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Abstract

Introduction: Lifetime risk of aneurysmal subarachnoid haemorrhage (aSAH) is high (7%) in persons =35years with
hypertension who smoke(d). Whether screening for intracranial aneurysms (lAs) to prevent aSAH is effective in these
patients is unknown.

Patients and methods: Participants were retrieved from a cohort of patients with clinically manifest atherosclerotic
vascular disease included between 2012 and 2019 at the University Medical Centre Utrecht (SMART-ORACLE,
NCTO01932671) in whom CT-angiography (CTA) of intracranial arteries was performed. We selected patients =35 years
with hypertension who smoke(d). CTAs were reviewed for the presence of IAs by experienced neuroradiologists.
Patients with |As were offered follow-up imaging to detect aneurysmal growth. We determined aneurysm prevalence
and developed a diagnostic model for A risk at screening using multivariable logistic regression.

Results: |IA were found in 25 of 500 patients (5.0% prevalence, 95%Cl: 3.3%—7.3%). Median 5year risk of rupture
assessed with the PHASES score was 0.9% (IQR: 0.7%—1.3%). During a median follow-up of 57 months (IQR: 39—
83 months) no patients suffered from aSAH. Aneurysmal growth was detected in one patient for whom preventive
treatment was advised. A risk at screening ranged between 1.6% and 13.4% with predictors being age, female sex
and current smoking.

Discussion and conclusion: |A prevalence in persons =35years with hypertension and atherosclerotic vascular
disease who smoke(d) was 5%. Given the very small proportion of IA that needed preventive treatment, we currently
do not advise screening for Caucasian persons older than 35years of age who smoke and have hypertension in general.
Whether screening may be effective for certain subgroups (e.g. women older than 50years of age) or other ethnic
populations should be the subject of future studies.
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Introduction

Subarachnoid haemorrhage (SAH) caused by rupture of an
intracranial aneurysm is a devastating subset of stroke with
an incidence of 8 per 100,000 persons-years and a lifetime
risk of 0.3%."2 It occurs at relatively young age, with a
mean age of 50-55 years, and more often in women than
in men with two-third of patients being women.'?
Outcome after aneurysmal SAH (aSAH) is poor; one in
three patients die and one in three remain dependent from
help of others.* Prevention of aSAH has high potential to
reduce the burden of aSAH. Non-invasive screening for
intracranial aneurysms (IAs) with imaging can prevent
future aSAH by early detection and preventive treatment of
the identified IA.> Such screening is already proven to be
cost-effective for the group of first-degree relatives of
aSAH patients who have a lifetime risk of aSAH of up to
26%° and with 1As identified in 11% at first screening.’ To
maximize the potential of aSAH prevention, additional
groups with an increased aSAH risk in whom screening is
also effective should be identified.

As persons =35 years with hypertension and (a history
of) smoking also have a lifetime risk of aSAH of up to 7%,
these persons may also qualify as suitable candidates for
screening.” Patients with clinically manifest atherosclerotic
vascular disease, hypertension and smoking have an
increased risk for subsequent ischemic and bleeding
events.” Therefore, we aimed to determine the yield of
screening for unruptured IA’s in these patients and to assess
rupture risk, treatment decisions and follow-up of the TA
found. In addition, we aimed to develop a diagnostic model
to identify patients with a high risk for having an unrup-
tured IA for whom diagnostic imaging of intracranial arter-
ies would be appropriate.

Patients and methods

Study population

All patients aged 35years or older with hypertension who
smoked or had a history of smoking at the time of inclusion
were retrieved from the SMART-ORACLE study
(Clinicaltrials.gov Identifier 01932671) embedded in the
UCC-SMART cohort at the University Medical Centre
Utrecht (UMCU). The UCC-SMART cohort is an ongoing
cohort study including patients aged 18—79 years referred to
the UMCU with clinically manifest atherosclerotic vascular
disease (coronary artery disease, cardiovascular disease,
transient ischemic attack, non-disabling stroke, peripheral
artery disease, abdominal aortic aneurysm), or marked risk
factors such as diabetes mellitus type 2 or hypertension.® In
the SMART-ORACLE substudy, CT-angiography (CTA)
visualizing the aortic arch to the intracranial arteries of the
circle of Willis was performed between 2012 and 2019.
Patients were excluded in case of known renal failure, pre-
vious allergic reaction to contrast or other contra-indication

for CT-scanning such as pregnancy. A more detailed
description of the study protocol has been published previ-
ously.® For the current study we additionally excluded
patients (1) with a past medical history of aSAH, unrup-
tured IA (UIA), autosomal dominant polycystic kidney dis-
ease (ADPKD) or other disease known to predispose for
aneurysm development such as Ehlers-Danlos or fibromus-
cular dysplasia (FMD), (2) with a positive family history
for aSAH (defined as a first-degree relative (parent, sibling
or child) with aSAH) at time of inclusion in the SMART-
ORACLE cohort, and (3) who were previously screened for
IA.

Standard protocol approvals, registrations, and
patient consents

The Medical Ethical Review Committee of the UMCU
approved the study protocol, and all patients gave written
informed consent. The STROBE guideline for observa-
tional studies was followed.

Baseline characteristics

Baseline characteristics were assessed at time of inclusion
in the SMART-ORACLE study. Images were acquired
using a 256-slice MDCT-scanner (iCT, Philips Healthcare,
the Netherlands) on the same day as the baseline character-
istics were assessed.® Smoking was categorized as “never,”
“former” or “current.” Excessive alcohol consumption was
defined as consumption of =21 units per week. Hypertension
was defined as a systolic blood pressure =140 mmHg and/
or a diastolic blood pressure =90 mmHg and/or the use of
antihypertensive medication. Other diseases in the medical
history were defined as diagnosed by a physician and/or the
use of the medication for the specific disease. Physical
exercise per week was converted to Metabolic Equivalent
Task units (METs) per week. Length and weight at time of
the CTA were used to calculate Body Mass Index (BMI).

CTA intracranial arteries

The main focus of the initial evaluation of the CTAs was
the presence of atherosclerosis in the coronary and carotid
arteries. The intracranial arteries were not assessed in detail,
but if obvious abnormalities of the intracranial arteries were
detected, these were discussed with the patients as well. For
our present study three experienced neuro-radiologists
(BKYV, ICvdS, GAdK) reevaluated the CTAs after a median
period of 56 months (IQR 33—73 months) for the presence
of intradural saccular UIAs. Each CTA was evaluated by
one neuroradiologist and in case of uncertainty, the deci-
sion was reached by consensus among all three neuroradi-
ologists. UIA were classified as “definite” or “possible.”
Possible UIAs were either UIAs located near the ophthal-
mic artery where it was unclear if the location was truly
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intradural, or UIAs that could not be differentiated with cer-
tainty from a posterior communicating artery infundibu-
lum. Aneurysm location and size were recorded. The
PHASES score was calculated to estimate 5year rupture
risk of the identified UIA.? All patients in whom definite or
possible UIAs were discovered and who were aged
<75years and still alive at time of the diagnosis, were con-
tacted and offered follow-up imaging to detect aneurysmal
growth, since growth is a known risk factor for aneurysm
rupture.'® Follow-up imaging was performed with CTA or
3-Tesla TOF-MRA. Growth was defined as an increase in
aneurysm diameter of >1mm.!"" After follow-up, the appro-
priate management of the UIAs (preventive treatment vs
follow-up imaging to determine potential ancurysmal
growth) was determined by a multidisciplinary team con-
sisting of vascular neurologists, neuro-interventional radi-
ologists and vascular neurosurgeons and discussed with the
patient. In case follow-up imaging was decided upon, fol-
low-up data up to August 2022 were included in the present
study.

Data analyses

For baseline characteristics, mean values with standard
deviation (SD) or median values with interquartile range
(IQR) were calculated depending on the distribution of
data. We calculated the prevalence of UIA in our cohort
both before and after follow-up imaging, by dividing the
total number of patients with a positive screen for UIA by
the total number of patients screened.

We performed multivariable logistic regression analysis
to study the association between candidate predictors and
the presence of an UIA at screening. Candidate predictors
were pre-specified based on literature: age at screening,
female sex, current smoking, excessive alcohol consump-
tion, hyperlipidemia, diabetes, coronary artery disease,
physical exercise, hypertension at physical examination
and the interaction between female sex and current smok-
ing.'>"13 All candidate predictors were considered for inclu-
sion in the model, regardless of their association in the
univariate analysis. There were no missing data. Backward
selection was performed based on Akaike Information
Criterion (AIC).'® The resulting model was subsequently
corrected for overfitting using bootstrapping. The amount
of shrinkage was based on the full model with all candidate
predictors to reflect the selection of predictors. We exam-
ined the performance of the final diagnostic model by
determining its discrimination expressed by the C-statistic
and corrected this for optimism. The C-statistic indicates to
what extent the model could distinguish persons with a
positive and a negative screen. We displayed the discrimi-
nation graphically with a receiver operating characteristic
(ROC) curve. Subsequently, we generated a risk score by
dividing the regression coefficients of the predictors in the
final model by the smallest regression coefficient, resulting

in points for each predictor from the final model. This risk
score was displayed as a score chart accompanied by a table
showing the mean estimated risk of finding an IA at screen-
ing for each score. The high-risk group was defined as an
absolute probability of finding an UIA at first screening
=10%, based on the UIA prevalence of 11% in the group of
persons with two or more affected first-degree relatives
with aSAH and/or IA at first screening.’ Statistical analyses
were performed using R software (version 3.6.2 R
Foundation).!”

Results

Study population

From all 522 patients aged 35 years or older with hyperten-
sion who smoke(d) included in the SMART-ORACLE
study between 2012 and 2019, 500 patients were included
in our study. Patients were excluded because of a past medi-
cal history of aSAH (n=18) or UIA (n=1), FMD (n=2),
ADPKD (n=1). Mean age at time of CTA was 60.1 years
(SD 8.6years) and 19% were women. In 73% of patients,
coronary artery disease was the cardiovascular event that
led to inclusion in the SMART-ORACLE study. Other
baseline characteristics are shown in Table 1.

Yield of screening

We identified 25 definite and 10 possible UIAs in 35 of the
500 screened patients, resulting in an UIA prevalence of
7.0% (95%CI: 4.9%-9.6%) when not taking into account
the follow-up imaging data. Three of the 25 definite UIAs
were already diagnosed at initial evaluation of the CTAs
(i.e. directly after the CTA was performed). All patients had
a single UIA with median size of 2.5 mm (IQR: 2.0-3.2 mm)
and median 5 year risk of rupture according to the PHASES
score being 0.9% (IQR: 0.7%-1.3%).° Of the 25 patients
with a definite UIA, four had died (with a cause of death
other than aSAH) and three were not invited for follow-up
because of their age (=75 years). No patient suffered from
an aSAH during follow up. Of the 10 patients with a pos-
sible UIA, three were not invited for follow-up because of
their age (=75years). Thus, radiological follow-up was
performed in 25 patients. After evaluation of this follow-up
imaging, seven possible UIAs were now diagnosed as being
definite infundibula. Thus, when also considering the fol-
low-up data, in total 25 definite UIAs in 25 of the 500
screened patients were diagnosed, resulting in a 5.0% UIA
prevalence (95%CI: 3.3%—7.3%). Median size of the 25
definite UIAs identified was 2.5mm (IQR: 2.0-3.5mm)
and median 5-year risk of rupture according to the PHASES
score was 0.9% (IQR: 0.7%-1.3%) (Table 2).° For all
patients with a definite UIA who were invited for follow-up
imaging (18/25), at least one radiological follow-up was
available. After a median follow-up of 54 months (IQR:
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Table I. Baseline characteristics.

Positive screen No. (%) Negative screen No. (%)

Number of patients
Women
Age at screening, mean (SD)
Ethnicity
North-American/European/Middle Eastern
African South of Sahara
South Asian
South-East Asian
Japanese/Finnish
Other
Educational level
Primary school
All types of secondary education
Higher vocational education and university
Current smoking
Excessive alcohol consumption (=21 U/week)
Medical history
Hyperlipidemia
Diabetes mellitus
Coronary artery disease
Cerebrovascular disease
Peripheral artery disease
Abdominal aortic aneurysm
Kidney disease
Medication
Blood pressure-lowering medication
Antiplatelet therapy
Anticoagulants
Lipid-lowering medication
Physical exercise in total MET per week, median (IQR)
Physical examination
Systolic blood pressure in mmHg, mean (SD)
Diastolic blood pressure in mmHg, mean (SD)
Hypertension at physical examination
BMI in kg/m?, median (IQR)

25 (5) 475 (95)
8 (32) 87 (18)

64 (7) 60 (9)

24 (96) 464 (98)
0(0) 2 (0)
0(0) 1 (0)
0(0) 2 (0)
0(0) 0 (0)
| (4) 6 (1)
| (4) 29 (6)

14 (56) 250 (53)

10 (40) 196 (41)

10 (40) 142 (30)

I (4) 50 (1)

24 (96) 468 (99)
3(12) 73 (15)

21 (84) 373 (79)
| (4) 74 (16)
| (4) 28 (6)
0(0) 22 (5)

0 (0) Q)
25 (100) 454 (96)
23 (92) 431 (91)

2 (8) 45 (9)

24 (96) 432 (91)

36 (20-49) 49 (30-79)

129 (16) 131 (15)

77 (10) 79 (9)

9 (36) 147 31)

26 (25-28)° 27 (25-30)

BMI: body mass index; IQR: inter quartile range; MET: metabolic equivalent of task; MRA: magnetic resonance angiography; No.: number; SD: stan-

dard deviation; U: units.
2<4% Missings.

40-83 months), aneurysmal growth of 1 mm was detected
in 1 of these 18 (6%) patients and preventive aneurysm
treatment (surgical clipping) was advised for this patient.
For 12 of these 18 (67%) patients continuation of radiologi-
cal follow-up was advised, and for the other 5 patients
(28%) follow-up was discontinued because of their age.

High-risk groups

The full model had a C-statistic of 0.73 (95%CI: 0.64—0.81)
and univariate and multivariate ratios for risk of UIA at
screening for all candidate predictors are shown in
Supplemental Table 1. Multivariable logistic regression
identified three predictors for detecting an UIA at

screening: age at time of screening, female sex and current
smoking (Table 3). After shrinkage, the model had a
C-statistic of 0.63 (95%CI: 0.54-0.71) (Figure 1). The
regression equation is provided in the legend of Table 3.
Regression coefficients were subsequently translated into a
score chart (Supplemental Table 2) with the mean predicted
probabilities per score shown in Supplemental Table 3.
Figure 2 shows a risk chart with estimated probabilities of
an UIA at screening in patients aged 35 years or older with
hypertension who smoke or had a history of smoking. The
mean estimated absolute risk of an IA at screening ranged
from 1.6% in men aged 35 to 44years who never or for-
merly smoked to the highest estimated risk of 13.4% in men
>75years and women >65 years who currently smoke and
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Table 2. Results of screening persons =35years with

hypertension who smoke(d).

500 Screened

persons No.
(%)

Patients with aneurysm identified 25 (5)
Patients with multiple aneurysms 0 (0)
Aneurysm size in mm, median (IQR) 3 (24
Aneurysm location

Internal carotid artery 2 (8)

Anterior communicating artery 5(20)

Anterior cerebral artery I (4)

Pericallosal artery I (4)

Middle cerebral artery 9 (36)

Posterior communicating artery 4 (16)

Posterior circulation 3(12)
PHASES, median % 5year rupture risk (IQR) 0.9 (0.7-1.3)
Subjects with follow-up imaging 18 (68)
Follow-up imaging in months, median (IQR) 51 (36-82)
Detection of growth during follow-up I (4)
Treatment after follow-up

Watchful waiting Il (65)

Surgical clipping I (6)

Endovascular treatment 0(0)

End of follow-up because of age 5(29)

IQR: inter quartile range; No.: number.

Table 3. Multivariable ratios for risk of unruptured intracranial
aneurysms at first screening from the final model before and
after shrinkage.

Multivariate OR
(95%Cl) after
shrinkage®

Multivariate OR
(95%Cl) before
shrinkage

Age per year
Female sex
Current smoking

1.08 (1.031.14)
2.25 (0.89-5.36)
2.12 (0.86-5.02)

1.05 (1.00-1.11)
1.70 (0.69—4.22)
.64 (0.68-3.95)

Regression equation: —6.361482 + 0.0510 X Age at time of screen-
ing + 0.5333 X Female sex + 0.4934 X Current smoking.

Cl: confidence interval; OR: odds ratio.

2Adjusted for optimism with bootstrapping.

in women >75 years who smoked in the past. The patient in
whom follow-up imaging detected aneurysmal growth, had
an estimated risk of finding an IA at screening of 5.5%
(Figure 2).

Discussion

In a cohort of patients with clinically manifest atheroscle-
rotic vascular disease, a 5.0% UIA prevalence was found in
persons aged 35years or older with hypertension who
smoke or have a history of smoking. No patients suffered
from (an aSAH) during follow up. All 25 UIAs identified at

ROC curve

e
=
@

True Positive Rate (Sensitivity)
o
&

0.25

— Full model, AUC = 0.73 (0.64-0.81)
—— Selected model, AUC = 0.63 (0.54-0.71)

0.00 0.25 0.50 075 1.00
False Positive Rate (1-Specificity)

Figure |. Receiver operating characteristic curve for predicted
probability of finding an unruptured intracranial aneurysm at
screening.

AUC: area under the curve; ROC: receiver operating characteristic.

screening had a low rupture risk, for which no preventive
treatment was advised. Follow-up imaging in 18 patients in
the initial years after screening (i.e. patients who were aged
<75years and still alive at time of the UIA diagnosis),
showed growth of the UIA in one (6%), and preventive
treatment was recommended for this patient. Predictors of a
positive first screen for UIA were age at time of screening,
female sex and current smoking with predicted IA risk at
screening ranging between 1.6% and 13.4% depending on
the presence of these predictors.

No other studies on the prevalence of UIAs in persons
aged 35years or more who smoke(d), have hypertension
and clinically manifest atherosclerotic vascular disease
were identified to directly compare our findings with.
However, in the present cohort a higher UIA prevalence
was observed than the 3% prevalence in the general popula-
tion.!> A recent prospective pilot study in Finland in which
43 female smokers aged 50—60years were screened with
CTA, found a UIA prevalence of 12% (5/43; 95%CI: 2%-—
22%) with one of the UIAs found being treated preven-
tively.'® However, it cannot be concluded with certainty in
this pilot study that the prevalence is higher given the small
sample size and the relatively wide corresponding 95%CI.

Previous studies demonstrated female sex to be a risk
factor for UIA development in healthy adults,'*'*?* with a
higher prevalence of UTA in women aged above 50 years.'> A
previous retrospective multicenter case-control study in
women aged 30—60years in whom a MRA was performed,
demonstrated that both a history of smoking (OR 3.7,
95%CI: 1.6-8.5) and of hypertension (OR 3.2, 95%CI:
1.2-8.5) were associated with UIA, and that this associa-
tion became stronger if both risk factors were present (OR
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No current Current
smoking smoking
Male 1.6 22 35-44y Age
22 3.6 45-54y
3.6 5.5 55-64y
5.5 8.7 65-74y
8.7 134 75-84y <5%
Female 22 3.6 35-4dy e
3.6 5.5 45-54y
5.5 8.7 55-64y
8.7 13.4 65-74y
13.4 13.4 75-84y

Figure 2. Risk chart with absolute probabilities (%) of finding an unruptured intracranial aneurysm at first screening.

y:year.

6.9, 95%CI: 2.5-19.2).%! In addition, a comparative study
performed in Finland showed that hypertension treated
with antihypertensive medication was still associated with
UIA development.?? Our finding that current smokers have
an additional risk of UIA development compared with ever
smokers, has already been reported in previous prospective
population-based studies,'*?** and current smoking has also
been shown to have an increased risk of aSAH.?? Therefore,
smoking cessation could be an effective preventive inter-
vention in reducing the risk of growth of UIA and subse-
quent aSAH. The degree of UIA risk reduction in relation to
duration of smoking cessation requires further study. We
found evidence that the yield of screening at an older age is
probably higher as in our study all persons identified in the
high-risk groups were aged over 65years. On the other
hand, screening above the age of 65 has its downsides,
because the benefit of preventive treatment of UIA is lower
due to a shorter life expectancy and the increasing risk of
complications of preventive treatment with age.>*

A strength of the present study is the uniform data col-
lection at one center, resulting in no missing data on poten-
tial predictors of IA development. To reflect clinical
practice, the combined prevalence of definite and possible
UlAs identified at screening are reported as the diagnosis of
both types of UIAs have clinical consequences (i.e. radio-
logical follow-up in possible UIAs). Next, the prevalence
of UIAs were reported after integrating the radiological
follow-up data which allowed us to exclude some possible
UlAs, as these could now be diagnosed with certainty as
infundibula.

A few limitations of the study need to be considered.
First, our study population included relatively few women.
Choosing a population with hypertension and smoking,
inevitably leads to a smaller proportion of women, since
hypertension and smoking are less prevalent in women
than in men. The proportion of women in our study popu-
lation may be further decreased by the fact that the main
reason for inclusion in the SMART-ORACLE cohort was
coronary heart disease, which is also more prevalent in
men than in women.?* Finally, women participate less

often in cardiovascular studies such as the SMART-
ORACLE cohort than men.?* The inclusion of relatively
few women most likely resulted in an underestimation of
UIA prevalence. In our cohort the prevalence of UIA in
women was twice as high as in men, which is comparable
to data in the literature.!®!>!%19 If hypertension and smok-
ing will be equally prevalent in men and women in the
future, aneurysm prevalence in our study domain could
increase. Moreover, a lower participation rate of women in
our screening cohort will result in an underestimation of
aneurysm prevalence. The proportion of participants with
a positive screen could increase if we succeed in effectuat-
ing a higher participation rate of women in cardiovascular
studies. Also, the prevalence of UIA may be different in
subgroups of our study population, such as women older
than 50 years of age.'> Second, hypertension, defined as a
systolic blood pressure =140mmHg and/or a diastolic
blood pressure =90 mmHg and/or the use of antihyperten-
sive medication, was one of the inclusion criteria. As beta
blockers are prescribed as a risk reduction therapy for
patients with coronary vascular disease even in the absence
of hypertension,?® this may explain the relatively high pro-
portion of patients with coronary artery disease included
in this study. This selection bias limits generalizability of
our results to all persons aged above 35 years with hyper-
tension who smoke(d), making our prediction model more
appropriate to be used in a second-line hospital setting
than in first-line general practices. Third, as for the pur-
pose of our study, we included all patients participating in
the SMART-ORACLE study, we were not able to select
participants based on ethnicity. This resulted in a rela-
tively homogeneous study population regarding ethnicity.
Therefore, our findings apply to Caucasian populations
and future studies should assess if results are comparable
in other populations, including other ethnic populations
such as the Finnish and Japanese populations which are
known to have an increased risk of aneurysm rupture.’
Last, the duration of follow-up was relatively short to draw
definite conclusions on risk of growth and rupture of the
aneurysms identified. However, the median follow-up time
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in our study of almost 5 years is the longest described for
this population thus far. Final proof should come from
long-term follow-up data.

Despite the 5.0% UIA prevalence in this study popula-
tion, preventive treatment was only advised in 0.2% (i.e. in
one patient). In 7.0% of the study population (i.c. 35 patients)
follow-up imaging was advised after the first screening.
This proportion decreased to 2.4% (i.e. 12 patients) for con-
tinued radiological follow-up, as after the first follow-up
imaging some possible UIAs could then be diagnosed as
being definite infundibula and in five patients follow-up was
discontinued because of their age. Given the very small pro-
portion of preventively treated IAs, we currently do not
advise screening for UIA in this population. However, this
advice may change if more UIA grow during future follow-
up imaging, necessitating preventive treatment of these
UlIAs. Even if we identified more aneurysmal growth in the
subgroup with high prevalence, we would still need cost-
effectiveness analysis to determine whether screening is
effective in these high-prevalence groups. Future studies
should assess the effect of smoking cessation on UIA risk.

In conclusion, a 5% IA prevalence was found in persons
=35 years with clinically manifest atherosclerotic vascular
disease, hypertension and who smoke(d). Given the very
small proportion of preventively treated UIA, we currently
advise not to screen for this population. Whether screening
is effective for certain high-risk groups depends on the risk
of growth over time of these IAs and should be the subject
of future studies.
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