. Rather
than a sole focus on a medical approach of identifying children with elevated risk-factor levels,
the current results would suggest that an equally relevant focus on public health strategies for
maintaining ideal cardiovascular health in all
children is warranted.21 Previous studies showed
that persons with lifelong genetic exposure to
low levels of low-density lipoprotein cholesterol
and systolic blood pressure tend to have a lower
risk of cardiovascular disease,22 and recently published results from the Special Turku Coronary
Risk Factor Intervention Project (STRIP) study
showed beneficial effects on risk factors over a
period of 26 years after dietary counseling that
began in infancy and continued throughout childhood.23 Furthermore, comprehensive public health
efforts in Finland over the past 40 years have led
to positive lifestyle changes, a decline in major
risk-factor levels, and dramatic reductions in
cardiovascular-related mortality.24,25 In acknowledgment of the difficulty of individual behav-
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Figure 2 (facing page). Cumulative Risk of Cardiovascular Events According to Categories of the CombinedRisk z Score and Age.
The cumulative risk of cardiovascular events is shown
as the estimated probability according to the combined-risk z score and age (Kaplan–Meier method).
The horizontal dashed line in each panel indicates the
overall risk of the event. Panel A shows the hazard ratios for fatal cardiovascular events, and Panel B the
hazard ratios for fatal or nonfatal cardiovascular events.
All participants were included in these analyses; there
were 319 fatal events and a mean of 1563 fatal or nonfatal events across imputations. In each panel, the inset shows the same data on an enlarged y axis.

ioral change, we think our findings suggest a
need for stronger public health programs for
children.
Strengths of our study include the large
sample, the broad age range of childhood participants, adjudication of medical records, and a
mean follow-up of children and adolescents of
35 years. The evidence that pooling the data from
the separate cohorts was an appropriate strategy
was that the risk of adult cardiovascular events
before the age of 40 years was similarly low in
all seven cohorts and that the adjusted hazard
ratios with respect to each risk factor were similar
across the four oldest cohorts.
Our study also has certain limitations. First,
because 46.5% of the sample could not be located to ascertain nonfatal cardiovascular events,
loss to follow-up presented a potential response
bias. We addressed this issue through two analytic approaches. We determined vital status and
cause of death in 95% of the original participants. By limiting the initial analysis to fatal
cardiovascular events in that nearly complete sample, we found the expected relationships with the
childhood risk factors. Next, we used multiple
imputation to assess the association of childhood

risk factors with adult fatal or nonfatal cardiovascular events in all participants. With respect
to this end point, we relied heavily on the imputation model in the assessment of the findings.
The primary function of the multiple imputation
was to reinstate the data on all study variables in
the analysis of the full sample distribution, as
compared with analysis restricted to participants
who were located or found to be dead. These two
approaches yielded similar results; thus, bias resulting from loss to follow-up was unlikely to
have affected our findings. Second, the generalizability of the current study was restricted by
the limited number of participants from nonWhite groups, a factor that reflects the decadesold recruitment of the cohorts (Table S30). Black
participants represented 15% of the analysis
sample and 21% of the participants from the
United States, which is a higher percentage than
that in the U.S. population. However, the current
study was not specifically powered to detect racial differences, did not include many Hispanic
participants, and focused on the experience of
high-income countries. Third, we would posit
that our unweighted and straightforward combined-risk z score facilitates comparison of childhood and adult risk but may not improve risk
prediction across the life course.
This prospective cohort study showed that the
cardiovascular risk factors of body-mass index,
systolic blood pressure, total cholesterol level,
triglyceride level, and youth smoking, particularly
in combination beginning in early childhood, were
associated with adult cardiovascular events and
death from cardiovascular causes before the age
of 60 years.
Supported by a grant (NIH HL121230) from the National Institutes of Health. Historical funding sources for cohorts in the
i3C Consortium are listed in Table S31.
Disclosure forms provided by the authors are available with
the full text of this article at NEJM.org.
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