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Numerous observational studies have investigated the effects 
of healthy lifestyle and other risk factors on stroke inci-

dence.1,2 However, none of these studies appropriately adjusted 
for time-varying confounders affected by prior exposure.3–5 In 
fact, standard analytic approaches (eg, logistic regression) fail 
to adequately control for such confounders and, therefore, may 
yield biased estimates of the total effect of the exposure on the 
outcome. Depending on the confounder, the induced bias could 
over or underestimate the impact of the interventions. To over-
come this problem, using the parametric g-formula to appropri-
ately adjust time-varying confounders, we estimate the 11-year 
cumulative risk of ischemic stroke by sex under various hypothet-
ical interventions.6 The parametric g-formula enables researchers 
to quantify the effects of generalized interventions, that is, joint, 
time-varying, dynamic, and stochastic interventions.6

Methods
Because of the sensitive nature of the data collected for this study, 
requests to access the data set may be sent to National Heart, Lung, 

and Blood Institute. We used data from the MESA (Multi-Ethnic 
Study of Atherosclerosis). The participants were 6809 men and 
women followed for more than 11 years and 5 visits. An outcome 
was defined by rapid onset of a documented focal neurological 
deficit lasting 24 hours or until death, or if <24 hours, if there was 
a clinically relevant lesion on brain imaging7 (Appendix I in the 
online-only Data Supplement). Written informed consent was pro-
vided by all participants. For this study, we do not need any eth-
ical approval because the data was acquired from National Heart, 
Lung, and Blood Institute—Research Materials Distribution 
Agreement V02 1d201208.

We assessed 6 hypothetical treatments and their combinations 
as joint hypothetical interventions on risk of ischemic stroke by sex 
based on previous publication8: maintain body mass index <25 kg/
m2, maintain LDL (low-density lipoprotein) <3.11 mmol/L, maintain 
HDL (high-density lipoprotein) >1.55 mmol/L, exercise intentionally 
at least 210 min a week, avoid smoking cigarettes and maintain nor-
motension (systolic blood pressure <140 and diastolic <90 mm Hg). 
Additionally, another individual hypothetical intervention on body 
mass index was specified; all obese or overweight persons (body 
mass index >25 kg/m2) lose 10% of weight per visit.

Time-varying covariates measured at all visits including 
triglyceride, diagnosed diabetes mellitus, diagnosed coronary 
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heart disease, hypertension medication, any lipid-lowering med-
ication, and taking aspirin entered in the models as potential 
confounders. In addition, we included the following potential 
confounders that were measured only at the baseline: age, race, 
reported alcohol consumption, anger index, anxiety index, stroke 
history of parents, stroke history of sibling, homocysteine, fi-
brinogen, and CRP (C-reactive protein). The Figure is a causal 
directed acyclic graph to depict the relationship between time-
varying exposures and stroke.9 To simplify this graph; we depict 
just 2 visits, defined by subscripts of 0 and 1 which correspond 
to visits 0 and 1 of the study, respectively. A stands for time-
varying exposures (eg, body mass index); L denotes time-varying 
confounders (eg, diagnosed diabetes mellitus) which are affected 

by the prior exposures; Y corresponds to the outcome (ischemic 
stroke); and U stands for unmeasured confounders. Details on 
the g-formula and notation are provided in Appendix II in the 
online-only Data Supplement.

Statistical Analysis
The parametric g-formula7,10 was applied to estimate 11-year risk of 
stroke under various hypothetical interventions. The method involves 
modeling the outcome, each time-varying confounder, and the time-
varying exposure at each MESA visit as a function of all variables 
that occur before the given visit. In this study, we estimated risk dif-
ference and population attributable fraction11 (Appendix III in the 
online-only Data Supplement).

Results
Baseline characteristics of the 6809 eligible participants are 
tabulated in Appendix IV in the online-only Data Supplement.

The Table shows results from our g-formula analysis. 
After hypothetical intervention on all 6 factors, risk of is-
chemic stroke was lowered by 85% (95% CI, 66–96) in men 
and by 55% (95% CI, 6–82) in women. Losing weight by 
10% during each visit for all obese or overweight persons 
results in 1% (95% CI, −4 to 5) reduction for men and −1% 
(95% CI, −5 to 6) reduction for women in the risk of is-
chemic stroke.

Figure. Causal diagram for the effect of the exposures, for example, body 
mass index (A) on the ischemic stroke (Y) or death from ischemic stroke 
in the MESA (Multi-Ethnic Study of Atherosclerosis). L and U stand for 
time-varying confounders (such as physical activity) and unmeasured con-
founders, respectively.

Table.  Ischemic Stroke Risk Under Hypothetical Interventions in Men and Women in the Multi-Ethnic Study of Atherosclerosis, United States, 2000–2011

Intervention

11-Year Risk, % Risk Difference, % PAF, %

Men Women Men Women Men Women

(0) No intervention 3.13 2.15 0 0 0 0

(1) Maintain BMI <25 kg/m2 2.75 1.81 −0.38 (−1.41 to 0.42) −0.34 (−0.96 to 0.23) 12.11 (−13.39 to 47.09) 15.75 (−10.92 to 44.63)

(2) No hypertension* 1.36 1.50 −1.77 (−3.00 to −0.56) −0.65 (−1.64 to 0.36) 56.65 (21.96 to 80.62) 30.31 (−17.86 to 66.96)

(3) No smoking 2.65 2.40 −0.48 (−1.57 to 0.73) 0.24 (−0.28 to 0.76) 15.43 (−24.88 to 47.12) −11.33 (−33.79 to 11.85)

(4) Exercise at least 210 min/wk 2.74 2.10 −0.39 (−1.07 to 0.06) −0.06 (−0.63 to 0.38) 12.56 (−1.85 to 30.59) 2.60 (−18.74 to 26.10)

(5) Desirable HDL† 1.68 1.52 −1.45 (−2.84 to −0.3) −0.63 (−1.17 to 0.10) 46.32 (11.09 to 73.38) 29.28 (−3.82 to 49.51)

(6) Desirable LDL‡ 3.01 2.07 −0.12 (−0.51 to 0.12) −0.09 (−0.44 to 0.34) 3.91 (−4.37 to 14.79) 3.98 (−16.25 to 19.01)

(7) Joint interventions (2, 5, 6) 0.68 1.03 −2.45 (−4.00 to −1.21) −1.12 (−2.03 to 0.03) 78.20 (51.87 to 93.00) 52.28 (−1.88 to 82.23)

(8) Joint interventions (1, 2, 5, 6) 0.61 0.91 −2.53 (−4.12 to −1.4) −1.24 (−2.13 to −0.31) 80.64 (58.44 to 93.74) 57.71 (16.07 to 81.59)

(9) Joint interventions (3, 4) 2.36 2.35 −0.77 (−1.79 to 0.34) 0.20 (−0.47 to 0.85) 24.50 (−10.72 to 51.38) −9.35 (−37.84 to 19.26)

(10) Joint interventions (1, 4) 2.47 1.77 −0.66 (−1.77 to 0.15) −0.38 (−1.13 to 0.36) 21.05 (−4.63 to 56.06) 17.53 (−19.50 to 51.60)

(11) Joint interventions (1,3,4) 2.10 2.02 −1.03 (−2.31 to 0.40) −0.13 (−1.01 to 0.69) 32.79 (−13.01 to 65.65) 6.07 (−34.29 to 47.95)

(12) Joint interventions (1–4) 0.94 1.39 −2.19 (−3.69 to −1.13) −0.77 (−1.83 to 0.40) 69.92 (43.59 to 89.43) 35.60 (−17.78 to 72.86)

(13) All interventions (1–6) 0.46 0.98 −2.67 (−4.33 to −1.56) −1.17 (−2.08 to −0.13) 85.26 (65.80 to 95.55) 54.60 (6.13 to 82.35)

(14) Lose 10% of BMI if BMI ≥25 kg/m2 3.09 2.17 −0.04 (−0.22 to 0.15) 0.02 (−0.14 to 0.11) 1.42 (−4.13 to 5.53) −0.95 (−5.16 to 5.99)

(15) Joint interventions (4, 14) 2.74 2.08 −0.39 (−1.07 to 0.03) −0.07 (−0.63 to 0.32) 12.47 (−1.23 to 32.54) 3.23 (−15.37 to 27.16)

(16) Joint interventions (3, 4, 14) 2.32 2.29 −0.81 (−1.79 to 0.37) 0.14 (−0.47 to 0.81) 26.01 (−13.59 to 52.35) −6.32 (−39.87 to 20.53)

(17) Joint interventions (2, 3, 4, 14) 1.02 1.60 −2.11 (−3.36 to −1.01) −0.55 (−1.71 to 0.68) 67.33 (36.15 to 86.24) 25.50 (−35.91 to 68.85)

(18) Joint interventions (2, 5, 6, 14) 0.68 1.01 −2.45 (−3.97 to −1.24) −1.14 (−2.02 to −0.01) 78.26 (52.58 to 92.92) 53.00 (0.72 to 82.10)

(19) All interventions (2–6 and 14) 0.51 1.09 −2.62 (−4.26 to −1.37) −1.06 (−2.03 to 0.44) 83.74 (55.80 to 94.52) 49.39 (−21.02 to 81.98)

BMI indicates body mass index; HDL, high-density lipoprotein; LDL, low-density lipoprotein; and PAF, population attributable fraction.
*Systolic blood pressure lower than 140 and diastolic lower than 90 mm Hg.
†Min 1.55 mmol/L.
‡Max 3.11 mmol/L.
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Discussion
Hypothetical interventions predicted the absolute risk re-
duction as 85% in men and 55% in women for ischemic 
stroke, however, due to the imprecision in the estimate for 
women, there is only weak evidence for heterogeneity of 
these reductions (interaction P value =0.14). In our anal-
ysis, the parametric g-formula was used to account for 
the time-varying nature of our exposures on incidence of 
stroke. Additionally, we improve on previous work by con-
ducting subgroup analyses by sex.12 Different population 
attributable fraction’s between men and women could be 
ascribed to some extent to higher prevalence of risk fac-
tors in men.13

We acknowledge the possibility of sparse data bias and 
low precision of effect estimates (represented by wide con-
fidence intervals).14 We did not adjust for dietary pattern be-
cause for 577 participants there was no measurement of the 
dietary pattern, which challenges the assumption of no un-
measured confounders. Moreover, physical activity was not 
assessed in visit 4 of the study. Therefore, we carried forward 
the values visit 3 to the missed visit. It should be noted that 
the proportion of missing data was less than 4% for all covari-
ates. G-formula assumptions, limitations, and the graphs as a 
description of the model fit may be found in Appendix V in the 
online-only Data Supplement.

Conclusions
Our analyses indicated that in men 85% of cases could have 
been prevented by compliance with 6 hypothetical interven-
tions. In women, only 54% of cases could have been similarly 
prevented.
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