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Abstract

Background: In designing prevention strategies, it may be useful to understand how

early and midlife cardiovascular disease risk factor (CVDRF) exposures affect outcomes

that primarily occur in mid to late life. Few single US cohorts have followed participants

from early adulthood to late life.

Methods: We pooled four prospective cohorts that represent segments of the adult life

course, and studied 15 001 White and Black adults aged 18 to 95 years at enrollment. We

imputed early and midlife exposure to body mass index (BMI), glucose, lipids and blood

pressure (BP). CVDRF trajectories were estimated using linear mixed models. Using the

best linear unbiased predictions, we obtained person-specific estimates of CVDRF trajec-

tories beginning at age 20 until each participant’s end of follow-up. We then calculated

for each CVDRF, summary measures of early and midlife exposure as time-weighted

averages (TWAs).

Results: In the pooled cohort, 33.7% were Black and 54.8% were female. CVDRF sum-

mary measures worsened in midlife compared with early life and varied by sex and race.

In particular, systolic and diastolic BP were consistently higher over the adult life course

among men, and BMI was higher among Blacks, particularly Black women. Simulation

studies suggested acceptable imputation accuracy, especially for the younger cohorts.

Correlations of true and imputed CVDRF summary measures ranged from 0.53 to 0.99,

and agreement ranged from 67% to 99%.
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Conclusions: These results suggest that imputed CVDRFs may be accurate enough to be

useful in assessing the effects of early and midlife exposures on later life outcomes.
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Introduction

In the USA, cardiovascular disease (CVD) affects one in

three adults, remains the most common cause of morbidity

and mortality1,2 and is associated with nearly $450 billion

per year in direct and indirect costs.2 Moreover, CVD may

in turn contribute to other costly adverse late life out-

comes, including cognitive impairment and dementia.3–10

The modifiable nature of CVD risk factors (CVDRFs), in-

cluding lipids and blood pressure, makes them attractive

targets for prevention.11–13

Emerging evidence suggests that adverse levels of

CVDRFs develop early and tend to get worse over the life

course.2,14–17 For example, recent data from the National

Health and Nutrition Examination Survey suggest that the

prevalence of hypertension increases from approximately

24% in adulthood to over 50% in middle age and 70% in

older age.2 However, few epidemiological cohorts have

overcome the logistic challenges of following participants

from early adulthood to late life, with the result that few

have been able to describe CVDRF trajectories over the life

span, or estimate how early and midlife CVDRF exposures

affect outcomes that primarily occur in mid to late life.

Most cohorts have been restricted in age range, so that

those with sufficient numbers of adverse outcomes that oc-

cur primarily in mid to late life lack information on early

life CVDRF exposures. Longitudinal data linking CVDRFs

in early or midlife with health outcomes occurring in mid

life or later in life are important for evaluating the poten-

tial of early interventions that improve CVDRFs to prevent

later adverse outcomes.

Another important issue is that most CVDRFs vary by

sex or race/ethnicity.17–19 For example, hypertension is

more common and severe and develops at an earlier age

among Blacks.2,20,21 Obesity is also more common among

women than men, and disproportionately affects minority

populations.17,22 However, few cohorts that span many

decades recruited a racially and ethnically diverse sample.

To overcome these barriers to estimating the effects of

early and midlife CVDRF exposures on later life outcomes,

we pooled data from four large prospective cohorts, which

together span the adult life course. Each includes White

and Black participants. These cohorts include the

Coronary Artery Risk Development in Young Adults

(CARDIA) study of young to middle-aged adults, the

Multi Ethnic Study of Atherosclerosis (MESA) of middle to

older-aged adults, the Cardiovascular Health Study (CHS)

and the Health, Aging and Body Composition (Health

ABC) study of older adults. Based on the pooled data, we

developed a method using early and midlife CVDRF pat-

terns in the younger cohorts to impute earlier exposures in

the older cohorts. In this paper, we describe our methods

for imputing early and midlife CVDRFs, report simulations

assessing the accuracy of those imputations, and compare

imputed early and midlife CVDRF levels by sex and race.

Methods

Data sources and included cohorts

CARDIA23 is an ongoing prospective cohort of 5115

adults recruited from four field centres at the University of

Key Messages

• Few single US cohorts have followed participants from early adulthood to late life. As such, there is a need to better

understand whether using cardiovascular disease risk factor (CVDRF) patterns in younger cohorts to impute early and

midlife CVDRF patterns for older cohorts yields imputation estimates that are accurate enough.

• We pooled data from four prospective cohorts with 15 001 White and Black adults aged 18 to 95 years at enrollment.

We described our methods for imputing early and midlife CVDRFs, and reported simulations that assess the accuracy

of those imputations.

• Our findings were in line with the well-established literature on sex and racial/ethnic differences in CVDRF levels. Our

simulation studies suggested acceptable imputation accuracy, and agreement between true and imputed CVDRFs.

• The imputed CVDRFs may be accurate enough to be useful in assessing the effects of early and midlife exposures on

late life outcomes, with implications for risk factor preventive intervention.
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Alabama at Birmingham, the University of Minnesota,

Northwestern University, and Kaiser Permanente Northern

California. Participants were ages 18 to 30 years at base-

line in 1985–86. By design, the sample was balanced

within center by sex, age and education, and included 55%

women and 52% Blacks. The baseline and eight follow-up

examinations now span 30 years.

MESA24 is an ongoing prospective study that includes

4515 White and Black adults recruited from six US commu-

nities: Baltimore, Chicago, Forsyth County in North

Carolina, Los Angeles, New York City and St Paul.

Participants were aged 45 to 84 years at baseline in 2000–01.

The baseline sample included 53% women and 42% Blacks.

The baseline and four follow-up examinations span 10 years.

CHS25 is a recently completed prospective study of

5888 community-dwelling adults recruited from four US

communities: Washington County in Maryland, Forsyth

County in North Carolina, Sacramento County in

California, and Allegheny County in Pennsylvania.

Participants were 65 or older at baseline in 1990 and in-

cluded 57% women and 12% Blacks. Participants were

followed annually for up to 11 years.

Health ABC26 is a recently completed prospective co-

hort study of 3075 community-dwelling adults aged 70–

79 years at baseline in 1997. Participants were a random

sample of Medicare-eligible older adults living in Memphis

and Pittsburgh, including 52% women and 42% Blacks.

Participants were followed annually or semi-annually for

up to 11 years.

The inclusion of each of the four cohorts in our study

was approved by local institutional review boards (IRBs)

as well as the IRBs at the University of Miami and the

University of California San Francisco, and the present

analysis was approved by the Publications & Presentations

committee of each study. All participants provided written

informed consent.

Study sample

Our pooled cohort includes a total of 15 001 White and

Black adult participants aged 18 to 95 years old at enroll-

ment, with at least two repeated measurements of each of

the CVD risk factors, including 4632 from CARDIA, 4238

from MESA, 3936 from CHS and 2195 from Health ABC.

As shown in Figure 1, CARDIA participants contribute

observations in early adulthood and middle age (18–

60 years), MESA participants beginning in middle age

(45þ years) and CHS and Health ABC beginning in older

age (65þ years).

Measurement of CVDRFs

We used established measures from each study cohort to

capture the CVDRFs that were measured at almost all

study visits, using similar validated methods (see

Supplementary Table 1, available as Supplementary data

at IJE online), and that have been shown to influence

large- and small-vessel atherosclerosis. As such, our pri-

mary CVDRFs include: body mass index (BMI, kg/m2) cal-

culated from measured height and weight; fasting glucose;

fasting total cholesterol; fasting low-density lipoprotein

(LDL) cholesterol; and systolic blood pressure (SBP) and

Figure 1. Description of the four study cohorts by age, sex and race.
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diastolic blood pressure (DBP), each measured as the aver-

age of two seated measurements.24,27–29 In addition, data

were collected at most visits on additional risk factors that

affect these CVDRFs, including current smoking status,

age at onset of smoking, diabetes history, hypertension his-

tory and current use of diabetes, lipid-lowering and hyper-

tensive medications.

Imputation procedures

The main aim of this study was to impute CVDRF levels

earlier in the adult life course, beginning from age 20 years,

for participants with follow-up data beginning in mid life

or later in life. For example, for a MESA participant first

seen at age 45 and last seen at age 55, the expected

CVDRF levels were imputed each year from age 20 to 55.

As shown in Supplementary Figure 2, available as

Supplementary data at IJE online, the scope of the imputa-

tion is substantial for participants in the older cohorts.

To impute early and midlife CVDRF levels, we required

annual values of additional variables hypothesized to affect

them, including smoking status, diabetes and hypertension

and use of medications for diabetes, hypertension and

hyperlipidaemia. Imputations were done in the following

nested sequence, motivated by previous knowledge of the

dominant causal pathways: (i) smoking status, based on

race and sex; (ii) BMI, based on race, sex and smoking sta-

tus; (iii) diabetes and hypertension status, based on race,

sex and BMI; (iv) use of diabetes, lipid-lowering and anti-

hypertensive medications, based on sex, race and diabetes

or hypertension status; and (v) blood pressure, lipid levels

and glucose level, based on race, sex, BMI, diabetes, smok-

ing status and medication use. All imputation models in-

cluded birth year and cohort. Details regarding the

modelling procedure and imputation steps are provided in

Supplementary Methods, available as Supplementary data

at IJE online.

To initiate the imputations, age at onset of smoking, di-

abetes, hypertension and medication use were randomly

drawn from conditional distributions estimated using log-

normal survival models. Diabetes and hypertension were

assumed to persist after onset. Change points for medica-

tion use and smoking status with discrepant values at visits

more than one year apart were randomly imputed from a

uniform distribution.

To impute early and midlife CVDRF levels, including

BMI, glucose, lipids and blood pressure, trajectories were

estimated using linear mixed models (LMMs). Based on

the LMMs, we used best linear unbiased predictions

(BLUPs)30 to obtain person-specific estimates of CVDRFs

trajectories, annually from age 20 years until the end of

follow-up for each participant. The BLUPs are estimated

for every age with complete covariate data, as provided by

previously imputed annual values of smoking status, diabe-

tes, hypertension and medication use. CVDRF measures

were log-transformed for LMM analysis, and BLUPs were

back-transformed to the measured scale. Finally, using

those BLUP trajectories, we calculated period-specific

time-weighted averages (TWAs) as summary measures of

early (ages 20–39 years) and midlife (ages 40–59 years)

CVDRF exposure.

Statistical analysis

We first described participant characteristics at baseline,

across each of the four included cohorts. Then, using the

pooled data, we showed the distribution of the estimated

CVDRF TWAs (i.e. summary measures) in early (ages 20–

39 years) and mid life (ages 40 to 59 years), across sex and

race categories.

Our imputation procedures depend on the assumption

that age trends in CVDRF levels do not vary by cohort. To

examine this assumption, we plotted cohort-specific trajec-

tories in combination with trajectories based on the pooled

data, by sex and race. To further assess the accuracy of the

imputation procedures and their utility in future analyses

estimating early and midlife CVDRF effects on mid- and

late-life outcomes, we conducted a simulation study in

which we treated our imputed BLUP trajectories and

TWAs as the true values, and then used these as the basis

for simulating new observations, BLUPs and TWAs.

Specifically, to obtain multiple simulated values of the

CVDRFs, we added random normal errors, with standard

deviation (SD) determined by the initial LMMs, to the im-

puted BLUPs at each observed age, and then obtained a

new set of BLUPs and TWAs by refitting the LMMs to

these imputed outcomes; 25 imputations were used. We

then assessed agreement between the true and imputed

TWAs using four summary statistics: (i) the bias of the im-

puted TWAs, scaled by the mean of the true values; (ii) the

mean absolute deviation (MAD) of the imputed from the

true values, scaled by the MAD of the true measure from

its sample mean; (iii) correlation of the true and imputed

continuous TWAs; and (iv) agreement of the true and im-

puted TWAs, after categorization at established clinical

cut-points. We also present scatter plots of the true and im-

puted values. Finally, to assess the magnitude and direction

of bias in regression coefficients for the TWAs resulting

from imputation error, we generated binary outcomes un-

der logistic models based on the true categorized TWAs,

adjusting for age, then fitted correctly specified logistic

models using the estimated TWAs in place of the true val-

ues, and reported the average bias of the coefficients. We

first considered a joint model for the effects of TWAs for
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ages 20–39 and 40–59, and then a reduced model for the

effect of the TWAs for ages 20–59.

Results

Baseline characteristics of the four cohorts

Descriptive characteristics across the four cohorts are pre-

sented in Table 1. Mean baseline BMI was 24.5 (SD¼ 5.0)

in the youngest cohort (CARDIA), 28.7 (SD¼ 5.5) in

MESA, 26.4 (SD¼ 4.4) in CHS and 27.4 (SD¼ 4.7) in

Health ABC. Prevalence of current smoking was highest

(29.6%) in CARDIA compared with all other cohorts

(13.8% in MESA, 10.6% in CHS and 8.3% in Health

ABC). As expected, mean total and LDL cholesterol and

systolic blood pressure were lowest in the youngest cohort.

For example, mean baseline LDL cholesterol was

110 mg/dl (SD¼31.3) in CARDIA, 117 mg/dl (SD¼ 31.4)

in MESA, 130 mg/dl (SD¼ 35.3) in CHS and 123 mg/dl

(SD¼ 34.4) in Health ABC. Prevalence of hypertension, di-

abetes and medication use also increased with age in the re-

spective cohorts.

Distribution of CVDRF TWAs (i.e. summary

measures) in early (ages 20–39 years) and midlife

(ages 40-59 years)

The results of the imputation of early and midlife CVDRF

exposure from the pooled data are shown in Table 2,

across sex and race categories. In early life (ages 20–

39 years), average TWAs for BMI were highest among

Black women (25.9 kg/m2) and men (24.6 kg/m2) com-

pared with White women (21.9 kg/m2) and men (23.2 kg/

m2). Average TWAs for fasting glucose were lowest among

Black women (81.4 mg/dl) and highest among White men

(87.7 mg/dl). Average TWAs for total cholesterol were

highest among White women (190 mg/dl) and men

(188 mg/dl). Average TWAs for SBP and DBP were highest

among men (Black men: 118 mmHg and 72.8 mmHg,

White men: 120 mmHg and 72.8 mmHg, respectively).

TWAs were higher (i.e. worse) in midlife than early life,

but race and sex differences were similar.

Consistency of CVDRF trajectories across cohorts

Figure 2 shows that in areas of overlap in midlife (ages 45–

55 years) between CARDIA and MESA cohorts, as well as

in areas of overlap in late life (ages 65–85 years) between

MESA, CHS and Health ABC cohorts, the trajectories of

the CVDRF variables are similar across individual cohorts

and consistent with the combined trajectories from the

pooled cohort. Although we did find some differences in

level, especially in the older age range, these differences are

accounted for by including cohort-specific intercepts in the

imputation linear mixed models (LMMs). Life course tra-

jectories also differed by sex and race. For example Blacks,

especially Black women, had consistently higher BMI than

their White counterparts over the adult life course. The tra-

jectories of systolic and diastolic BP were also consistently

higher over the life course among men, both White and

Black, compared with women.

Table 1. Description of participant characteristics at baseline, by cohort

CARDIA MESA CHS Health ABC

18-30 years 45-84 years 65-100 years 70-80 years

Characteristic, mean (SD) or % n ¼ 4632 n ¼ 4238 n ¼ 3936 n ¼ 2195

Age, years 24.9 (3.6) 62.2 (10.1) 72.2 (5.1) 73.4 (2.8)

Black 50.3% 41.0% 4.4% 37.3%

Men 44.9% 47.0% 42.5% 47.0%

BMI, kg/m2 24.5 (5.0) 28.7 (5.5) 26.4 (4.4) 27.4 (4.7)

Fasting glucose, mg/dl 82.3 (14.3) 94.5 (26.0) 107 (29.1) 103 (32.2)

Total cholesterol, mg/dl 177 (33.4) 193 (35.6) 212 (38.4) 204 (38.2)

LDL cholesterol, mg/dl 110 (31.3) 117 (31.4) 130 (35.3) 123 (34.4)

HDL cholesterol, mg/dl 53.2 (13.1) 52.4 (15.5) 54.5 (15.6) 54.1 (16.8)

Systolic BP, mmHg 110 (10.9) 126 (21.0) 135 (20.9) 134 (20.3)

Diastolic BP, mmHg 68.7 (9.4) 71.9 (10.2) 70.1 (11.0) 71.2 (11.3)

Current smoker 29.6% 13.8% 10.6% 8.3%

Hypertension 2.8% 50.6% 48.4% 69.2%

Diabetes 0.54% 10.7% 12.9% 36.3%

Diabetes medication use 0.22% 8.5% 6.0% 10.5%

Hypertension medication use 1.0% 40.0% 42.9% 52.6%

Lipid medication use 0.35% 17.4% 5.1% 14.1%
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Accuracy of early and midlife CVDRF TWAs

Table 3 shows the results of our simulation study. The

scaled bias of the imputed TWAs was generally less than

1% of the true mean. The MADs of the imputed-true dif-

ferences were generally a small to moderate percentage of

the MADs of the true measures. Likewise, correlation and

agreement were strong to moderate. Accuracy and agree-

ment were lower for the older cohorts, as expected, as well

as for the lipid measures. Scatterplots for a 25% random

sample of the true and imputed TWAs are presented in

Supplementary Figure 2, available as Supplementary data

at IJE online. These plots illustrate the correlation of the

continuous TWAs as well as the agreement of the catego-

rized values, as represented by the proportion of data

points in the diagonal sectors of each plot. Finally, Table 4

shows the expected attenuation bias in logistic regression

coefficients for the estimated TWAs for ages 20–39, 40–59

and 20–59.

Discussion

We describe the use of pooled data from four epidemiolog-

ical cohorts, with ample representation of Black and White

persons and age ranges covering the adult life span, to esti-

mate summary measures of early and midlife cardiovascu-

lar risk factor exposures. By pooling these data, we used

information on risk factor patterns in the younger cohorts

to impute early and midlife CVDRF exposures for the

older cohorts, where epidemiological outcomes of interest

occur at higher rates. We use the pooled data to estimate

differences in CVDRF levels by age, sex and race. We also

provide evidence that the imputed young and midlife expo-

sures may be accurate enough to be useful in assessing their

effects on later life outcomes.

There is a well-established literature on sex and ra-

cial/ethnic differences in cardiovascular disease risk fac-

tor levels.2,17 As expected, our findings from the pooled

cohort data showed similar differences that persisted

over the life course. We found TWA BMI to be higher

among Blacks than Whites, across the adult life course.

TWA systolic blood pressure was also found highest

among men, especially Black men, which is supported by

previous studies. Across sex and race categories, TWAs

of all CVDRFs worsened from early life to mid life. In fu-

ture analyses, we will examine whether those CVDRF

differences in early and midlife affect later life health

outcomes.

Our methods for leveraging pooled cohort data to im-

pute early and midlife exposures for participants in older

cohorts have several limitations. First, the ‘true’ TWAs for

the older cohorts in our simulation study have restricted

range, due to shrinkage toward the mean, possibly inflat-

ing our categorical agreement measure. Second, the TWAs

for early and midlife CVDRF exposures are unquestion-

ably subject to imputation error, which our simulation

study showed was greater for participants in the older

cohorts, CHS and Health ABC. The simulation study also

showed that the imputation errors induce sometimes atten-

uation bias in estimates of the effects of the TWAs.

Attenuation bias is of course conservative,31 and in this

context, the large size of the pooled cohort should help to

overcome the resulting loss of power.

Table 2. Cardiovascular disease risk factor TWAs in early (ages 20–39 years) and midlife (ages 40–59 years), by sex and race

Ages 20-39 Ages 40-59

Black women Black men White women White men Black women Black men White women White men

n ¼ 2887 n ¼ 2173 n ¼ 5336 n ¼ 4605 n ¼ 2887 n ¼ 2173 n ¼ 5336 n ¼ 4605

BMI, kg/m2 25.9 24.6 21.9 23.2 30.5 27.8 25.1 26.1

(23.3, 29.3) (22.9, 26.9) (20.5, 23.9) (22.0, 25.0) (26.3, 35.5) (24.7, 31.3) (22.5, 28.5) (24.0, 28.8)

Fasting glucose, mg/dl 81.4 85.3 83.8 87.7 90.7 93.7 90.7 95.6

(77.8, 85.0) (81.4, 88.7) (78.3, 85.7) (81.8, 89.9) (86.0, 97.9) (88.6, 101) (85.9, 94.7) (90.2, 100)

Total cholesterol, mg/dl 182 180 190 188 191 185 205 201

(168, 196) (167, 194) (177, 200) (176, 199) (171, 207) (166, 203) (190, 218) (186, 214)

LDL cholesterol, mg/dl 112 112 114 121 114 114 118 127

(100, 125) (99.2, 126) (104, 123) (111, 130) (95.5, 129) (95.7, 131) (104, 132) (113, 140)

Systolic BP, mmHg 112 118 111 120 123 124 118 124

(107, 117) (113, 123) (105, 116) (114, 126) (114, 132) (116, 133) (109, 126) (116, 132)

Diastolic BP, mmHg 69.4 72.8 67.7 72.8 75.5 78.1 70.0 75.6

(66.5, 72.2) (69.7, 75.5) (64.8, 69.8) (70.0, 75.0) (70.7, 80.6) (73.1, 82.8) (65.7, 74.1) (71.6, 79.6)

Data are presented as medians and interquartile ranges.
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Despite those limitations, a strength of our study is that

we used innovative techniques to impute early and midlife

CVDRFs and assessed the accuracy of those imputations.

Our methods draw on an extensive literature using LMMs

with splines for curve fitting,32–34 extend recent work35 us-

ing repeated risk factor measurements to predict later life

events and allow us to make use of a priori knowledge

about CVDRFs and the relationships among them—for ex-

ample, that diabetes and hypertension almost never resolve

once diagnosed, and that CVDRF trajectories are almost

surely smooth. Simpler versions of the imputed early life

exposures we propose here predicted mid- and late-life

Figure 2. Life course trajectories of cardiovascular disease risk factors across categories of sex and race, results from the specific cohorts and pooled

cohort.
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outcomes in previous work.3,36,37 Our methods could also

be used to derive other summary measures of early and

midlife CVDRF exposures, including areas under the curve

(AUCs), time spent over accepted thresholds, and average

rates of change. In our study, we pooled multiple biracial

cohorts with large sample sizes, repeated measures of

CVDRFs, and long follow-up time. We also accounted for

cohort and birth year effects. Risk factors for coronary

heart disease, stroke and other manifestations of CVD may

differ, though they overlap substantially. We focused on

the primary underlying connection of atherosclerotic dis-

ease and risk factors that increase large- and small-vessel

atherosclerosis, but our work can be extended to other risk

factors and other study cohorts. In addition, in future anal-

yses assessing the associations of early and midlife CVDRF

exposures with mid- and late-life outcomes, potentially in-

cluding death, we will develop inverse probability weights

to address potential survival bias. MESA, CHS and Health

ABC participants, who had to survive until cohort entry,

may be somewhat atypical of the younger adult

populations they are taken to represent. Finally, to account

for estimation error in imputed CVDRF TWAs, and thus

obtain valid standard errors in future analyses, we plan to

use the methods developed for our simulation study to ob-

tain multiple imputations of the BLUPs and TWAs; addi-

tional simulation studies will be used to determine the

necessary number of imputations. We will then use estab-

lished methods38,39 for combining estimates based on mul-

tiply imputed data.

With CVD still the most common cause of morbidity

and mortality in the USA, this study is relevant for popula-

tion health, especially given the modifiable nature of

CVDRFs such as lipids and blood pressure, making them

attractive targets for prevention. We have described meth-

ods for pooling data from prospective cohorts that span

the adult age range, in order to provide estimates of early

and midlife exposure to CVDRFs that could be linked to

health outcomes often occurring in midlife and later in life.

We also provided evidence that the imputed exposures

may be accurate enough to be useful in assessing the effects

Table 3. Measures of agreement between true and imputed TWAs, in early life (ages 20–39 years) and midlife (ages 40–59 years)

Ages 20-39 Ages 40-59

CARDIA MESA CHS Health ABC CARDIA MESA CHS Health ABC

BMI, kg/m2 Bias (%) 0.06 0.37 �0.04 1.0 0.04 0.57 0.17 1.8

MAD (%) 12 42 31 46 11 29 53 51

Correlation 0.99 0.87 0.70 0.79 0.99 0.94 0.86 0.86

Agreement (%) 94 82 91 80 94 83 75 72

Fasting glucose,mg/dl Bias (%) �0.03 �0.80 �0.96 �0.89 0.19 �0.09 �0.38 0.13

MAD (%) 30 15 41 18 37 51 42 71

Correlation 0.93 0.73 0.84 0.56 0.94 0.87 0.81 0.67

Agreement (%) 99 99 99 99 89 93 83 84

Total cholesterol,mg/dl Bias (%) 0.21 1.1 0.60 1.7 0.22 0.45 �0.48 0.89

MAD (%) 27 59 96 86 35 50 42 62

Correlation 0.95 0.70 0.44 0.51 0.93 0.87 0.81 0.66

Agreement (%) 85 80 74 72 85 79 82 75

LDL cholesterol,mg/dl Bias (%) 0.39 1.3 �3.4 �0.08 0.37 0.68 �3.8 �0.46

MAD (%) 29 68 83 85 34 50 54 67

Correlation 0.95 0.72 0.74 0.51 0.93 0.86 0.86 0.70

Agreement (%) 84 71 79 67 83 74 75 68

Systolic BP, mmHg Bias (%) �0.02 0.19 0.28 0.69 0.08 0.66 0.80 1.4

MAD (%) 21 26 36 47 37 48 42 49

Correlation 0.93 0.92 0.92 0.86 0.92 0.86 0.82 0.72

Agreement (%) 96 91 89 87 89 79 79 71

Diastolic BP, mmHg Bias (%) 0.02 0.08 �0.17 �0.54 0.13 0.53 0.36 0.31

MAD (%) 35 32 49 65 39 46 46 46

Correlation 0.92 0.88 0.83 0.74 0.92 0.88 0.87 0.79

Agreement (%) 97 99 99 98 90 87 89 77

Bias (%): mean difference between true and imputed TWA, as a percentage of the true mean TWA; MAD (%): mean absolute deviation of imputed from true

TWA, as percentage of MAD of true values from mean; correlation: Pearson correlation of true and imputed TWAs; agreement: percentage agreement of catego-

rized true and imputed TWAs. Clinical cut-points used in evaluating agreement: BMI (25, 30kg/m2); glucose (100, 125 mg/dl); total cholesterol (160, 200 mg/dl);

LDL cholesterol (100, 130 mg/dl); systolic BP (120, 140 mmHg); diastolic BP (80, 90 mmHg).
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of early and midlife exposures on late-life outcomes, with

implications for risk factor preventive intervention.

Supplementary data

Supplementary data are available at IJE online.
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