
Anil Can, MD
Victor M. Castro, MS
Yildirim H. Ozdemir, BA
Sarajune Dagen, RN
Sheng Yu, PhD
Dmitriy Dligach, PhD
Sean Finan, BS
Vivian Gainer, MS
Nancy A. Shadick, MD,

MPH
Shawn Murphy, MD,

PhD
Tianxi Cai, PhD
Guergana Savova, PhD
Ruben Dammers, MD,

PhD
Scott T. Weiss, MD
Rose Du, MD, PhD

Correspondence to
Dr. Du:
rdu@bwh.harvard.edu

Editorial, page 1320

Supplemental data
at Neurology.org

Association of intracranial aneurysm
rupture with smoking duration, intensity,
and cessation

ABSTRACT

Objective: Although smoking is a known risk factor for intracranial aneurysm (IA) rupture, the
exact relationship between IA rupture and smoking intensity and duration, as well as duration
of smoking cessation, remains unknown.

Methods: In this case-control study, we analyzed 4,701 patients with 6,411 IAs diagnosed at the
Brigham and Women’s Hospital and Massachusetts General Hospital between 1990 and 2016.
We divided individuals into patients with ruptured aneurysms and controls with unruptured aneur-
ysms. We performed univariable and multivariable logistic regression analyses to determine the
association between smoking status and ruptured IAs at presentation. In a subgroup analysis
among former and current smokers, we assessed the association between ruptured aneurysms
and number of packs per day, duration of smoking, and duration since smoking cessation.

Results: In multivariable analysis, current (odds ratio [OR] 2.21, 95% confidence interval [CI]
1.89–2.59) and former smoking status (OR 1.56, 95% CI 1.31–1.86) were associated with
rupture status at presentation compared with never smokers. In a subgroup analysis among
current and former smokers, years smoked (OR 1.02, 95% CI 1.01–1.03) and packs per day
(OR 1.46, 95% CI 1.25–1.70) were significantly associated with ruptured aneurysms at pre-
sentation, whereas duration since cessation among former smokers was not significant (OR 1.00,
95% CI 0.99–1.02).

Conclusions: Current cigarette smoking, smoking intensity, and smoking duration are significantly
associated with ruptured IAs at presentation. However, the significantly increased risk persists after
smoking cessation, and smoking cessation does not confer a reduced risk of aneurysmal subarach-
noid hemorrhage beyond that of reducing the cumulative dose. Neurology® 2017;89:1408–1415

GLOSSARY
aSAH 5 aneurysmal subarachnoid hemorrhage; BWH 5 Brigham and Women’s Hospital; CI 5 confidence interval; IA 5
intracranial aneurysm; ICD-9 5 International Classification of Diseases–9; MGH 5 Massachusetts General Hospital;
NLP5 natural language processing; OR5 odds ratio; RPDR5 Partners Healthcare Research Patients Data Registry; SAH5
subarachnoid hemorrhage.

With an overall mortality rate of 45% and significant morbidity among survivors, aneurysmal
subarachnoid hemorrhage (aSAH) places a disproportionate burden on our society.1 Although
the exact underlying etiology that causes intracranial aneurysm (IA) rupture is not clearly
understood, cigarette smoking is considered to be the most significant modifiable risk factor.2

The prevalence of smoking in patients with aSAH ranges from 45% to 75%, compared to 20%–

35% in the general adult population.1–3 Despite the reported strength of this association in
a variety of longitudinal4–14 and case-control studies,2,4,7,15–31 larger scale studies with a greater
number of confirmed aSAH cases reporting detailed data regarding the effect of smoking status,
dose rate, smoking duration, and duration of smoking cessation on the risk of aneurysm rupture
are needed. Detailed knowledge regarding the risks of nicotine exposure on IA rupture may have

From the Department of Neurosurgery (A.C., Y.H.O., S.D., R. Du), Brigham and Women’s Hospital, Harvard Medical School, Boston, MA;
Department of Neurosurgery (A.C., R. Dammers), Erasmus Medical Center, Erasmus MC Stroke Center, Rotterdam, the Netherlands; Research
Information Systems and Computing (V.M.C., V.G., S.M.), Partners Healthcare, Boston, MA; Center for Statistical Science (S.Y.), Tsinghua
University, Beijing, China; Department of Medicine (S.Y., S.T.W.), Division of Rheumatology, Immunology and Allergy (N.A.S.), and Channing
Division of Network Medicine (S.T.W., R. Du), Brigham and Women’s Hospital, Boston, MA; Department of Computer Science (D.D.), Loyola
University, Chicago, IL; Informatics Program (D.D., S.F., G.S.), Boston Children’s Hospital; Department of Neurology (S.M.), Massachusetts
General Hospital; and Biostatistics (T.C.), Harvard School of Public Health, Boston, MA.

Go to Neurology.org for full disclosures. Funding information and disclosures deemed relevant by the authors, if any, are provided at the end of the article.

1408 © 2017 American Academy of Neurology

ª 2017 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

mailto:rdu@bwh.harvard.edu
http://neurology.org/lookup/doi/10.1212/WNL.0000000000004419
http://neurology.org/lookup/doi/10.1212/WNL.0000000000004419


important implications for screening and
counseling of patients with IAs, and may lead
to further hypotheses about the biological
mechanisms by which smoking leads to vascu-
lar inflammation, hemodynamic stress, endo-
thelial dysfunction, and ultimately, wall
weakening and rupture. Most studies to date
are based on a small number of patients with
aSAH, ranging from 2621 to 426,16 variable
diagnostic criteria, inclusion of other types of
hemorrhagic stroke,6,7,9,29 restriction to a par-
ticular subgroup of patients according to age,30

sex,6,7,9 or profession,9 and control groups con-
sisting of healthy participants instead of pa-
tients with unruptured aneurysms.2,15–19,21,22

Here we present one of the largest partially
prospective single-institution series to date,
to more precisely quantify the effect of smok-
ing intensity, cumulative dose, and smoking
cessation on rupture risk of IAs in 1,446 pa-
tients with ruptured and 4,045 patients with
unruptured aneurysms.

METHODS We evaluated the medical records of 4,701 pa-

tients who were diagnosed with an IA between 1990 and 2016

at the Brigham and Women’s Hospital (BWH) and Massachu-

setts General Hospital (MGH). Patients were identified prospec-

tively on clinical presentation (2007–2016) and retrospectively

using natural language processing (NLP) in conjunction with the

Partners Healthcare Research Patients Data Registry (RPDR),

which includes 4.2 million patients who have received care from

BWH and MGH (1990–2013).32 Briefly, we used ICD-9 and

Current Procedural Terminology codes to obtain an initial set of

potential aneurysm patients from the RPDR. We then used NLP

to train a classification algorithm, which yielded 5,589 patients.

There were also 1,139 patients who were obtained prospectively

on clinical presentation, of whom 474 patients were seen from

2013 to 2016 and were in addition to the 5,589 patients obtained

from NLP. The medical records of the 6,063 patients were re-

viewed in detail (A.C. and R. Du) to identify 4,701 patients with

definite saccular aneurysms. The results of the imaging studies,

including IA site and size, were recorded. The imaging studies of

all patients with aneurysms#3 mmwere reviewed and those with

possible infundibula or nondefinitive aneurysms were excluded.

We also excluded patients with feeding artery aneurysms associ-

ated with arteriovenous malformations, those lacking clinical

notes or radiographic images, and those with fusiform or dis-

secting aneurysms from the present study. Patients whose

aneurysms had been treated prior to presentation at our hospitals

were also excluded from this study. We categorized patients who

presented with aSAH as having a ruptured aneurysm.

Using patient notes and radiographic images, we compared

the differences between ruptured and unruptured aneurysms in

terms of the following: patient demographics (age, sex, race), co-

morbidities (hypertension, coronary artery disease, myocardial

infarction, atrial fibrillation, diabetes mellitus), aneurysm charac-

teristics (number of aneurysms, size of largest aneurysm), antihy-

pertensive medication use, family history of IAs and aSAH,

smoking history details (current smoker, former smoker, never

smoker, number of packs per day, duration of smoking in years,

and duration since cessation in former smokers). We categorized

patients who quit smoking at least 1 year before diagnosis as for-

mer smokers. The presence of aSAH was confirmed with a CT

scan, CSF analysis, or intraoperatively by a neurosurgeon. A co-

morbidity was assumed absent if we found no documentation

of its presence. We obtained notes with smoking details by using

the following search terms: smoke, smoked, smokes, smoker,

smoking, ppd, pack years, py, packs per day, tobacco, cigarette,

and cigarettes. We then obtained detailed smoking data

manually.

Baseline characteristics were analyzed using the x2 test for

categorical variables and the t test for continuous variables. Cat-
egorical variables were reported as proportion and continuous

variables were reported as mean (6 SD). Each patient- and

aneurysm-related variable was screened by univariable logistic

regression for association with presence or absence of rupture.

Variables with p , 0.10 were entered into the multivariable

logistic regression model with the final model constructed using

backward elimination. Adjusted odds ratios (OR) with 95% con-

fidence intervals (CIs) were calculated, and p , 0.05 was consid-

ered statistically significant. A subgroup analysis among current

and former smokers, including duration and intensity of smok-

ing, and duration since smoking cessation was also performed.

Multiple imputation with chained equations was used to account

for missing values. Inferential statistics was obtained from 40

imputed datasets. Sensitivity analyses were also performed using

subgroups consisting of (1) complete cases only and (2) prospec-

tive cases only. All statistical analyses were performed using

STATA 14 (STATACorp., College Station, TX).

Standard protocol approvals, registrations, and patient
consents. Institutional review board approval was obtained for

this study.

RESULTS In the 4,701 patients evaluated, there
were 6,411 IAs. Of these patients, 1,302 (27.7%)
presented with a ruptured aneurysm. Baseline charac-
teristics of patients who presented with unruptured vs
ruptured aneurysms are summarized in table 1. In the
unruptured group, IAs were identified incidentally in
cerebrovascular imaging (CT angiography, magnetic
resonance angiography, or cerebral angiogram) dur-
ing evaluations for headache or dizziness, stroke, neu-
rologic symptoms, trauma, seizures, aneurysm
screening due to positive family history, or screening
for cancer or other diseases. Patients with ruptured
aneurysms were more frequently male, younger, and
nonwhite, compared with the unruptured group. In
addition, family history of aneurysms or aSAH was
significantly associated with unruptured aneurysms.

The results of the univariable and multivariable
analyses in all patients and in a subgroup of former
and current smokers are shown in tables 2 and 3,
respectively. In the univariable analysis for the entire
cohort, current tobacco use (OR 2.29, 95% CI 1.97–
2.67) and former tobacco use (OR 1.41, 95% CI
1.19–1.67) compared with never smokers were sig-
nificantly associated with aneurysm rupture at pre-
sentation. In a subgroup analysis of 2,546 former
and current smokers, current vs former smoking
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(OR 1.63, 95% CI 1.38–1.93), years smoked (OR
1.01, 95% CI 1.01–1.02), and packs of cigarettes per
day (OR 1.39, 95% CI 1.20–1.60) were significantly
associated with aneurysm rupture at presentation. In
contrast, a longer period of smoking cessation was
associated with a significantly lower risk of aneurysm
rupture (OR 0.98, 95% CI 0.97–0.98). Although the
size of some coefficients changed minimally, the
direction and significance of tobacco-related measures
remained the same in the sensitivity analyses using
complete cases only and prospective cases only (tables
e-1 and e-2 at Neurology.org).

In the multivariable analysis in the full cohort (i.e.,
current, former, and never smokers), black (OR 1.95,
95% CI 1.51–2.53), Hispanic (OR 1.42, 95% CI
1.08–1.88), Asian (OR 2.22, 95% CI 1.47–3.34),
and other races (OR 1.49, 95% CI 1.15–1.94) com-
pared with white race, hypertension (OR 1.26, 95%
CI 1.09–1.45), current tobacco use (OR 2.21, 95%
CI 1.89–2.59), and former tobacco use (OR 1.56,

95% CI 1.31–1.86) compared with never smokers
were associated with increased risk of aneurysm rup-
ture at presentation. Younger age (OR 0.98, 95% CI
0.98–0.99), female sex (OR 0.69, 95% CI 0.59–
0.80), diabetes (OR 0.67, 95% CI 0.53–0.86), and
family history of subarachnoid hemorrhage (SAH)
(OR 0.53, 95% CI 0.41–0.68) were associated with
a reduced risk of IA rupture. In a subgroup analysis of
2,546 former and current smokers, years smoked
(OR 1.02, 95% CI 1.01–1.03) and packs per day
(OR 1.46, 95% CI 1.25–1.70) were significantly
associated with aneurysm rupture. Figures 1 and 2
show a dose-dependent increase in the proportion
of ruptured aneurysms stratified according to number
of packs per day and years smoked, respectively. Fig-
ure 3 shows a decrease in the proportion of ruptured
aneurysms according to years of cessation among
former smokers. However, years since smoking cessa-
tion lost significance in the multivariable analysis.
The direction and significance of smoking-related

Table 1 Patient characteristics stratified by rupture status

Characteristics No. (n 5 4,701) Missing Unruptured (n 5 3,399) Ruptured (n 5 1,302) p Value

Female 3,666 (78.0) 0 2,727 (80.2) 939 (72.1) ,0.01

White race 3,738 (79.5) 0 2,773 (81.6) 965 (74.1) ,0.01

Black race 291 (6.2) 0 174 (5.1) 117 (9.0) ,0.01

Hispanic race 270 (5.7) 0 185 (5.4) 85 (6.5) ,0.01

Other race 295 (6.3) 0 202 (5.9) 93 (7.1) ,0.01

Asian race 107 (2.3) 0 65 (1.9) 42 (3.2) ,0.01

Age at diagnosis, y, mean (SD) 55.6 (13.7) 0 56.6 (13.4) 52.8 (13.8) ,0.01

Hypertension 2,152 (45.8) 0 1,531 (45.0) 621 (47.7) 0.10

Coronary artery disease 252 (5.4) 0 198 (5.8) 54 (4.1) 0.02

Myocardial infarction 193 (4.1) 0 145 (4.3) 48 (3.7) 0.37

Atrial fibrillation 142 (3.0) 0 102 (3.0) 40 (3.1) 0.90

Diabetes 452 (9.6) 0 350 (10.3) 102 (7.8) 0.10

Size of largest aneurysm, mm, mean (SD) 6.9 (4.8)a 92 6.9 (5.0) 7.0 (4.2) 0.38

No. of aneurysms per patient, mean (SD) 1.4 (0.8) 0 1.4 (0.8) 1.4 (0.8) 0.61

Family history of aneurysms 788 (16.8) 0 631 (18.6) 157 (12.1) ,0.01

Family history of SAH 456 (9.7) 0 368 (10.8) 88 (6.8) ,0.01

Antihypertensive use 2,240 (47.6) 0 1,648 (48.5) 592 (45.5) 0.06

Current tobacco use 1,397 (29.7)b 105 872 (25.7) 525 (40.3) ,0.01

Former tobacco use 1,149 (24.4)b 105 839 (24.7) 310 (23.8) ,0.01

Years smoked, mean (SD) 26.9 (14.7)c 412 26.0 (14.8) 28.9 (14.2) ,0.01

Packs per day, mean (SD) 1.1 (0.6)d 275 1.07 (0.6) 1.19 (0.6) ,0.01

Years since quit, mean (SD) 16.8 (13.1)e 238 17.9 (12.8) 13.7 (13.2) ,0.01

Abbreviation: SAH 5 subarachnoid hemorrhage.
Values are n (%) unless indicated otherwise.
a Among 4,609 patients.
bAmong 4,596 patients with complete data on smoking status.
c Among 2,134 current and former smokers with complete data on smoking duration.
dAmong 2,271 current and former smokers with complete data on smoking intensity.
e Among 911 former smokers with complete information on smoking cessation.
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coefficients remained the same in the sensitivity anal-
yses using complete cases only (tables e-1 and e-2).
Although the amount of missing data on tobacco use
(2.5% retrospective vs 0.6% prospective, p , 0.01)
and smoking duration (17.3% retrospective vs 11.6%
prospective, p , 0.01) were significantly less in the
prospective cohort, subgroup analysis in the prospec-
tive cohort showed comparable results regarding cur-
rent vs never smokers (OR 1.87, 95% CI 1.28–2.73),
former vs never smokers (OR 1.48, 95% CI 1.02–
2.15), years smoked (OR 1.02, 95% CI 1.00–1.04),
packs per day (OR 2.07, 95% CI 1.37–3.13), and
years since quit (OR 0.99, 95%CI 0.96–1.01) (tables
e-1 and e-2).

DISCUSSION Our study, one of the largest studies
on the effect of cigarette smoking on IA rupture to
date, demonstrates that current and former smoking
is significantly associated with the presence of rup-
tured aneurysms at initial presentation. Current
smokers have a 2.5-fold odds of rupture whereas
former smokers have an almost 2-fold odds of rup-
ture compared with never smokers. These findings
are in line with a prior meta-analysis in which the
odds of rupture in former smokers was twice that of
never smokers (OR 2.3, 95% CI 2.2–2.4), and the
odds for rupture in current smokers was 3 times that

of never smokers (OR 3.1, 95% CI 2.7–3.5) in case-
control studies.33 However, in contrast to our study,
the previous studies that assessed the risk of smoking
on IA rupture did not include controls with un-
ruptured IAs, and included healthy controls instead.
In addition, the presence of ruptured aneurysms was
not confirmed in 12 previous studies, leaving the
possibility of misclassification bias due to inclusion
of traumatic or other non-aSAH cases.4–7,9,10,12–14,23,26,29

Moreover, the number of included patients with
confirmed aneurysm rupture was small in most
studies, ranging from 2621 to 42616 patients with
aSAH in case-control studies, and from 12211 to
1328 confirmed aSAH cases in longitudinal studies.
Furthermore, most studies did not control for
antihypertensive medication use, family history of
aneurysms and SAH, and aneurysm-related factors
such as size and multiplicity. None of the prior
studies included duration of smoking in years
smoked, and only 2 case-control studies16,28 and 1
longitudinal study4 assessed the cumulative effects of
cigarette smoking on aneurysm rupture risk by
means of inclusion of pack-years. In a recent Korean
multicenter case-control study with 426 non-
traumatic SAH cases, the authors demonstrated
a dose-dependent increase in risk based on cumu-
lative dose of smoking (e.g., pack-years). However,

Table 2 Univariable and multivariable logistic regression for rupture status in current, former, and never
smokers (n 5 4,701)

Characteristics

Univariable Multivariable

OR (95% CI) p Value OR (95% CI) p Value

Female 0.64 (0.55–0.74) ,0.001 0.69 (0.59–0.80) ,0.001

Black (vs white race) 1.93 (1.51–2.47) ,0.001 1.95 (1.51–2.53) ,0.001

Hispanic (vs white race) 1.32 (1.01–1.72) 0.04 1.42 (1.08–1.88) 0.003

Asian (vs white race) 1.86 (1.25–2.76) 0.002 2.22 (1.47–3.34) ,0.001

Other (vs white race) 1.32 (1.02–1.71) 0.03 1.49 (1.15–1.94) ,0.01

Age at diagnosis 0.98 (0.97–0.98) ,0.001 0.98 (0.98–0.99) ,0.001

Hypertension 1.11 (0.98–1.26) 0.10 1.26 (1.09–1.45) 0.001

Coronary artery disease 0.70 (0.51–0.95) 0.02 — —

Myocardial infarction 0.86 (0.62–1.20) 0.37 — —

Atrial fibrillation 1.02 (0.71–1.49) 0.90 — —

Diabetes 0.74 (0.59–0.93) 0.01 0.67 (0.53–0.86) 0.001

Size of largest aneurysm 1.01 (1.00–1.02) 0.34 — —

Mean no. of aneurysms per patient 1.02 (0.94–1.11) 0.61 — —

Family history of aneurysms 0.60 (0.50–0.73) ,0.001 — —

Family history of SAH 0.60 (0.47–0.76) ,0.001 0.53 (0.41–0.68) ,0.001

Antihypertensive use 0.89 (0.78–1.01) 0.06 — —

Former tobacco use (vs never) 1.41 (1.19–1.67) ,0.001 1.56 (1.31–1.86) ,0.001

Current tobacco use (vs never) 2.29 (1.97–2.67) ,0.001 2.21 (1.89–2.59) ,0.001

Abbreviations: CI 5 confidence interval; OR 5 odds ratio; SAH 5 subarachnoid hemorrhage.
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our study is the first to assess models with smoking
intensity and duration as separate variables, instead
of combined in pack-years and intensity, in order to
evaluate the effects of duration and intensity sepa-
rately. We showed that a higher dose rate (e.g.,
number of packs smoked per day) among current
and former smokers was significantly associated with
an increased risk of IA rupture, whereas the effect of
smoking duration had a smaller effect size, but was
still significant. Interestingly, although a longer
duration since smoking cessation was associated
with decreased risk of aneurysm rupture among
former smokers in univariable analysis, this associ-
ation disappeared after adjustment for other con-
founders in the multivariable analysis. These results
suggest that the increased risk of aSAH with smok-
ing persists even after the cessation of cigarette
smoking, and that early cessation does not confer
a reduced risk of SAH beyond that of reducing the
cumulative dose. Although several previous studies
demonstrated a significant increased risk of SAH
among previous smokers compared to never smok-
ers,8,9,21,22,29 only one of these studies investigated if
cessation duration would affect this risk.9 In contrast

to our results, one study concluded that the age-
adjusted risk ratio of SAH among former smokers
returned to the level of never smokers after 5–9 years
of cessation. However, that study included only
white middle-aged women without confirmation of
the presence of ruptured aneurysms, and the num-
ber of former smokers with SAH was only 25, lim-
iting its statistical power and validity.9 Five other
studies demonstrated that smoking cessation de-
creases the risk of SAH in a time-dependent man-
ner.4,5,15,16,20 Of the 5 studies, the presence of aSAH
was not confirmed in 2 of the studies4,5 and 1 study
failed to show increased risk reduction in previous
heavy smokers.16 All 5 studies utilized healthy con-
trols with no aneurysms instead of controls with
unruptured aneurysms, which likely affected the
conclusions drawn.4,5,9,15,16,20

Several theories have been proposed to explain the
mechanisms by which cigarette smoking leads to IA
formation and rupture.34 Using a 3D model, it was
recently demonstrated that smoking is associated
with an increase in wall shear stress at the site of
aneurysm initiation, probably by increasing blood
viscosity and volume, and by inducing cerebral

Table 3 Univariable and multivariable logistic regression for rupture status in former and current smokers
(n 5 2,546)

Characteristics

Univariable Multivariable

OR (95% CI) p Value OR (95% CI) p Value

Female 0.64 (0.53–0.77) ,0.001 0.72 (0.59–0.88) ,0.001

Black (vs white race) 2.07 (1.49–2.88) ,0.001 2.28 (1.61–3.21) ,0.001

Hispanic (vs white race) 1.25 (0.83–1.88) 0.28 1.25 (0.82–1.92) 0.29

Asian (vs white race) 2.40 (1.15–5.00) 0.02 2.03 (0.95–4.33) 0.07

Other (vs white race) 1.47 (1.02–2.13) 0.04 1.59 (1.08–2.33) 0.02

Age at diagnosis 0.98 (0.97–0.98) ,0.001 0.97 (0.96–0.98) ,0.001

Hypertension 1.05 (0.89–1.24) 0.55 — —

Coronary artery disease 0.69 (0.48–0.97) 0.04 0.67 (0.46–0.98) 0.04

Myocardial infarction 0.69 (0.47–1.02) 0.06 — —

Atrial fibrillation 1.09 (0.68–1.73) 0.73 — —

Diabetes 0.77 (0.57–1.03) 0.08 — —

Size of largest aneurysm 1.02 (1.00–1.03) 0.10 1.01 (1.00–1.03) 0.15

Mean no. of aneurysms per patient 1.00 (0.91–1.10) 0.99 — —

Family history of aneurysms 0.57 (0.45–0.71) ,0.001 0.54 (0.42–0.68) ,0.001

Family history of SAH 0.66 (0.50–0.88) 0.005 — —

Antihypertensive use 0.74 (0.63–0.88) ,0.001 — —

Current tobacco (vs former) 1.63 (1.38–1.93) ,0.001 1.26 (0.98–1.61) 0.07

Years smoked 1.01 (1.01–1.02) ,0.001 1.02 (1.01–1.03) ,0.001

Packs per day 1.39 (1.20–1.60) ,0.001 1.46 (1.25–1.70) ,0.001

Years since quita 0.98 (0.97–0.98) ,0.001 1.00 (0.99–1.02) 0.67

Abbreviations: CI 5 confidence interval; OR 5 odds ratio; SAH 5 subarachnoid hemorrhage.
aZero in current smokers.
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vasoconstriction.34,35 Several authors have attributed
the vasoconstrictive effects of nicotine to impaired
nitric oxide signaling, an important factor in regulat-
ing vascular tone.36–38 In addition, others have
recently demonstrated by using an in vitro model
using rat cerebral arteries that smoke particles induce
upregulation of endothelin type B receptors, which
play a critical role in aneurysm pathogenesis through

activation of key intracellular inflammatory signal
molecules.39 This proinflammatory activation of
endothelial cells due to cigarette smoking leads to
disruption of their normal function and is thought
to result in aneurysm formation and rupture.39 Our
observation that the risk of aSAH among former
smokers persists after smoking cessation could be ex-
plained by these structural and to a certain extent irre-
versible changes. However, since the risk of aSAH
among previous smokers was substantially lower com-
pared to current smokers, and in light of the clear dose–
response relation between cigarette smoke and aSAH,
our results emphasize the importance of smoking ces-
sation in patients harboring unruptured IAs.

The main strengths of our study are the large
sample size, the presence of a large control group with
unruptured IAs, and the use of a high-quality homoge-
neous database. The main limitations of our study
include the partially retrospective design, the restric-
tion of our conclusions to the timepoint of initial pre-
sentation, and self-reporting of smoking status.
However, self-report of tobacco use has previously
been demonstrated to be a valid approach to determin-
ing tobacco status.40 Nevertheless, in some cases of
aSAH, history of cigarette smoking was obtained from
relatives of patients in poor clinical condition, which
could have led to information bias. Even though this is
one of the largest studies on the risk of cigarette smok-
ing on IA rupture to date, causality between cigarette
smoking and IA rupture will need to be established in
future mechanistic studies.

Figure 1 Proportion of ruptured aneurysms stratified according to number of
packs per day smoked

Error bars are standard errors.

Figure 2 Proportion of ruptured aneurysms stratified according to years smoked

Error bars are standard errors.
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We found that current smoking status, smoking
duration, and smoking intensity are the most impor-
tant risk factors for IA rupture at presentation. In
addition, we demonstrated a lower but significantly
increased risk of aneurysm rupture among former
smokers compared to never smokers, and that early
cessation does not confer a reduced risk beyond that
of reducing the cumulative dose, suggesting that there
are irreversible effects due to cigarette smoking.
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