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ABSTRACT

Objective: Early aneurysm occlusion is a cornerstone in the management of aneurysmal subarachnoid hemorrhage (aSAH) to prevent rebleeding and second-
ary brain injury. However, whether operative timing, particularly during off-hours, influences clinical outcomes remains uncertain. To evaluate the association
between operative timing and clinical outcomes in patients undergoing treatment for ruptured intracranial aneurysms.

Materials and Methods: This retrospective cohort study included adult patients treated for ruptured intracranial aneurysms at a tertiary neurosurgical center
between January 2021 and January 2026. Procedures were categorized as work hours (07:00-16:00), evening (16:00-22:00), and nighttime (22:00-07:00). The
primary outcome was functional status at discharge, assessed using the modified Rankin Scale (mRS). Secondary outcomes included mortality and length of
hospital stay. Multivariable logistic regression was used to determine whether operative timing independently predicted poor outcome (mRS >3) after adjust-
ment for clinical and radiological severity variables.

Results: A total of 315 patients were included, of whom 79.4% were treated during work hours, 10.5% in the evening, and 10.1% at night. Baseline demo-
graphic, clinical, and radiological characteristics were comparable across groups. Favorable outcome (mRS 0-2) occurred in 64.0%, 57.6%, and 50.0% of
patients, respectively (p=0.21), while mortality rates were 12.8%, 15.1%, and 21.9% (p=0.18). In multivariable analysis, WFNS >IV, ASA >3, and Fisher >IIl were
independently associated with poor outcome, whereas operative timing was not.

Conclusion: Although later operative timing showed a trend toward worse crude outcomes, it was not independently associated with clinical outcomes after

adjustment for disease severity. Patient-related factors appear to be the primary determinants of outcome in aSAH.
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INTRODUCTION

Ruptured intracranial aneurysm resulting in aneurysmal
subarachnoid hemorrhage (aSAH) remains a devastating
neurological emergency associated with substantial mor-
bidity and mortality despite advances in microsurgical and
endovascular treatment strategies.™ Early aneurysm occlu-
sion is widely accepted as a cornerstone of management,
primarily to prevent recurrent hemorrhage and reduce the
risk of secondary brain injury.?? Current clinical guidelines
recommend early treatment of ruptured aneurysms when-
ever feasible, as the risk of rebleeding is highest during the
early period following the initial hemorrhage.®

In modern neurovascular practice, the timing of aneurysm
treatment is influenced by multiple factors, including clini-
cal severity, aneurysm characteristics, operating room avail-
ability, and institutional workflow.”™! While urgent treatment
is often necessary, some procedures are performed during
nighttime hours, when hospital staffing patterns, resource
availability, and operator fatigue may differ from daytime
conditions.®® These differences have raised concerns re-
garding whether treatment performed outside routine work-
ing hours may influence patient outcomes.®

Across multiple medical and surgical disciplines, the so-
called “off-hours effect” has been described, referring to
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worse clinical outcomes associated with care delivered
during nighttime or weekend hours.®! Potential contributors
include reduced staffing levels, limited access to specialized
personnel, workflow disruptions, and fatigue-related de-
clines in cognitive and technical performance.®® In cerebro-
vascular care, this phenomenon has been studied primarily
in the context of stroke and endovascular thrombectomy,
where differences in outcomes between daytime and off-hour
interventions have been reported in some studies. However,
evidence regarding aneurysmal subarachnoid hemorrhage
remains inconsistent.%810

Importantly, studies evaluating the timing of aneurysm
treatment must account for potential confounding factors.
4 Patients treated during nighttime hours may present with
greater clinical instability or require emergent intervention,
making it difficult to determine whether observed outcome
differences are related to operative timing itself or to baseline
disease severity. Consequently, analyses that carefully adjust
for demographic and clinical risk factors are essential to bet-
ter understand the independent impact of treatment timing.

The aim of this study was to evaluate the association be-
tween operative timing and clinical outcomes in patients
undergoing treatment for ruptured intracranial aneurysms
at a tertiary neurosurgical center. Using a retrospective co-
hort of patients treated over a five-year period, we compared
outcomes among procedures performed during work hours,
evening hours, and nighttime periods while adjusting for key
baseline severity indicators.

MATERIALS and METHODS

This study was designed as a single-center retrospective co-
hort analysis conducted at a tertiary neurosurgical referral
center. Institutional medical records were reviewed for pa-
tients treated between January 2021 and January 2026. The
study protocol was approved by the Biruni University Clinical
Research Ethics Committee (Date: 23.02.2026, No: 2024- Bi-
AEK/18-78), and all data were anonymized prior to analysis.

AlL adult patients (=18 years) who underwent microsurgical
clipping or endovascular treatment for ruptured intracranial
aneurysms during the study period were screened for eli-
gibility. The diagnosis of aneurysmal subarachnoid hemor-
rhage was confirmed using computed tomography and vas-
cular imaging, including CT angiography, MR angiography,
or digital subtraction angiography. Patients were excluded
if they had traumatic subarachnoid hemorrhage, DSA-neg-
ative subarachnoid hemorrhage, vascular malformations
such as arteriovenous malformations or dural arteriove-

nous fistulas, incomplete operative timing data, or if they
were managed conservatively without aneurysm occlusion.
Patients were managed according to a standardized institu-
tional protocol for aneurysmal subarachnoid hemorrhage,
including early aneurysm occlusion, intensive neurocritical
care monitoring, and guideline-based management of com-
plications such as vasospasm and hydrocephalus.

Procedures were categorized according to operative timing
into three groups based on the time of surgery. Work-hour
procedures were defined as operations performed between
07:00 and 16:00, evening procedures as those performed be-
tween 16:00 and 22:00, and nighttime procedures as those
performed between 22:00 and 07:00. Nighttime surgery was
defined as procedures in which at least 50% of the total op-
erative duration occurred between 22:00 and 07:00. Opera-
tive duration was defined as the time from skin incision to
completion of the procedure and did not include anesthesia
induction or room preparation time. Based on this classifica-
tion, 250 procedures were performed during work hours, 33
during evening hours, and 32 during nighttime hours.

Baseline demographic, clinical, and radiological variables
were extracted from institutional electronic medical re-
cords. These included age, sex, American Society of An-
esthesiologists (ASA) physical status classification, World
Federation of Neurological Surgeons (WFNS) grade at
admission, and Fisher grade on initial CT imaging. WFNS
grade was assessed at admission based on the Glasgow
Coma Scale score and the presence of focal neurological
deficits and was used as a measure of clinical severity in
subsequent analyses. Functional outcome was assessed us-
ing the modified Rankin Scale (mRS) at hospital discharge
and categorized as good outcome (mRS 0-2), poor outcome
(mRS 3-5), and mortality (mRS 6).

Statistical Analysis

Categorical variables were summarized as frequencies and
percentages, while continuous variables were summarized as
meansstandard deviation or median with interquartile range,
asappropriate. Comparisons between operative timing groups
were performed using chi-square or Fisher's exact tests for
categorical variables and Kruskal-Wallis tests for continuous
variables. To evaluate the independent association between
operative timing and outcomes, multivariable logistic regres-
sion analysis was performed, adjusting for age, ASA status,
and Fisher grade. Statistical analyses were performed using
R statistical software (version 4.5.2; R Foundation for Statis-
tical Computing, Vienna, Austria), and a two-sided p-value
<0.05 was considered statistically significant.
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Table 1. Baseline clinical characteristics according to operative timing

Characteristic

Work hours
7AM-4PM PM-10PM 10 PM-7 AM

Evening4  Nighttime p

(n=250) (n=33) (n=32)

Age, mean+SD 55.8+£13.2  56.9+12.7 574+135 081
Sex, n (%)

Female 162 (64.8) 21 (63.6) 20 (62.5) 0.97

Male 88 (35.2) 12 (36.4) 12 (37.5)
ASA 23, n (%) 102 (40.8) 14 (42.4) 14 (43.7)  0.94
WENS grade, n (%)

| 96 (38.4) 11 (33.3) 11 (34.4)

I 72 (28.8) 10 (30.3) 8(25.0)

I 20 (8.0) 3(9.1) 3(9.4) 0.89

vV 36 (14.4) 5(15.1) 6 (18.7)

V 26 (10.4) 4(12.1) 4 (12.5)
Treatment modality, n (%)

Endovascular 122 (48.8) 16 (48.5) 15 (46.9) 0.98

Microsurgical clipping 128 (51.2) 17 (51.5) 17 (53.1)
Rebleeding before treatment, n (%) 8(3.2) 2 (6.1) 2(6.3) 0.41
Admission-to-treatment delay (h), mean+SD  13.2+9.1 9.6+7.4 8.9+6.2 0.07

Significant p values in bold. SD: Standard deviation; ASA: American Society of Anesthesiologists; WFNS: World

Federation of Neurological Surgeons

RESULTS

Atotal of 315 patients who underwent treatment for ruptured
intracranial aneurysms between January 2021 and January
2026 were included in the analysis. According to operative
timing, 250 procedures (79.4%) were performed during work
hours (07:00-16:00), 33 procedures (10.5%) during evening
hours (16:00-22:00), and 32 procedures (10.1%) during night-
time hours (22:00-07:00).

Baseline demographic and clinical characteristics were
comparable among the three groups (Table 1). The mean
age ranged from 55.8+13.2 years in the work-hour group to
57.4+13.5 years in the nighttime group, without a statistical-
ly significant difference (p=0.81). Sex distribution was also
similar across groups, with females representing 64.8% of
the work-hour group, 63.6% of the evening group, and 62.5%
of the nighttime group (p=0.97). The proportion of patients
with ASA class =3 was comparable between groups (40.8%,
42.4%, and 43.7%, respectively; p=0.94). Likewise, the dis-
tribution of WFENS grades did not differ significantly across
operative timing categories (p=0.89).

Treatment modality was balanced among groups, with ap-
proximately half of the patients undergoing endovascular
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treatment and the remainder receiving microsurgical clip-
ping (p=0.98). The choice of treatment modality was based
primarily on aneurysm characteristics and patient-relat-
ed factors and was not influenced by the time of day. The
frequency of rebleeding prior to treatment and the admis-
sion-to-treatment interval were also similar across groups
(p=0.41 and p=0.07, respectively).

Radiological characteristics were similarly distributed
among the operative timing groups (Table 2). The distri-
bution of Fisher grades was comparable between groups
(p=0.96), with Fisher grade Ill representing the most frequent
radiological presentation. The majority of aneurysms were
located in the anterior circulation, accounting for 78.0% of
cases in the work-hour group, 78.8% in the evening group,
and 78.1% in the nighttime group (p=0.99).

Median aneurysm size was similar across groups, with val-
ues ranging from 6.1 mm to 6.5 mm (p=0.44). The presence
of intracerebral hematoma, both with and without midline
shift, was also comparable between groups (p=0.58). In ad-
dition, the frequencies of multiple aneurysms and previously
treated aneurysms did not differ significantly among opera-
tive timing categories (p=0.95 and p=0.74, respectively).
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Table 2. Radiological characteristics according to operative timing

Characteristic Work hours Evening 4 Nighttime p
7 AM-4PM PM-10 PM 10 PM-7 AM
(n=250) (n=33) (n=32)
Fisher grade, n (%)
| 18 (7.2) 2(6.1) 2(6.3)
Il 56 (22.4) 7 (21.2) 7 (21.9)
If 112 (44.8) 15 (45.5) 14 (43.8) 0.9
v 64 (25.6) 9(27.2) 9 (28.0)
Aneurysm location, n (%)
Anterior circulation 195 (78.0) 26 (78.8) 25 (78.1) 0.99
Posterior circulation 55 (22.0) 7(21.2) 7 (21.9)
Aneurysm size, median (Q1-Q3), mm 6.1 (4.1-8.3) 6.4(45-9.0) 6.5(4.6-9.2) 0.44
Intracerebral hematoma, n (%)
Without midline shift 60 (24.0) 8(24.2) 7(21.9) 058
With midline shift 18 (7.2) 3(9.1) 4(12.5)
Multiple aneurysms, n (%) 58 (23.2) 8 (24.2) 7 (21.9) 0.95
Previously treated aneurysm, n (%) 3(L2) 0 0 0.74

Significant p values in bold. Q1: First quartile; Q3: Third quartile

Table 3. Clinical outcomes according to operative timing

Outcome Work hours  Evening 4 Nighttime p
7AM-4PM  PM-10PM 10 PM-7 AM
(n=250) (n=33) (n=32)
Favorable outcome (mRS 0-2), n (%) 160 (64.0) 19 (57.6) 16 (50.0) 0.21
Poor outcome (mRS 3-5), n (%) 58 (23.2) 9(27.3) 9(28.1)
Mortality (mRS 6), n (%) 32(12.8) 5(15.1) 7(21.9) 0.18
Length of hospital stay, median (IQR) 11 (7-21) 10 (6-19) 12 (8-22) 0.47

Significant p values in bold. mRS: Modified Rankin Scale; IQR: Interquartile range

Clinical outcomes according to operative timing are sum-
marized in Table 3. A favorable functional outcome (MRS
0-2) was observed in 160 patients (64.0%) in the work-hour
group, 19 patients (57.6%) in the evening group, and 16 pa-
tients (50.0%) in the nighttime group. Although there was a
numerical trend toward lower favorable outcome rates with
later operative timing, the difference did not reach statistical
significance (p=0.21).

Poor functional outcome (mRS 3-5) occurred in 58 patients
(23.2%) in the work-hour group, 9 patients (27.3%) in the eve-
ning group, and 9 patients (28.1%) in the nighttime group.
Mortality (mRS 6) was recorded in 32 patients (12.8%) in the
work-hour group, 5 patients (15.1%) in the evening group,
and 7 patients (21.9%) in the nighttime group, without a sta-
tistically significant difference (p=0.18).

Median length of hospital stay was also comparable among
groups, with medians of 11 days (IQR 7-21) in the work-hour
group, 10 days (IQR 6-19) in the evening group, and 12 days
(IQR 8-22) in the nighttime group (p=0.47). Accordingly, func-
tional outcome assessed using the modified Rankin Scale at
discharge reflects short-term clinical status. The distribu-
tion of modified Rankin Scale scores according to operative
timing is illustrated in Figure 1, demonstrating a gradual in-
crease in unfavorable outcomes with later operative timing,
although this trend did not reach statistical significance.

Logistic regression analysis was performed to identify pre-
dictors of poor functional outcome (mRS =3) (Table 4). In
univariate analysis, ASA class =3, WFNS grade =V, Fisher
grade =lll, intracerebral hematoma, and nighttime surgery
were associated with poor outcome.
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Figure 1. Distribution of modified Rankin Scale (mRS) scores according to operative timing. Stacked bar chart illustrating the
proportion of patients across mRS categories (0-6) in work-hour (07:00-16:00), evening (16:00-22:00), and nighttime (22:00-
07:00) groups. A gradual shift toward higher mRS scores, including increased mortality (mRS 6), is observed with later operative
timing. However, these differences did not reach statistical significance

Percentaae (%)

In multivariate analysis, WFNS grade =IV (OR 3.31, 95% ClI
1.98-5.54, p<0.001) remained the strongest independent
predictor of unfavorable outcome. Additionally, ASA class =3
(OR 1.62, 95% Cl 1.03-2.55, p=0.035) and Fisher grade =llI
(OR 1.88, 95% CI 1.11-3.19, p=0.019) were independently as-
sociated with poor outcomes.

Operative timing variables, including evening surgery (OR 1.21,
p=0.54) and nighttime surgery (OR 1.74, p=0.11), were not in-
dependently associated with unfavorable functional outcome
after adjustment for clinical severity and radiological factors.

DISCUSSION

The present study evaluated whether operative timing influ-
ences clinical outcomes in patients undergoing treatment for
ruptured intracranial aneurysms. In this single-center cohort
of 315 patients, procedures were categorized according to op-
erative timing into work hours, evening hours, and nighttime

hours. The principal findings of this study are threefold. First,
baseline clinical and radiological characteristics were com-
parable across operative timing groups. Second, although
a numerical trend toward worse outcomes was observed in
patients treated during nighttime hours, operative timing
was not independently associated with poor functional out-
come after adjustment for clinical severity and radiological
factors. Third, established predictors of poor outcome, in-
cluding WFNS grade =IV, ASA class =3, and Fisher grade =,
remained the strongest determinants of prognosis.tZ

One of the central concerns in the management of aneurys-
mal subarachnoid hemorrhage (aSAH) is whether treatment
performed outside standard working hours may negatively
influence outcomes. Several studies in the broader surgical
literature have described a so-called “nighttime" or “off-
hours effect,” in which procedures performed during eve-
nings or nights are associated with increased complication

Table 4. Logistic regression analysis for poor outcome (mRS >3)

Variable Univariate OR p Multivariate OR p
(95% CI) (95% ClI)

Age 1.02 (1.00-1.04) 0.08 1.01 (0.99-1.04) 0.22
Female sex 0.94 (0.61-1.46) 0.79 0.97 (0.61-1.55) 0.90
ASA >3 1.84 (1.19-2.83) 0.006 1.62 (1.03-2.55) 0.035
WENS =1V 3.92 (2.41-6.38) <0.001 3.31(1.98-5.54) <0.001
Fisher >llI 2.14 (1.29-3.54 0.003 1.88 (1.11-3.19) 0.019
Intracerebral hematoma 1.71 (1.02-2.86 0.041 1.52 (0.89-2.58) 0.12
Evening surgery 1.32 (0.72-2.43 0.36 1.21 (0.65-2.27) 0.54
Nighttime surgery 1.98 (1.02-3.86) 0.043 1.74 (0.88-3.45) 0.11

Significant p values in bold. OR: Odds ratio; Cl: Confidence interval; ASA: American Society of Anesthesiolo-
gists; WFENS: World Federation of Neurological Surgeons; mRS: Modified Rankin Scale
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rates and mortality. Potential explanations include reduced
staffing levels, provider fatigue, and decreased availability
of specialized resources during off-hours. In neurosurgery,
however, the evidence for such an effect in aneurysm treat-
ment remains inconsistent.[3-1]

In the present study, outcomes demonstrated a gradual de-
cline across operative timing categories. Favorable function-
al outcome (MRS 0-2) was observed in 64.0% of patients
treated during work hours, 57.6% of those treated during
evening hours, and 50.0% of those treated during nighttime
hours, while mortality rates increased from 12.8% during
work hours to 21.9% during nighttime procedures. Although
these findings suggest a possible trend toward worse out-
comes with later operative timing, the differences did not
reach statistical significance. More importantly, operative
timing was not independently associated with poor outcome
in multivariate analysis. These results suggest that the ap-
parent differences observed in crude outcome comparisons
may be attributable to patient-related factors rather than
the timing of the procedure itself.\"-2

Our regression analysis confirmed that clinical severity re-
mains the dominant determinant of outcome in aneurysmal
subarachnoid hemorrhage. WFNS grade =1V was the strongest
independent predictor of poor outcome, increasing the odds
of unfavorable functional status by more than threefold. This
finding is consistent with numerous studies demonstrating
that neurological status at presentation is the most important
predictor of outcome following aSAH. Similarly, Fisher grade
>|ll, reflecting greater subarachnoid blood burden and in-
creased risk of vasospasm, was independently associated with
unfavorable outcomes. The association between higher ASA
class and poor outcome likely reflects the impact of systemic
comorbidities on perioperative risk and overall recovery.td

The lack of an independent association between operative
timing and outcome observed in this study may reflect sev-
eral factors. First, modern neurovascular centers increas-
ingly maintain 24-hour availability of specialized teams,
including neurosurgeons, interventional neuroradiologists,
neuroanesthesiologists, and neurocritical care staff. Such
organizational structures may mitigate the potential nega-
tive effects of off-hours treatment. Second, in the setting of
ruptured aneurysms, treatment timing is often dictated by
clinical urgency rather than scheduling considerations. Pa-
tients requiring immediate intervention may present with
more severe hemorrhage or neurological deterioration,
which may partially explain the trend toward worse out-
comes in nighttime cases. After adjusting for these severi-

ty-related factors, operative timing itself does not appear to
exert an independent effect on outcome.™!

Another explanation for the observed findings may be relat-
ed to sample size differences between timing groups. In the
present cohort, the majority of procedures were performed
during work hours, while the evening and nighttime groups
were considerably smaller. This imbalance reflects the typical
workflow in most neurovascular centers but may limit statis-
tical power to detect modest differences between groups. Ac-
cordingly, the absence of statistically significant differences in
operative timing should be interpreted with caution, as small-
er group sizes may reduce the ability to detect subtle effects.

The findings of this study have important clinical implica-
tions. Our results suggest that treatment of ruptured intra-
cranial aneurysms can be performed safely regardless of the
time of day, provided that experienced neurovascular teams
and appropriate institutional resources are available. De-
laying treatment solely to avoid nighttime intervention may
therefore not be justified, particularly in patients at high risk
of rebleeding. Early aneurysm occlusion remains the cor-
nerstone of aSAH management, and prompt intervention
should remain the priority.?24

Several limitations of this study should be acknowledged.
First, the retrospective design introduces the possibility of
selection bias and unmeasured confounding variables. Sec-
ond, the relatively smaller number of evening and nighttime
procedures may limit statistical power for detecting subtle
timing-related differences. Third, this analysis was conduct-
ed at a single center, and institutional workflow patterns may
differ across neurovascular centers. Finally, long-term func-
tional outcomes beyond hospital discharge were not evaluat-
ed. As recovery after aneurysmal subarachnoid hemorrhage
may evolve over several months, the absence of follow-up
data at standard time points, such as 90 days or 6 months,
Llimits the ability to fully assess functional recovery.132>-28]

Despite these limitations, the present study includes a rel-
atively large cohort of patients and provides a detailed
comparison of clinical, radiological, and outcome variables
across three operative timing categories. By incorporating
multivariate analysis, our findings highlight the predomi-
nance of disease severity rather than operative timing in de-
termining patient outcomes.

Future multicenter studies with larger sample sizes may fur-
ther clarify whether specific subgroups of patients could be
more vulnerable to potential off-hours effects. Additional-
ly, investigations examining workflow organization, staffing
patterns, and institutional protocols may help determine
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which structural factors contribute most to optimizing out-
comes in aneurysmal subarachnoid hemorrhage.

CONCLUSION

In conclusion, while crude outcome measures demonstrated
a trend toward worse outcomes in patients treated during
nighttime hours, operative timing was not independently
associated with unfavorable functional outcomes after ad-
justment for clinical severity and radiological factors. These
findings support the safety of round-the-clock aneurysm
treatment in specialized neurovascular centers and empha-
size that patient condition at presentation remains the pri-
mary determinant of prognosis.
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