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Background-—Cigarette smoking is a risk factor for stroke, but the mechanisms by which smoking contributes to stroke are not
well understood. This study aimed to evaluate the roles of lung function (represented by forced expiratory volume in the first
second (FEV1)) and aldosterone as potential mediators of the association of smoking with stroke.

Methods and Results-—The data were derived from 5010 Jackson Heart Study participants who had mean follow-up of
97.9 months. Using the Cox proportional hazards model, we estimated the hazard ratios of smoking for total stroke with and
without adjustment for FEV1 and/or aldosterone at baseline after controlling for the confounders. The hazard ratio for current
smoking (versus never smoking) was 2.70 (95% CI 1.71 to 4.25) for total stroke after adjustment for the confounders. Additional
adjustment for FEV1 and aldosterone reduced the hazard ratio to 2.32 (95% CI 1.42 to 3.79), suggesting that 22.4% of the excess
risk of current smoking for total stroke is mediated by these factors. FEV1 and aldosterone account for 13.1% and 12.1%,
respectively, of the excess risk. The hazard ratio for FEV1 increased (0.61 versus 0.65) after including systemic inflammatory
marker C-reactive protein, and the hazard ratios for aldosterone were comparable for the models that included all confounders and
smoking status with or without different blood pressure measurements.

Conclusions-—Our findings suggest that the difference in stroke risk between current and never smokers may develop partially
through pathways involving lung function and aldosterone and that the mediation effect through aldosterone is independent of
blood pressure. ( J Am Heart Assoc. 2016;5:e002689 doi: 10.1161/JAHA.115.002689)
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S troke occurs when the blood supply to the brain is
blocked or a blood vessel in the brain ruptures, causing

brain tissue to die.1,2 There are many risk factors for stroke,
and some cannot be changed, such as age, sex, race,
ethnicity, and heredity, whereas others are modifiable,
including high blood pressure, elevated cholesterol, sickle
cell disease, obesity, and smoking.3,4 Numerous global
studies established cigarette smoking as a risk factor for
stroke across various ethnicities and populations.5–10

Multiple possible mechanisms underlie the association
between cigarette smoking and risk of stroke. Toxic
chemicals inhaled from smoking may contribute to stroke
by affecting lung function. It is well known that continuing
smokers have an average rate of decline in forced
expiratory volume in the first second (FEV1) that is
substantially greater than that of people who have never
smoked,11–14 and this impaired pulmonary function is
associated with an increased risk of cardiovascular
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diseases,15–17 possibly through an inflammatory mecha-
nism.18,19

Smoking may also increase the risk of stroke by causing
direct damage to the vasculature, altering both its architec-
ture and function20,21 or having effects on hemodynamic
factors within the circulation.22,23 The hemodynamic effects
of cigarette smoking in normotensive participants include
increases in blood pressure and pulse rate.20 Plasma
aldosterone levels increase significantly after smoking,24

and enhanced activation of the renin–angiotensin–aldos-
terone system is observed in chronic cigarette smokers.25

By regulating sodium and potassium levels, aldosterone helps
control vascular tone and intravascular volume; consequently,
elevated levels of aldosterone can result in increases in blood
pressure, leading to hypertension, which is a major risk factor
for stroke.26,27 Elevated aldosterone may also increase the
risk of stroke independent of its effects on blood pressure.28

Evidence from some observational studies showed that
FEV1 decline and elevated aldosterone are associated with
cigarette smoking11–14,24 and higher risk of stroke.15–17,27,28

These results suggest that differences in aldosterone and
FEV1 between smokers and nonsmokers may exist, but the
extent to which this relationship explains the stroke risk
difference is unclear. In this study, we assessed whether
decreased FEV1 and higher serum aldosterone levels were
associated with a higher risk of stroke among current
smokers versus never smokers and then applied related
mediation analysis techniques to quantify the mediation effect
magnitude through FEV1 and aldosterone and illustrated the
possible mechanisms by which these mediation effects were
realized.

Methods

Study Population
Data for this study were collected as part of the Jackson Heart
Study (JHS), the largest single-site, prospective, epidemiolog-
ical investigation of cardiovascular disease among African
Americans. The study enrolled 5301 participants recruited
from urban and rural areas of the 3 counties (Hinds, Madison,
and Rankin) that make up the Jackson, Mississippi, metropoli-
tan statistical area. The participants underwent a baseline
examination between September 2000 and March 2004 to
collect data regarding demographic information, socioeco-
nomic characteristics, medical history, physical examination,
laboratory measurements, cardiac results, and medications.
Ongoing cohort surveillance includes abstraction of medical
records and death certificates for relevant International
Classification of Diseases codes and adjudication of nonfatal
events and deaths through 2011. Details of the study design
and recruitment protocol have been described elsewhere.29,30

All JHS participants gave written informed consent, and the
study was approved by institutional review boards of the
participating institutions: Jackson State University, Tougaloo
College, and the University of Mississippi Medical Center.

Main Exposure
Current smokers were defined as participants who gave a
positive response to the questions, “Have you smoked more
than 400 cigarettes in your lifetime?” and “Do you now smoke
cigarettes?” Past smoking was defined as a positive response
to the first question and a negative response to the second
question. Never smokers were those who responded no to the
first question.

Confounders
We used baseline self-reported data on physical activity (ideal
status defined as ≥150 min/week at moderate intensity or
≥75 min/week at vigorous intensity or a combination based
on American Heart Association physical activity classifica-
tion)31; alcohol consumption in the past 12 months; family
history of high blood pressure, stroke, or heart disease (from
either father or mother); and the number of years of schooling
completed (dichotomized as less than or more than high
school).

Potential Mediators
Pulmonary function, including FEV1, was measured at baseline
using computerized spirometry; maximum values of FEV1
were selected for analysis based on recommendations from
the American Thoracic Society.32 Baseline serum aldosterone
was measured by radioimmunoassay (Siemens), and serum C-
reactive protein (the marker of systemic inflammation used in
this study) was measured by the latex particle immunotur-
bidimetric assay (Roche Diagnostics).33 Diastolic and systolic
blood pressures were measured using a Hawksley random-
zero sphygmomanometer (Hawsley and Sons Ltd), and mean
arterial pressure was calculated using the formula (SBP/
3+29DBP/3), in which DBP is diastolic blood pressure and
SBP is systolic blood pressure.34

Outcome
The primary outcome of interest in this study was incident
total stroke (ischemic and hemorrhagic combined). Trained
interviewers conduct annual follow-up telephone interviews to
ascertain any significant health events since the last JHS
contact, including diagnostic tests, hospitalizations, or death.
Information on cohort hospitalizations and deaths is trans-
mitted to the medical record abstraction unit, which reviews
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death certificates and hospital records to identify cardio-
vascular disease events including stroke in the cohort.
A computer-generated diagnosis with follow-up review and
physician adjudication completes final hospitalized stroke
event classification.35

Statistical Analyses
Continuous variables are presented as mean (standard
deviation), and categorical variables are expressed as propor-
tions. Baseline characteristics and potential mediators were
compared with chi-square tests or 1-way ANOVA with respect
to smoking status. Multiple linear regression was used to
model smoking status–mediator relations in JHS participants,
with adjustment for confounders. Multivariate survival analy-
sis using the Cox proportional hazards regression model was
performed for categorical and continuous predictor variables
(exposure, mediators, and confounders) to yield hazard ratios
(HRs) and 95% CIs.

We conceptualized the hypothesized pathways and
decomposed the total effect of cigarette smoking on the
risk of incident stroke into the direct and indirect effects
mediated by FEV1 and aldosterone (Figure 1). To assess the
serum aldosterone concentration (ng/dL) and FEV1 at
baseline of the JHS as potential mediators of the
smoking–incident stroke relationship, we estimated the
total effect of smoking status on incident stroke with
adjustment for the confounders including age, sex, physical
activity, alcohol consumption, family history of related
diseases, and education. We then added the 2 postulated
mediators to the model separately or combined. A change
in HRs for smoking status was taken as evidence of
mediation through the considered mediators.36,37 Other risk

factors for stroke such as obesity, hypertension, diabetes,
and cholesterol were assessed and entered the test models
at a later stage as additional potential mediators. Similar
methods were extended to assess whether FEV1 mediated
the smoking–stroke relationship by an inflammatory mech-
anism and whether the mediation effects through elevated
serum aldosterone were blood pressure dependent. The
decomposition of mediation effects through FEV1 or aldos-
terone was further confirmed using the linear structural
equation modeling approach38,39 (see Data S1, Figure S1
and S2).

The percentage at which the mediators explain the
smoking status difference on incident stroke was computed
using the following equation37,40:

HRexp ðconfounder adjustedÞ � HRexp ðconfounder andmediator adjustedÞ
HRexp ðconfounder adjustedÞ � 1

� 100

All statistical tests were 2-tailed, and P<0.05 was consid-
ered significant. The SAS software package (version 9.4; SAS
Institute) was used for all analyses.

Results
Of 5301 participants enrolled in the JHS, we excluded
participants with prior stroke (n=241) and those missing
smoking status (n=50). The final analysis included 5010
participants who were followed from JHS visit 1 (2000–2004)
to December 31, 2011. During a mean of 97.9 months of
follow-up (range 0.6 to 134.2 months), a total of 156 stroke
events occurred, of which 143 were ischemic and 13 were
hemorrhagic. Baseline characteristics of study participants
are presented in Table 1. Compared with patients who had
never smoked, past and current smokers were more likely to
be men, to consume alcohol, and to be less educated. Blood
pressure was slightly higher in current smokers than in never
smokers, and current smokers tended to report less physical
activity and to have shorter follow-up time than never
smokers and past smokers.

Multivariate linear regression was conducted for the
relationship between smoking status and FEV1 or serum
aldosterone concentration (ng/dL) (Table 2). With never
smoking as the reference group, current smoking was
negatively associated with FEV1 and positively associated
with serum aldosterone after adjusting for other baseline
confounders (age; sex; physical activity; alcohol consumption
in the past 12 months; family history of high blood pressure,
stroke, or heart disease; and education). No statistically
significant associations were found between past smoking
and FEV1 or serum aldosterone.

Table 3 shows the results for Cox regression analysis of
2 potential mediators for incident stroke. In multivariate

Figure 1. Decomposition of the total effect of cigarette smok-
ing on the risk of incident stroke into the direct and indirect
effects as mediated by FEV1 and aldosterone. The dotted arrow
represents the direct effect, the dashed arrow represents the
indirect effect, and the solid arrows represent sources of
noncausal association of multiple confounders with the potential
mediators and the outcome. FEV1 indicates forced expiratory
volume in the first second.
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analysis, FEV1 was associated with a lower risk of total
stroke (HR 0.61 per 1-L increase of FEV1, 95% CI 0.42 to
0.89) after adjustment for smoking status and other
baseline confounders. In contrast, the risk of total
incident stroke increased by 15% per 5-ng/dL increase in
serum aldosterone (HR 1.15, 95% CI 1.10 to 1.21) after
adjustment for smoking status and other baseline con-
founders.

Comparing a model that included all confounders and
smoking status with models that included all confounders,
smoking status, and each potential mediator of incident
stroke, current smoking was associated with an HR of 2.70
(95% CI 1.71 to 4.25) for total stroke, and the HRs decreased
to 2.48 (95% CI 1.53 to 4.01) and 2.49 (95% CI 1.57 to 3.96)

after adjusting for FEV1 and aldosterone. When we adjusted
for both mediators, the HR for total stroke decreased to an
even lower value of 2.32 (95% CI 1.42 to 3.79). Consequently,
introduction of FEV1, serum aldosterone, and both mediators
reduced the HR of current smoking on incidence of total
stroke by 13.1%, 12.1%, and 22.4%, respectively (Table 4). We
did not find past smoking to be a significant predictor for total
stroke.

Finally, the HRs for FEV1 increased 10.3% (0.61 versus
0.65) after including the systemic inflammatory marker C-
reactive protein (Figure 2A), and the HRs for aldosterone were
almost identical for the models that included all confounders
and smoking status with or without different blood pressure
measurements (Figure 2B).

Table 1. Baseline Characteristics of Jackson Heart Study Participants by Smoking Status

Variable Never Smokers (n=3448) Past Smokers (n=910) Current Smokers (n=652) P Value*

Age, y 54.1�13.2 60.1�11.1 52.3�11.1 <0.001

Sex, male, % 30.5 48.4 50.2 <0.001

Ideal health indicator via physical activity†, % 19.8 21.3 15.3 0.010

Alcohol consumption in the past 12 months, % 41.4 49.0 71.5 <0.001

Family history of high blood pressure, stroke, or heart disease, %

Father 49.9 47.6 48.5 0.496

Mother 68.8 68.3 69.1 0.946

Either father or mother 79.1 78.8 79.1 0.972

Education, less than high school, % 16.1 27.5 24.8 <0.001

Blood pressure, mm Hg

Systolic 126.2�18.2 127.7�18.0 128.5�19.3 0.003

Diastolic 79.0�10.4 77.7�10.3 80.0�11.0 <0.001

MAP 94.7�11.3 94.4�11.0 96.1�12.2 0.009

Hypertension, % 57.1 68.5 56.5 <0.001

hs-CRP, mg/L 4.9�7.4 4.9�7.8 6.3�1.6 0.103

Follow-up, months 98.5�20.9 98.7�23.5 93.5�26.7 <0.001

Continuous values are presented as mean�SD, and all other values are frequencies. hs-CRP indicates high-sensitivity C-reactive protein; MAP, mean arterial pressure.
*Chi-square test or ANOVA was used to compare baseline characteristics and potential mediators of participants by smoking status.
†≥150 min/week at moderate intensity or ≥75 min/week at vigorous intensity or a combination based on American Heart Association physical activity classification.

Table 2. Linear Regression Coefficient of Smoking Status Predicting FEV1 and Serum Aldosterone Among Jackson Heart Study
Participants

Outcome Variable

Past Smokers (n=910) Current Smokers (n=652)

b1* 95% CI P Value b2* 95% CI P Value

FEV1, L 0.019 �0.019 to 0.057 0.317 �0.143 �0.187 to �0.099 <0.001

Serum aldosterone, ng/dL 0.250 �0.181 to 0.681 0.255 0.494 �0.001 to 0.990 0.050

FEV1 indicates forced expiratory volume in the first second.
*Multivariate regression was adjusted by confounders (age; sex; physical activity; alcohol consumption in the past 12 months; family history of high blood pressure, stroke, or heart
disease; and education).
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Discussion
In this study, we evaluated the roles of FEV1 and aldosterone
as mediators of incident stroke disparity between current and
never smokers and quantified the extent to which each of
these variables mediated the smoking–stroke relationship in
African Americans. Furthermore, we showed that the associ-
ation between smoking and incident stroke is partially
mediated by reduced lung function, in part, through an
inflammatory pathway and by aldosterone that is blood
pressure independent. Considering that the magnitude of
association between smoking and stroke varies across
different ethnicities and populations,10 we should be cautious
in generalizing our findings to other racial groups. Of note, the
vast majority of strokes in our JHS cohort (91.7%, 143 of 156)
were ischemic, and when we repeated our analysis using
ischemic stroke events only, similar conclusions could be
drawn (data not shown).

We also explored the roles of other risk factors for stroke
including body mass index, hypertension, diabetes mellitus,
total cholesterol, and triglyceride as potential mediators for
the smoking–stroke relationship. The reason we considered
these stroke risk factors as potential mediators but not as

confounders is that they can be affected by smoking exposure
and may be located in the causal pathway between smoking
and stroke. The change of HRs for current smoking was
negligible after we added these variables into the models that
included all confounders and smoking status (Table S1),
suggesting that no obvious mediation effects through these
risk factors were detected using our JHS data. We failed to
detect the cross-sectional association between smoking and
diabetes mellitus in the JHS population, although the asso-
ciation between active smoking and the incidence of type 2
diabetes was indicated by a meta-analysis with 1.2 million
participants.41 The association of blood cholesterol with the
risk of stroke appears to be under debate, and we did not find
any association between baseline total cholesterol and
subsequent incident stroke after adjustment for the covari-
ates. Olsen et al reported that higher total serum cholesterol
levels are associated with less severe strokes42; however, in
the Framingham Heart Study, the risk of carotid stenosis (a
precursor of ischemic stroke) was significantly associated
with high total serum cholesterol levels.43 Similarly, we did
not find any positive association between elevated triglyceride
levels and increased risk of stroke, consistent with several
other observational studies.44,45 In addition, the conclusion
that FEV1 and aldosterone are mediators of smoking effect on
incident stroke is robust after adjusting for these additional
risk factors (body mass index, hypertension, diabetes mellitus,
total cholesterol, and triglyceride) (Table S2).

Cigarette smoking is associated with a decrease in lower
respiratory tract neutrophil elastase, increasing the vulnera-
bility of the lung to elastolytic destruction and thus increasing
the risk of development of emphysema.46 Reduced lung
function is associated with a significant systemic inflamma-
tory response with increased circulating levels of acute-phase
proteins (ie, C-reactive protein and fibrinogen), stimulation of
the bone marrow with elevated white blood cells and band
cells counts, and increased circulating levels of cytokines (ie,
interleukin-1b, tumor necrosis factor-a, and interleukin-6).

Table 4. FEV1 and Aldosterone as Potential Mediators of the Relationship Between Smoking and Incident Stroke Among Jackson
Heart Study Participants (N=5010)

Mediators in the Multivariate Model

Past Smokers Current Smokers

HR* 95% CI P Value HR* 95% CI P Value Proportion Mediated, %

Total JHS population (156 events, N=5010)

None 1.16 0.76 to 1.77 0.486 2.70 1.71 to 4.25 <0.001 —

FEV1, L 1.21 0.78 to 1.86 0.399 2.48 1.53 to 4.01 <0.001 13.1

Serum aldosterone, ng/dL 1.12 0.74 to 1.70 0.594 2.49 1.57 to 3.96 <0.001 12.1

FEV1, L and serum aldosterone, ng/dL 1.16 0.75 to 1.80 0.498 2.32 1.42 to 3.79 <0.001 22.4

FEV1 indicates forced expiratory volume in the first second; HR, hazard ratio; JHS, Jackson Heart Study.
*HR for past smokers and current smokers, respectively, from the Cox models after adjusting for smoking status, other confounders (age; sex; physical activity; alcohol consumption in the
past 12 months; family history of high blood pressure, stroke, or heart disease; and education), and different mediators.

Table 3. Cox Regression Analysis Between Potential
Mediators (FEV1 and Aldosterone) and Incident Stroke Among
Jackson Heart Study Participants

Variable Hazard Ratio* 95% CI P Value

FEV1, L 0.61 0.42 to 0.89 0.010

Serum aldosterone, ng/dL† 1.15 1.10 to 1.21 <0.001

FEV1 indicates forced expiratory volume in the first second.
*Hazard ratio for FEV1 and aldosterone from the Cox models after adjusting for smoking
status and other confounders (age; sex; physical activity; alcohol consumption in the
past 12 months; family history of high blood pressure, stroke, or heart disease; and
education).
†Hazards ratio corresponds to 5-ng/dL increase of serum aldosterone concentration.
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Consequently, the vascular endothelium is activated—an
important step in the initiation and progression of
atherosclerosis and the destabilization of existing atheroscle-
rotic plaque.47 Due to the cross-sectional nature of our
exposure and mediator variables, we could not determine
the temporal sequence between systemic inflammation and
reduced lung function. Nonetheless, we advocated and
hypothesized that systemic inflammation mediates the
association between reduced lung function and cardiovas-
cular disease for the following 2 reasons. First, the
association between FEV1 and systemic inflammation was
present in those who had never smoked and who did not
have asthma or other health problems,48 supporting a direct
relationship between FEV1 and systemic inflammation.
Second, Hancox et al reported that C-reactive protein at
age 26 years was not a significant predictor of the change in
FEV1 between the ages of 26 and 32 years, adjusting for sex
and height; in contrast, a fall in FEV1 between the ages of
26 and 32 years was a significant predictor of blood C-
reactive protein levels at age 32 years.18

Smoking has been shown to acutely increase plasma
aldosterone, and chronic smoking also raises plasma aldos-
terone levels.24 Our results indicate that the aldosterone
effect on total stroke risk is independent of blood pressure
(Figure 2B and Figure S2) and that aldosterone, but neither
renin nor the aldosterone:renin ratio, mediates that relation-
ship (n=2214) (Table S3). This result is consistent with
previous reports indicating that excess aldosterone is asso-
ciated with injury in the heart, brain, and kidneys, independent
of blood pressure level, and that pharmacological antagonists
of aldosterone markedly reduce myocardial injury, cerebral
hemorrhage, and renal vascular disease.28,49,50 A possible
explanation for our findings is that aldosterone may be
associated with endothelial dysfunction independent of blood

pressure, leading to vascular dysfunction and increased risk of
stroke.50

This study has some limitations. First, we used a
simplified causal diagram and mediation analysis method
adapted from Lu et al,37 and although we consistently
adjusted for age, sex, physical activity, alcohol consumption,
family history of related diseases, and education as the
potential confounders, our results still might be affected by
unmeasured and residual confounding. If some of the
mediator–outcome confounders are unmeasured or missing,
estimates of the direct effect (HR for current smoking when
smoking status, mediator, and adjusted confounders are
included in the model) might be invalid.51 Second, our
analysis did not allow for interactions that might exist
between smoking status and mediators.52,53 Third, we did
not have information on the changes in potential mediators
(FEV1 and aldosterone) over time and used only baseline
measurements in our analysis. Finally, the analysis results in
this study cannot be extended to hemorrhagic stroke
because of small event numbers in our JHS cohort.

In summary, the current study demonstrates that the
association between smoking and total stroke in African
Americans is partially mediated through pathways involving
lung function and aldosterone. Further work is warranted to
examine alternative mechanisms implicated in the smoking–
stroke association.
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50C from the National Heart, Lung, and Blood Institute and
the National Institute onMinority Health and Health Disparities.

Figure 2. Hazard ratios of per 1-L increase of FEV1 (A) and per 5-ng/dL increase of serum aldosterone (B)
for total stroke. All hazard ratios were also adjusted for smoking status, baseline confounders (age; sex;
physical activity; alcohol consumption in the past 12 months; family history of high blood pressure, stroke, or
heart disease; and education) with or without hs-CRP for FEV1 (A) and different blood pressure measurements
for aldosterone (B). DBP indicates diastolic blood pressure; FEV1, forced expiratory volume in the first second;
hs-CRP, high-sensitivity C-reactive protein; MAP, mean arterial pressure; SBP, systolic blood pressure.
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