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ABSTRACT

Background Hypertension is widely acknowledged as

a significant contributory factor to the heightened risk of
intracranial aneurysm rupture. Nevertheless, the impact of
hypertension management on the outcomes subsequent to
aneurysmal subarachnoid haemorrhage (aSAH), particularly
concerning the severity of aSAH, remains an underexplored
area.

Methods We conducted a retrospective analysis using
data from a prospectively multicentre cohort of 4545
patients with aSAH in China. Premorbid hypertension status
and the utilisation of antihypertensive medications prior to
admission were set as key exposure factors. The primary
outcomes encompassed unfavourable clinical grading
scales observed on admission. Employing multivariable
logistic regression, we explored the association between
premorbid hypertension status, preadmission use of renin-
angiotensin-aldosterone system (RAAS) inhibitors and
unfavourable clinical grading scales.

Results In comparison to patients with normal blood
pressure, only uncontrolled hypertension demonstrated a
significant and independent association with an elevated
risk of poor outcomes on the Hunt-Hess scale (OR=1.799,
95% Cl 1.413 t0 2.291, p<0.001) and the World Federation
of Neurological Surgeons (WFNS) scale (OR=1.721, 95%

Cl 1.425 t0 2.079, p<0.001). Furthermore, the antecedent
use of RAAS inhibitors before admission was markedly

and independently linked to a diminished risk of adverse
outcomes on the Hunt-Hess scale (0R=0.653, 95% ClI
0.430 t0 0.992, p=0.046) and the WFNS scale (OR=0.656,
95% Cl 0.469 to 0.918, p=0.014).

Conclusions Uncontrolled hypertension markedly elevates
the risk of adverse clinical outcomes following an aSAH.
Conversely, the preadmission utilisation of RAAS inhibitors
demonstrates a noteworthy association with a favourable
clinical outcome after aSAH.

INTRODUCTION

Subarachnoid haemorrhage (SAH), consti-
tuting around 5% of all strokes, imposes a
significant disease burden due to its impact
on a relatively young demographic and the
associated elevated morbidity and mortality
rates.' In 85% of cases, aneurysm rupture
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= There s evidence that renin-angiotensin-aldosterone
system (RAAS) inhibitors reduce the risk of aneurys-
mal subarachnoid haemorrhage (aSAH). Can pread-
mission use of RAAS inhibitors improve the severity
of aSAH?

WHAT THIS STUDY ADDS

= In this large nationwide population-based cohort
study, preadmission use of RAAS inhibitors was sig-
nificantly and independently associated with a re-
duced risk of poor Hunt-Hess scale and poor World
Federation of Neurological Surgeons scale among
patients with hypertension with aSAH.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= To attenuate the severity of aSAH, more efforts to
achieve normalisation of blood pressure using RAAS
inhibitors are suggested to be warranted in patients
with hypertension with intracranial aneurysms.

serves as the primary cause, underscoring the
pivotal role of effective intracranial aneurysm
management in preventing this severe stroke
subtype.

Hypertension has been unequivocally estab-
lished as a modified risk factor for the rupture
of intracranial aneurysms.”” Indeed, as many
as 50% ofindividuals afflicted with intracranial
aneurysms exhibit premorbid hypertension.”*
More importantly, patients with aneurysmal
subarachnoid haemorrhage (aSAH) who
have a history of premorbid hypertension
commonly exhibit heightened severity
of haemorrhage and experience poorer
outcomes.” ® Therefore, effective hyperten-
sion management is pivotal for patients with
intracranial aneurysms, as it diminishes the
risk of rupture and enhances outcomes subse-
quent to aSAH. While the impact of hyper-
tension management on the risk of aSAH
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rupture has been recognised in previous studies,” " ” there

remains a notable gap in understanding its influence on
post-aSAH outcomes,’ with a specific dearth of research
on the severity of aSAH. The severity of aSAH stands as
the paramount determinant influencing both treatment
strategies and outcomes. Consequently, an imperative
exists to comprehend thoroughly the repercussions of
hypertension management on the severity of aSAH.

In hypertension management, the utilisation of appro-
priate antihypertensive medications is imperative for
achieving blood pressure normalisation. Presently, both
experimental and clinical evidence strongly indicate that
the renin-angiotensin-aldosterone system (RAAS) inhib-
itors may confer a vasoprotective effect, thereby miti-
gating the risk of intracranial aneurysm rupture.” '*'* In
light of the documented inhibition of the RAAS, which
correlates with a reduction in inflammation within the
vessel wall, RAAS inhibitors emerge as potential contribu-
tors to a vasoprotective effect, fostering a favourable clin-
ical outcome after aSAH. Building on this evidence, our
hypothesis posits that the pre-emptive utilisation of RAAS
inhibitors before admission may effectively mitigate the
severity of the condition in patients with hypertension
experiencing aSAH. Accordingly, the primary objective
of this study is to investigate the influence of blood pres-
sure regulation on the severity of aSAH. Specifically, we
aim to discern the beneficial impact associated with the
preadmission use of RAAS inhibitors on disease severity.

METHODS

Study database

The study database was derived from the National Research
and Development Project of Intracranial Aneurysms
in China. The details regarding the project have been
described previously.”® The project entailed collaboration
with 20 tertiary academic medical centres to establish a
nationwide, prospectively maintained database of intracra-
nial aneurysms. Within this dedicated database, information
on patients with intracranial aneurysms from the designated
centres was systematically and prospectively recorded using
an Electronic Data Capture system, adhering to predefined
coding rules. The current study involved a retrospective
analysis, drawing insights from the prospectively collected
multicentre cohort of aSAH. To mitigate potential distor-
tion and bias in the analysis, we meticulously executed a
standard operating procedure in accordance with pertinent
recommendations.” The detailed methodology has been
comprehensively documented in our prior publication.”
In addition, the presentation of this study adheres to the
Strengthening the Reporting of Observational Studies in
Epidemiology statement,'* and the corresponding checklist
is provided in the online supplemental material, section S1.

Study population

During the process of analysing the impact of blood pres-
sure control on the severity of aSAH (step 1 analysis), the
study population was adult patients with aSAH registered
in the database. During the process of analysing the effect

10817 patients with intracranial
aneurysms identified in the database

140 excludad

S feading arteryananrysms tg
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6232 patients with vneupturad
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subarachnoid hemorrhage (aSAH)

2586 patients without
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1959 hypertensive patients withaSAH
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tihypertensive medications included
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Step 2 analysis

Figure 1 Flow diagram delineating how the study
population was derived from the source population. A total
of 10 817 patients with intracranial aneurysms were reviewed
initially. Finally, a total of 4545 patients with aneurysmal
subarachnoid haemorrhage (aSAH) were enrolled in this
study, of whom 1959 patients (43.10%) had premorbid
hypertension. During the step 2 analysis, 1238 patients with
hypertension with aSAH, including 290 renin-angiotensin-
aldosterone system (RAAS) inhibitor users (23.42%) and 948
non-RAAS inhibitor users (76.58%), were included.

of preadmission use of RAAS inhibitors on the disease
severity (step 2 analysis), the study population was patients
with hypertension with aSAH who had been regularly
treated with antihypertensive medications before admis-
sion. The detailed inclusion and exclusion criteria are
presented in the online supplemental material, section
S2. A flow diagram delineating how the included patients
were derived from the source population is presented in
figure 1.

Exposure assessment

Data for all enrolled patients were systematically gathered
using a standardised form containin% predefined variables,
as detailed in our prior description.”” In evaluating expo-
sure, a set of prospectively ascertained variables, each with
predefined definitions, were employed. These variables
encompassed age, sex, ethnicity, body mass index (BMI),
smoking habits, alcohol consumption, premorbid comor-
bidities, prescribed medications and aneurysmal indices.
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Besides, for patients with hypertension with aSAH,
the control of hypertension and the preadmission use
of antihypertensive medications were also assessed. In
accordance with established coding rules, hypertension
is defined as systolic blood pressure 2140mm Hg and/
or diastolic blood pressure 290 mm Hg, measured in the
sitting position on at least three different occasions in the
office (referred to as office blood pressure), following
the guidelines.'” Additionally, diagnostic criteria for out-
of-office blood pressure were considered valid. In delin-
eating the hypertension status, patients with hypertension
were classified into three categories: controlled, uncon-
trolled and unmonitored hypertension. Controlled
hypertension is characterised by regular blood pressure
monitoring, coupled with the successful attainment of
target blood pressure through the administration of
appropriate antihypertensive medications. Conversely,
uncontrolled hypertension is delineated by the consis-
tent monitoring of blood pressure without reaching the
target levels, despite the use of suitable antihypertensive
medications. The target blood pressure is defined as an
average blood pressure of >2140/90 mm Hg (office blood
pressure) and/or 135/85 mm Hg (out-of-office blood
pressure). It is noteworthy that in specific hypertension-
related conditions, such as diabetes or among elderly
individuals, adaptations were made in accordance with
the European Society of Cardiology guidelines."” Unmon-
itored hypertension refers to patients with hypertension
undergoing antihypertensive treatment but neglecting
regular blood pressure monitoring, thereby lacking
sufficient data for a comprehensive assessment of their
blood pressure control status. The detailed definitions
regarding hypertension control have been described in
our previous work.” Moreover, according to the classes of
preadmission antihypertensive medications, patients with
hypertension were categorised as RAAS inhibitor users
and non-RAAS inhibitor users. The RAAS inhibitor users
were defined as patients with hypertension with aSAH
who were prescribed RAAS inhibitors for at least 3 months
before admission, encompassing both monotherapy and
combination therapy.

Outcome assessment

To fully evaluate the severity of aSAH, two commonly
used clinical grading scales,’ including the Hunt-Hess
scale and the World Federation of Neurological Surgeons
(WENS) scale (online supplemental material, section S3),
were assessed for all patients on admission and set as the
primary outcomes. In this study, poor Hunt-Hess scale
and poor WFNS scale were defined as grade >4 (ie, grades
4 and 5), whereas good Hunt-Hess scale and good WFNS
scale were defined as grade <4 (ie, grades 1-3).

Statistical analysis
Descriptive statistics
Continuous variables were expressed as the mean (SD)
or median (IQR), and the differences between the two
groups were analysed using Student’s t-test or the Mann-
Whitney test, as appropriate. Categorical variables were

expressed as numbers (frequencies), and the differences
between the two groups were analysed using %* test or
Fisher’s exact test. All data were handled and analysed
using SPSS Statistics V.25.0 (SPSS) and R programming
environment (R Foundation for Statistical Computing,
Vienna, Austria). All statistical significance was defined as
p<0.05.

Multiple imputation and multivariable logistic regression model

To cope with the missing data, a multiple imputation
approach was performed following the relevant guide-
lines.'® The details of the multiple imputation approach
are presented in the online supplemental material, section
S4. Based on the 25 imputed datasets, we constructed
multivariable logistic regression models to detect the
impact of hypertension control and antihypertensive
medication choice on the severity after aSAH. Initially,
univariable analysis was performed to select the potential
covariates. The variables that were theoretically thought
to be related to the severity of aSAH, such as age, sex, BMI,
smoking, hypertension status, and number, location, size
and shape irregularity of the ruptured intracranial aneu-
rysm, as well as those who had a p value <0.1 in univari-
able analysis were included in the multivariable logistic
model. During the process in SPSS, the pooled analysis
of the results would be automatically generated based on
the 25 imputed datasets. We set the pooled results as the
final results of multivariable analysis.

Sensitivity analyses and subgroup analyses

Sensitivity analyses comparing complete data and multiply
imputed data were performed. Based on the multivar-
iable model, interaction and stratified analyses were
conducted. The p value for interaction was estimated
during this process.

RESULTS

Comparisons of baseline characteristics between patients
with and without hypertension

The comparative analysis of baseline characteristics
between patients with and without hypertension is shown
in online supplemental table S1. Notably, disparities were
observed in preadmission anti-platelet (PLT) medications
and irregular aneurysms, with all comparisons displaying
statistical significance (p<0.05).

Effect of preadmission blood pressure control on the two poor
clinical grading scales of aSAH

Table 1 shows the impact of preadmission blood pressure
control on the adverse clinical grading scales of aSAH.
In comparison to individuals with normal blood pressure,
those with premorbid hypertension exhibited a signifi-
cant and independent association with an elevated risk
of poor outcomes on both the Hunt-Hess and WFNS
scales in patients diagnosed with aSAH. Notably, when
examining the controlled status of hypertension, only
uncontrolled hypertension demonstrated a significant
and independent correlation with an increased risk of
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Table 1 Impact of preadmission hypertension statuses on the two poor clinical grading scales of aSAH
Poor Multivariable model*
outcomes, Imputed data (n=4545) Complete data (n=2925)
Outcomes Exposures (n) n (%) OR (95% CI) P value OR (95% CI) P value
Hunt-Hess  Non-hypertension (2586) 263 (10.2) Reference Reference
scale Hypertension (1959) 291 (14.9) 1.319 (1.093 to 1.592) 0.004 1.244 (0.997 to 1.553) 0.053
Feteas) Controlled hypertension 70 (12.6) 1.070 (0.800 to 1.432) 0.648 1.072 (0.768 to 1.495) 0.683
(554)
Uncontrolled hypertension 133 (19.4) 1.799 (1.413 t0 2.291) 0.000 1.666 (1.261 to 2.201) 0.000
(687)
Unmonitored hypertension 88 (12.3) 1.100 (0.844 to 1.434) 0.479 0.972 (0.700 to 1.348) 0.863
(718)
WEFNS scale Non-hypertension (2586) 598 (23.1) Reference Reference
(1-8vs 4-5) 1 bertension (1959) 586 (29.9)  1.256 (1.092 to 1.446) 0.001  1.273(1.070to 1.513) 0.006
Controlled hypertension 131(23.6)  0.891 (0.713t0 1.114) 0.313  0.844 (0.642 to 1.110) 0.224
(554)
Uncontrolled hypertension 258 (37.6) 1.721 (1.425 to0 2.079) 0.000 1.907 (1.525 to0 2.385) 0.000
(687)
Unmonitored hypertension 197 (27.4) 1.175 (0.969 to 1.426) 0.101 1.085 (0.846 to 1.391) 0.522
(718)

*Multivariable model adjusted for age, sex, ethnicity, body mass index, smoking status, controlled status of hypertension, ischaemic stroke,
preadmission use of anti-platelet medication, preadmission use of anticoagulation medication, location of the reputed aneurysm, size of the
aneurysm, shape irregularity of the aneurysm and number of intracranial aneurysms.

aSAH, aneurysmal subarachnoid haemorrhage; WFNS, World Federation of Neurological Surgeons.

poor Hunt-Hess scale (OR=1.799, 95% CI 1.413 to 2.291,
p<0.001) and poor WFNS scale (OR=1.721, 95% CI 1.425
to 2.079, p<0.001). In contrast, the effects of controlled
hypertension and unmonitored hypertension did not
reach statistical significance.

Comparisons of baseline characteristics between RAAS
inhibitor and non-RAAS inhibitor users

In the course of the second step analysis, a cohort of
1238 patients with hypertension with aSAH underwent
examination. Among them, 290 individuals (23.42%)
were identified as users of RAAS inhibitors, while the
remaining 948 patients (76.58%) did not use RAAS
inhibitors. A detailed scrutiny of baseline characteristics
between RAAS inhibitor users and non-users is deline-
ated in online supplemental table S2. Notably, substantial
disparities were observed in the distribution of ethnicity,
the controlled status of hypertension, the quantity of anti-
hypertensive drugs, preadmission anti-PLT medications
and the presence of irregular aneurysms between these
two cohorts (all p<0.05).

Treatment effect of RAAS inhibitors on the two poor clinical
grading scales of aSAH

Table 2 shows the treatment impact of RAAS inhibitors
on the two adverse clinical grading scales of aSAH. In
contrast to the preadmission use of non-RAAS inhibitors,
the preadmission utilisation of RAAS inhibitors exhib-
ited a significant and independent association with a
diminished risk of poor outcomes on the Hunt-Hess scale

(OR=0.653, 95% CI 0.430 to 0.992, p=0.046) and the
WENS scale (OR=0.656, 95% CI 0.469 to 0.918, p=0.014)
among patients with hypertension with aSAH. Further-
more, there was an inclination for favourable clinical
grading scales with varied cut-offs when RAAS inhibi-
tors were used before admission, as indicated in online
supplemental table S3.

Sensitivity analyses

In the initial phase of analysis (step 1), 2925 complete
cases underwent thorough examination, while in the
subsequent phase (step 2), 806 complete cases were scru-
tinised. The findings of sensitivity analyses, exploring the
influence of blood pressure control and RAAS inhibi-
tors on the severity of aSAH, are meticulously presented
in tables 1 and 2, correspondingly. The impact of both
hypertension control and RAAS inhibitors remained
consistent across diverse datasets employed for analysis.

Subgroup analyses and tests for interaction for the treatment

effect of RAAS inhibitors on the severity of aSAH

Interaction and subgroup analyses regarding the treat-
ment effect of RAAS inhibitors on the severity of aSAH
are depicted in figure 2. The beneficial impact of RAAS
inhibitors on disease severity was notably pronounced
within the subgroup characterised by controlled hyper-
tension, combination therapy and irregular aneurysms.
Particularly, the results of the interaction test revealed
that hypertension control and age exhibited a significant
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Table 2 Treatment effect of RAAS inhibitors on the two poor clinical grading scales of aSAH

Multivariable model*

Poor
outcomes, n Imputed data (n=1238) Complete data (n=806)
Outcomes Exposures (n) (%) OR (95% CI) P value OR (95% CI) P value
Hunt-Hess Non-RAAS 158 (16.7) Reference Reference
scale inhibitors (948)
(1-3 vs 4-5) RAAS inhibitors 43 (14.8) 0.653 (0.430 to 0.992) 0.046 0.558 (0.340 to 0.918) 0.022
(290)
WFNS scale  Non-RAAS 298 (31.4) Reference Reference
(1-3 vs 4-5) inhibitors (948)
RAAS inhibitors 84 (29.0) 0.656 (0.469 to 0.918) 0.014 0.587 (0.391 to 0.882) 0.010
(290)

*Multivariable model adjusted for age, sex, ethnicity, body mass index, smoking status, controlled status of hypertension, number of
antihypertensive medications, ischaemic stroke, preadmission use of anti-platelet medication, preadmission use of anticoagulation
medications, location of the reputed aneurysm, size of the aneurysm, shape irregularity of the aneurysm and number of intracranial

aneurysms.

aSAH, aneurysmal subarachnoid haemorrhage; RAAS, renin-angiotensin-aldosterone system; WFNS, World Federation of Neurological

Surgeons.

interaction effect with the use of RAAS inhibitors on
outcomes.

DISCUSSION

In this extensive nationwide population-based cohort
study, we have demonstrated a significant association
between uncontrolled hypertension and an increased
risk of a poor clinical condition following aSAH. More
importantly, the preadmission utilisation of RAAS inhib-
itors exhibited a significant association with a favourable
clinical condition after aSAH, with a more pronounced
beneficial effect observed in the subpopulation with
controlled hypertension. To the best of our knowledge,
this study stands as the inaugural and largest exploration
to date, investigating the advantageous impact of pread-
mission use of RAAS inhibitor in mitigating the severity
of aSAH.

Our findings reveal a significant correlation between
premorbid hypertension and a compromised clinical
condition among patients with aSAH. Broadly, the patho-
genesis of intracranial aneurysm development centres
around haemodynamic-mediated vascular endothelial
dysfunction and subsequent inflammatory cascades
within the vascular wall. Various explanations elucidate
the pathogenic mechanisms through which hyperten-
sion augments clinical severity after aSAH. Notably, the
pressure-induced tension, arising from the heightened
haemodynamic stresses in hypertension, likely exceeds the
strength of the aneurysmal wall.'” In this scenario, elevated
stress levels may result in a greater volume of aneurysmal
bleeding following an aneurysm rupture. Supporting this
assertion, De Marchis et af illustrated that patients with
SAH and pre-existing hypertension exhibited heightened
severity during the initial bleeding episode on admission.
On the contrary, sophisticated structural damage to blood
vessels resulting from atherosclerotic disease is frequently

observed in individuals with hypertension. Consequently,
heightened vascular injuries are likely to impede the
natural healing processes associated with ruptured aneu-
rysms.'® For example, premorbid hypertension has been
identified as a significant factor associated with a twofold
increase in the incidence of aneurysm rebleeding.” This
risk factor demonstrates a robust correlation with the
severity of aSAH.

While a substantial correlation exists between
premorbid hypertension and the severity of aSAH, the
prior study did not investigate whether the clinical condi-
tion after SAH could be improved through blood pres-
sure control.” In the present study, we established that
inadequately controlled hypertension exhibits a more
substantial impact on the severity of aSAH compared
with well-controlled hypertension. This outcome concurs
with the findings of Zheng et al, indicating that individ-
uals with uncontrolled premorbid hypertension in SAH
cases suffered more amount of aneurysmal bleeding."
A plausible explanation for this phenomenon may be
that inadequately managed hypertension often signifies
a poor grade of hypertension or resistant hypertension,
thereby introducing unstable and increased haemody-
namic stress on the aneurysmal wall.'” The reduction
in blood pressure commonly serves to stabilise haemo-
dynamic stress within the vessel and mitigate inflamma-
tion in the aneurysmal wall. As previously highlighted,
both these factors potentially play a role in ameliorating
the severity following aSAH. Primarily, the reduction in
blood pressure may alleviate moderate pressure-induced
tension, thereby reducing the extent of aneurysmal
bleeding in the event of rupture. Consequently, this
could result in a less severe clinical condition. Second,
the amelioration of inflammation attributed to the
decrease in blood pressure may have a favourable
impact on the healing process of a ruptured aneurysm.
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A Subgroups

All patients
Sex
Male
Female
Age (years)
<60
>60
BMI (kg/m2)
<24.0
224.0
Control of hypertension
Controlled
Uncontrolled
Unmonitored
Medication adhesion
Monotherapy
Combination therapy
Location of the ruptured aneurysms
ICA
MCA
ACA/PCoA/posterior
Size of the ruptured aneurysm(mm)
<5
25

Preadmission anti-PLT medication users

Shape irregularity
Irregular aneurysm
Regular aneurysm

B Subgroups

All patients

Sex
Male
Female

Age (years)
<60
>60

BMI (kg/m2)
<24.0
224.0

Control of hypertension
Controlled
Uncontrolled
Unmonitored

Medication adhesion
Monotherapy
Combination therapy

Location of the ruptured aneurysms

ICA
MCA
ACA/PCoA/posterior

Size of the ruptured aneurysm(mm)

<5
25

Preadmission anti-PLT medication users 0.671[0.227-1.985]

Shape irregularity
Irregular aneurysm
Regular aneurysm

Hunt-Hess 1-3 vs. 4-5/ OR[95%CI] P P for interaction
0.653[0.430-0.992] ——j 0.046

.

:
0.709[0.356-1.413] —e——i 0329 0532
0.622[0.363-1.066] —.—t 0.084

.
0.493[0.239-1.018] —— 0.056 0.114
0.780[0.459-1.328] —.— 0.361

.

:
0.596[0.296-1.199] —.—t 0147 0314
0.706[0.410-1.215] —o—t 0.208

,
0.097[0.027-0.340] — ! 0 0.001
1.013[0.568-1.806] —— 0.966
1.987]0.760-5.194] ————e———0.161

.
0.798[0.467-1.365] ——— 041 0814
0.475[0.235-0.961] —— 0.038

.
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Figure 2 Interaction and subgroup analyses for the treatment effect of renin-angiotensin-aldosterone (RAAS) inhibitors on the
severity of aneurysmal subarachnoid haemorrhage (@SAH). The beneficial impacts of RAAS inhibitors on Hunt-Hess scale (A)
and World Federation of Neurological Surgeons (WFNS) scale (B) were notably pronounced within the subgroup characterised
by controlled hypertension, combination therapy and irregular aneurysms. Particularly, the results of the interaction test revealed
that hypertension control and age exhibited a significant interaction effect with the use of RAAS inhibitors on outcomes.
‘posterior’ denotes posterior circulation (including the vertebral artery, basilar artery, cerebellar arteries and posterior cerebral
artery). ACA, anterior cerebral arteries (including the anterior cerebral artery, anterior communicating artery and pericallosal
artery); BMI, body mass index; ICA, internal carotid artery; MCA, middle cerebral artery; PCoA, posterior communicating artery;

PLT, platelet.

To mitigate the severity of aSAH, it is recommended to
intensify efforts towards normalising blood pressure for
patients with hypertension with intracranial aneurysms.
In recent times, various implementation strategies have
been proposed to enhance the management of blood

pressure in patients with hypertension with intracranial
aneurysms.” First, precise blood pressure measurement
contributes to superior blood pressure control and miti-
gates the risk of aneurysm rupture, as substantiated in our

prior research.® Second, a collaborative effort involving
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a minimum of two professionals from neurosurgery and
cardiology, constituting team-based care, is imperative
to achieve well-coordinated and high-quality healthcare
for the patients. Lastly, the judicious use of appropriate
antihypertensive medications is indispensable in realising
the reduction in blood pressure for patients with intra-
cranial aneurysms. Significantly, an excessive reduction in
blood pressure may result in hypoperfusion subsequent
to SAH. A plethora of studies have investigated the impli-
cations of hypoperfusion following SAH on the overall
prognosis, with the majority yielding negative outcomes.
Consequently, it is imperative to avert excessive decreases
in blood pressure and ensure adequate perfusion in
patients prior to admission.

Classically, RAAS inhibitors could exert multiple cardio-
vascular protective effects.”’ In this study, we have further
illustrated that the preadmission use of RAAS inhibitors
is significantly linked to a diminished risk of unfavour-
able clinical grading scales in patients with hypertension
with aSAH. Considering that the activation of RAAS due
to systemic hypertension can induce vascular inflamma-
tion, injury and remodelling, subsequently contributing
to the progression of intracranial aneurysm develop-
ment,'” several explanations underpin our findings.
First, RAAS inhibitors have the potential to curtail both
local and systemic inflammatory responses, consequently
contributing to the mitigation of aSAH severity. On the
one hand, these inhibitors may induce a modest level
of inflammation and promote vascular injury/remodel-
ling in the aneurysmal wall. Subsequently, this interven-
tion holds promise for cultivating a clinically favourable
condition after aSAH. On the contrary, RAAS inhibitors
possess the capacity to mitigate systemic inflammation by
suppressing the activation of the systemic RAAS. Simul-
taneously, a heightened level of systemic inflammation
response has been significantly correlated with an unfa-
vourable Hunt-Hess scale and poorer Fisher score in the
context of SAH.*** These findings suggested that the
restrained systemic inflammation response facilitated by
RAAS inhibitors was likely to contribute to a more favour-
able clinical condition following aSAH. Additionally,
compelling experimental evidence supports the notion
that RAAS inhibitors have the potential to impede the
formation and growth of intracranial aneurysms.* ** For
instance, imidapril, a subclass of ACE inhibitors, showed
a remarkable capacity to effectively inhibit the medial
thinning of intracranial aneurysms in rat models.”” As is
widely recognised, an intracranial aneurysm character-
ised by thinning of the medial layer indicates a weakened
structural stability. Theoretically, such vulnerability could
lead to a compromised clinical condition on rupture.
Third, consistent with our result, a preceding clinical
study' revealed that patients with hypertension, who
were prescribed RAAS inhibitors prior to admission,
exhibited a reduced incidence of aneurysmal bleeding—
an integral risk factor influencing the severity of aSAH.
Interestingly, the favourable impact of RAAS inhibitors on
disease severity manifested more prominently within the

subgroup characterised by controlled hypertension. This
outcome suggests that the positive effect of RAAS inhib-
itors is unrelated to blood pressure control. Put differ-
ently, the diminished risk of adverse clinical outcomes
following aSAH in the context of RAAS inhibitors does
not stem from blood pressure reduction. Nevertheless,
the precise mechanism remains unknown, warranting
further research with a heightened focus on this specific
aspect.

This study carries significant implications for clinical
practice. On the one hand, the study underscores the
pivotal role of normalising blood pressure in the compre-
hensive management of hypertension among these
patients. On the other hand, our findings, for the first
time, shed light on the potential advantages of preadmis-
sion use of RAAS inhibitors in mitigating clinical condi-
tions after aSAH.

Limitations

Despite the attractive findings of our study, several limi-
tations should be taken into account seriously. First, the
study design is retrospective rather than prospective and
therefore the cause-effect is weak in this study. Second,
the duration and the dose of antihypertensive medi-
cations were not recorded in the database. On the one
hand, the distinct effect between the current use and
former use of RAAS inhibitors could not be detected.
On the other hand, we could not perform a duration—
response analysis and a dose-response analysis to further
assess whether the beneficial effect is duration dependent
or dose dependent. Further studies, which take these vari-
ables into account, will need to be undertaken. Third,
our study is based on the Chinese population, and repli-
cation of the results in other populations is suggested.
Fourth, the exact level of blood pressure at the time of
enrolment was not involved and the impact of the stratifi-
cations of blood pressure reduction on the outcomes was
unknown. This is an important issue for future research.
Fifth, although all included patients were strictly catego-
rised according to the prescribed medication class, the
lack of patient-specific data on medication compliance
would influence the results.

CONCLUSIONS

In conclusion, our investigation reveals that uncontrolled
hypertension markedly escalates the risk of adverse clin-
ical outcomes following aSAH. Notably, the antecedent
utilisation of RAAS inhibitors demonstrates a substan-
tial correlation with a favourable clinical status subse-
quent to aSAH. The outcomes underscore the potential
advantages associated with the preadmission use of RAAS
inhibitors in mitigating the severity of aSAH. To address
the severity of aSAH, heightened endeavours to achieve
blood pressure normalisation through RAAS inhibitors
are recommended for patients with hypertension with
intracranial aneurysms. Nevertheless, it is imperative to
acknowledge that a comprehensive prospective cohort
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study incorporating mechanistic insights is indispensable
to corroborate our findings in the future.

Author affiliations

'Department of Neurosurgery and Department of Neuroscience, Fujian Key
Laboratory of Brain Tumors Diagnosis and Precision Treatment, Xiamen Key
Laboratory of Brain Center, The First Affiliated Hospital of Xiamen University, School
of Medicine, Xiamen University, Xiamen, Fujian, China

%Department of Neuroscience, Institute of Neurosurgery, School of Medicine,
Xiamen University, Xiamen, Fujian, China

SDepartment of Neurosurgery, The First Affiliated Hospital of Xiamen University,
School of Medicine, Xiamen University, Xiamen, Fujian, China

“Neurovascular Center, Changhai Hospital, Second Military Medical University,
Shanghai, China

SNeurovascular Center, Henan Provincial People's Hospital, Zhengzhou, Henan
Province, China

®Department of Neurosurgery, Second Affiliated Hospital of Soochow University,
Suzhou, China

Contributors ZLi and ZLu collected the data and performed the research. Data
were analysed by PZ. PZ drafted the manuscript. SC, ZW and QH conceived and
designed the research. LJ, LT, QL and QH initiated and organised this study.

QH accepts full responsibility for the work and the conduct of the study as the
guarantor, had access to the data, and controlled the decision to publish. All
authors reviewed and edited the manuscript and approved the final version of the
manuscript.

Funding This study was funded by the National Research and Development Project
of Key Chronic Diseases (Grant No. 2016YFC1300703), the Fujian Provincial Natural
Science Foundation of China (Grant No. 2021J011367 and No. 2021J011353),

the Medical Project of Xiamen Municipal Bureau of Science and Technology

(Grant No. 35022202142D1013), Xiamen Municipal Health Commission, Xiamen
Municipal Bureau of Science and Technology (Grant No. 3502220209005), Fujian
Provincial Clinical Research Center for Brain Diseases (Grant No. 2021FJSLCYX01)
and Xiamen Clinical Research Center for Neurological Diseases (Grant No.
2021XMSLCYXO01).

Competing interests None declared.
Patient consent for publication Not applicable.

Ethics approval This study was approved by the local institutional review board
(IRB) from Changhai Hospital, Second Military Medical University (CHEC2017073).
All methods were carried out in accordance with the Declaration of Helsinki. Due to
the observational design of this study, the patient's informed consent was waived
by the IRB.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available upon reasonable request. The

data that support the findings of this study are available on request from the
corresponding author upon reasonable request.

Supplemental material This content has been supplied by the author(s). It has
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been
peer-reviewed. Any opinions or recommendations discussed are solely those

of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content
includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local regulations, clinical guidelines,
terminology, drug names and drug dosages), and is not responsible for any error
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iD
Qinghai Huang http://orcid.org/0000-0002-5612-5190

REFERENCES

1 Macdonald RL, Schweizer TA. Spontaneous subarachnoid
haemorrhage. Lancet 2017;389:655-66.

2 Greving JP, Wermer MJH, Brown RD, et al. Development of the
PHASES score for prediction of risk of rupture of intracranial
aneurysm: a pooled analysis of six prospective cohort studies.
Lancet Neurol 2014;13:59-66.

3 McGurgan IJ, Clarke R, Lacey B, et al. Blood pressure and risk of
subarachnoid hemorrhage in China. Stroke 2019;50:38-44.

4 Tominari S, Morita A, Ishibashi T, et al. Prediction model for 3-year
rupture risk of Unruptured cerebral aneurysms in Japanese patients.
Ann Neurol 2015;77:1050-9.

5 De Marchis GM, Lantigua H, Schmidt JM, et al. Impact of premorbid
hypertension on haemorrhage severity and aneurysm rebleeding risk
after subarachnoid haemorrhage. J Neurol Neurosurg Psychiatry
2014;85:56-9.

6 Jaja BNR, Lingsma H, Schweizer TA, et al. Prognostic value of
premorbid hypertension and neurological status in aneurysmal
subarachnoid hemorrhage: pooled analyses of individual patient data
in the SAHIT repository. JNS 2015;122:644-52.

7 Zhong P, Lu Z, Li Z, et al. Effect of renin-angiotensin-aldosterone
system inhibitors on the rupture risk among hypertensive patients
with intracranial aneurysms. Hypertension 2022;79:1475-86.

8 Zhong P, Lu Z, Li T, et al. Association between regular blood
pressure monitoring and the risk of intracranial aneurysm rupture:

a multicenter retrospective study with propensity score matching.
Transl Stroke Res 2022;13:983-94.

9 Sundbegll J, Schmidt M, Horvath-Puho E, et al. Preadmission
use of ACE inhibitors or angiotensin receptor blockers and
short-term mortality after stroke. J Neurol Neurosurg Psychiatry
2015;86:748-54.

10 TadaY, Wada K, Shimada K, et al. Roles of hypertension in the
rupture of intracranial aneurysms. Stroke 2014;45:579-86.

11 Shimada K, Furukawa H, Wada K, et al. Angiotensin-(1-7) protects
against the development of aneurysmal subarachnoid hemorrhage in
mice. J Cereb Blood Flow Metab 2015;35:1163-8.

12 Pefia Silva RA, Kung DK, Mitchell IJ, et al. Angiotensin 1-7 reduces
mortality and rupture of intracranial aneurysms in mice. Hypertension
2014;64:362-8.

13 Kaji AH, Schriger D, Green S. Looking through the retrospectoscope:
reducing bias in emergency medicine chart review studies. Ann
Emerg Med 2014;64:292-8.

14 EIm E von, Altman DG, Egger M, et al. The strengthening the
reporting of observational studies in epidemiology (STROBE)
statement: guidelines for reporting observational studies. BMJ
2007;335:806-8.

15 Mancia G, Fagard R, Narkiewicz K, et al. 2013 ESH/ESC guidelines
for the management of arterial hypertension: the task force for the
management of arterial hypertension of the European Society of
Hypertension (ESH) and of the European Society of Cardiology
(ESC). Eur Heart J 2013;34:2159-219.

16 Sterne JAC, White IR, Carlin JB, et al. Multiple imputation for missing
data in epidemiological and clinical research: potential and pitfalls.
BMdJ 2009;338:b2393.

17 Sarrami-Foroushani A, Villa-Uriol M-C, Nasr Esfahany M, et al.
Modeling of the acute effects of primary hypertension and
hypotension on the hemodynamics of intracranial aneurysms. Ann
Biomed Eng 2015;43:207-21.

18 Khashim Z, Daying D, Hong DY, et al. The distribution and role of
M1 and M2 Macrophages in aneurysm healing after platinum coil
embolization. AUNR Am J Neuroradiol 2020;41:1657-62.

19 Zheng J, Xu R, Liu G, et al. Effect of Premorbid hypertension control
on outcome of patients with aneurysmal subarachnoid hemorrhage.
Acta Neurochir (Wien) 2018;160:2401-7.

20 Abdalla M, Bolen SD, Brettler J, et al. Implementation strategies
to improve blood pressure control in the United States: a scientific
statement from the American Heart Association and American
Medical Association. Hypertension 2023;80:e143-57.

21 Te Riet L, van Esch JHM, Roks AJM, et al. Hypertension:
renin-angiotensin-aldosterone system alterations. Circ Res
2015;116:960-75.

22 Badjatia N, Monahan A, Carpenter A, et al. Inflammation, negative
nitrogen balance, and outcome after aneurysmal subarachnoid
hemorrhage. Neurology 2015;84:680-7.

23 Rass V, Gaasch M, Kofler M, et al. Systemic inflammatory
response syndrome as predictor of poor outcome in nontraumatic
subarachnoid hemorrhage patients. Crit Care Med 2018;46:e1152-9.

24 Hanafy KA, Morgan Stuart R, Fernandez L, et al. Cerebral
inflammatory response and predictors of admission clinical grade
after aneurysmal subarachnoid hemorrhage. J Clin Neurosci
2010;17:22-5.

Zhong P, et al. Stroke & Vascular Neurology 2024;0. doi:10.1136/svn-2023-003052

"yBLAdoo Aq paloalold 1sanb Aq GZ0z ‘Zg aung uo Jwod fwd uAs//:dny woly papeojumoq +20z aunt /T U0 2G0S00-£202-UAS/9ETT 0T Se paysiignd 1si1) :[0INSN ISBA 930S


http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-5612-5190
http://dx.doi.org/10.1016/S0140-6736(16)30668-7
http://dx.doi.org/10.1016/S1474-4422(13)70263-1
http://dx.doi.org/10.1161/STROKEAHA.118.022239
http://dx.doi.org/10.1002/ana.24400
http://dx.doi.org/10.1136/jnnp-2013-305051
http://dx.doi.org/10.3171/2014.10.JNS132694
http://dx.doi.org/10.1161/HYPERTENSIONAHA.122.18970
http://dx.doi.org/10.1007/s12975-022-01006-7
http://dx.doi.org/10.1136/jnnp-2014-308948
http://dx.doi.org/10.1161/STROKEAHA.113.003072
http://dx.doi.org/10.1038/jcbfm.2015.30
http://dx.doi.org/10.1161/HYPERTENSIONAHA.114.03415
http://dx.doi.org/10.1016/j.annemergmed.2014.03.025
http://dx.doi.org/10.1016/j.annemergmed.2014.03.025
http://dx.doi.org/10.1136/bmj.39335.541782.AD
http://dx.doi.org/10.1093/eurheartj/eht151
http://dx.doi.org/10.1136/bmj.b2393
http://dx.doi.org/10.1007/s10439-014-1076-7
http://dx.doi.org/10.1007/s10439-014-1076-7
http://dx.doi.org/10.3174/ajnr.A6719
http://dx.doi.org/10.1007/s00701-018-3699-1
http://dx.doi.org/10.1161/HYP.0000000000000232
http://dx.doi.org/10.1161/CIRCRESAHA.116.303587
http://dx.doi.org/10.1212/WNL.0000000000001259
http://dx.doi.org/10.1097/CCM.0000000000003429
http://dx.doi.org/10.1016/j.jocn.2009.09.003
http://svn.bmj.com/

25 Ishibashi R, Aoki T, Nishimura M, et al. Imidapril inhibits cerebral 26 Kimura N, Shimizu H, Eldawoody H, et al. Effect of Olmesartan and
aneurysm formation in an angiotensin-converting enzyme- pravastatin on experimental cerebral aneurysms in rats. Brain Res
independent and matrix Metalloproteinase-9-dependent manner. 2010;1322:144-52.

Neurosurgery 2012;70:722-30.

Zhong P, et al. Stroke & Vascular Neurology 20240. doi:10.1136/svn-2023-003052 9

"yBLAdoo Aq paloalold 1sanb Aq GZ0z ‘Zg aung uo Jwod fwd uAs//:dny woly papeojumoq +20z aunt /T U0 2G0S00-£202-UAS/9ETT 0T Se paysiignd 1si1) :[0INSN ISBA 930S


http://dx.doi.org/10.1227/NEU.0b013e3182326188
http://dx.doi.org/10.1016/j.brainres.2010.01.044
http://svn.bmj.com/

	Impact of premorbid hypertension and renin-­angiotensin-­aldosterone system inhibitors on the severity of aneurysmal subarachnoid haemorrhage: a multicentre study
	Abstract
	Introduction﻿﻿
	Methods
	Study database
	Study population
	Exposure assessment
	Outcome assessment
	Statistical analysis
	Descriptive statistics
	Multiple imputation and multivariable logistic regression model

	Sensitivity analyses and subgroup analyses

	Results
	Comparisons of baseline characteristics between patients with and without hypertension
	Effect of preadmission blood pressure control on the two poor clinical grading scales of aSAH
	Comparisons of baseline characteristics between RAAS inhibitor and non-RAAS inhibitor users
	Treatment effect of RAAS inhibitors on the two poor clinical grading scales of aSAH
	Sensitivity analyses
	Subgroup analyses and tests for interaction for the treatment effect of RAAS inhibitors on the severity of aSAH

	Discussion
	Limitations

	Conclusions
	References


