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Abstract
Background  Although the use of vasopressors is recommended after aneurysmal subarachnoid hemorrhage (aSAH) to 
maintain adequate cerebral perfusion pressure, data on potential adverse effects on delayed cerebral ischemia (DCI) are 
lacking. The aim of this study was to evaluate the effects of early high-dose vasopressor therapy with norepinephrine alone 
or additional vasopressin on the subsequent occurrence of DCI, DCI-related infarction and functional outcomes.
Methods  Retrospective evaluation of aSAH patients admitted between January 2010 and December 2022. Demographic, 
clinical and outcome data as well as daily norepinephrine equivalent (NEE) scores were collected. Potential risk factors for 
DCI, DCI-related infarction and functional outcome 3 months after discharge were assessed by logistic regression analyses.
Results  A total of 288 patients were included. 208 patients (72%) received vasopressor therapy during the first 14 postictal 
days with a mean NEE score of 3.8 µg/kgBW/h. The highest NEE scores were observed in the acute phase after hemorrhage 
and mainly in poor-grade patients. The mean NEE score during the postictal days 1–4 was significantly higher in patients 
who developed DCI or DCI-related infarction and who had an unfavorable functional outcome. Multivariable logistic 
regression analysis identified a high NEE score on postictal days 1–4 as an independent predictor of DCI and unfavorable 
functional outcome.
Conclusions  Vasopressor use is common in aSAH patients in the acute phase after hemorrhage. Our results suggest that high 
NEE scores during the first 4 days after ictus represent an independent prognostic factor and might aggravate the complex 
cerebral sequelae associated with the disease.

Keywords  Aneurysmal subarachnoid hemorrhage · Cerebral vasospasm · Delayed cerebral ischemia · Norepinephrine · 
Vasopressin · Vasopressors
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 CT	�  Computed tomography
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 TTD	�  Time to drain
 WFNS	�  World Federation of Neurosurgical Societies

Introduction

Aneurysmal subarachnoid hemorrhage (aSAH) is a severe 
subtype of stoke, associated with high morbidity and mor-
tality [35, 48]. Prehospital mortality rates up to 26% have 
been reported, and approximately 13 to 20% of patients die 
in the acute hospital stay [14]. About half of survivors are 
left with some degree of persistent neurological or cogni-
tive deficit [6, 11]. Patients outcome following aSAH is not 
only attributed to the severity of the initial hemorrhage but 
also to secondary disease-related complications such as cer-
ebral vasospasm (CVS), delayed cerebral ischemia (DCI), 
or cardiac injury [12, 27, 38, 51]. These complications may 
cause disturbances in cerebral blood flow (CBF) leading to 
a reduction of brain tissue perfusion and oxygenation [36]. 
Recent guidelines recommend the use of vasoactive drugs 
to maintain a cerebral perfusion pressure (CPP) sufficient 
to supply the brain, especially in the presence of CVS and 
DCI [14].

However, especially in severely affected patients under 
deep sedation, high vasopressor doses might be required to 
maintain the target arterial blood pressure (BP). In addition, 
aSAH is associated with significant systemic complications 
such as myocardial dysfunction and neurogenic pulmonal 
edema. The mechanisms related to these complications 
include increased activation of the sympathetic nervous 
system with subsequent elevation in levels of circulating 
catecholamines. Reversible cardiac dysfunction, which is 
frequently observed at an early stage after acute aSAH [21, 
30, 45], is directly related to the severity of the primary 
brain injury and may aggravate hemodynamic instability 
[40]. This may further increase the need for high vasopres-
sor doses especially in the early phase after aSAH.

Although the effect of vasopressors on improving mean 
arterial pressure (MAP) and thereby CPP is well estab-
lished [37], it is also well known that high-dose vasopressor 
administration can induce serious end organ damage such 
as limb or bowel ischemia and acute kidney failure due to 
the extensive constriction of small peripheral blood vessels 
[15, 25]. In addition, animal studies suggest that vasoactive 
drugs might have negative effects on cerebral microvascu-
lature [23, 24, 26]. Thus, high-dose vasopressor use might 
aggravate cerebral microcirculatory dysfunction after aSAH.

Studies investigating a potential relationship between 
high-dose vasopressor therapy and the development of DCI, 
secondary cerebral infarction or clinical outcome are scarce. 
A recent retrospective study by Cattaneo et al. indicates a 
significant association between higher dose norepinephrine 
administration and the occurrence of DCI-related infarction 

after aSAH [5]. The authors found significantly higher 
cumulative norepinephrine doses during the first 14 days 
of treatment in those patients who developed DCI-related 
infarction, and confirmed an independent statistical associa-
tion after adjusting for potential confounders.

However, during the intensive care treatment of aSAH 
patients vasopressor dosing might be influenced by several 
factors such as intravenous or volatile anesthesia or ICU-
acquired infections and sepsis, which often only occur in 
the later phase of the hospital stay and might also have a 
negative impact on DCI and the patients’ outcome [13, 46]. 
In addition, vasopressors are often administered to increase 
CPP when DCI or CVS are clinically suspected. This treat-
ment strategy of ‘induced hypertension (IH)’ represents a 
relevant potential bias, as high vasopressor doses may only 
reflect a reaction to a DCI event and not its cause.

To date there are no data on the time course of vasopres-
sor therapy or high-risk periods for vasopressor use after 
aSAH. In clinical perception, there appears to be a high 
demand for vasopressors, particularly during the acute and 
subacute phase following aSAH and especially in severely 
affected high grade patients (World Federation of Neurosur-
gical Societies (WFNS) grade 4–5).

With this study, we aimed to investigate the time course 
of (high) vasopressor therapy during the first 14 days after 
hemorrhage, and to additionally analyze whether the cumu-
lative vasopressor dose during the subacute phase (days 1–4) 
after aneurysm rupture represents a prognostic factor for the 
incidence of DCI-related infarction or unfavorable functional 
outcome. We have limited our analysis to the early phase 
after aSAH in order to exclude possible confounding factors 
for high vasopressor demand, such as IH in response to DCI 
or symptomatic CVS.

Patients and methods

Patient cohort and study design

The medical records of all consecutive aSAH patients 
who were admitted to our tertiary care university hospital 
between January 2010 and December 2022 were retrospec-
tively reviewed and analyzed. The diagnosis of acute SAH 
from a ruptured intracranial aneurysm was confirmed by 
computed tomography (CT) or lumbar puncture and the 
presence of an aneurysm in CT angiography and/or digital 
subtraction angiography (DSA). The study was conducted 
in accordance with the ethical standards of the Declaration 
of Helsinki and approved by the ethics committee of the 
University of Lübeck (reference 2023 − 557). This is an ethi-
cal committee-approved retrospective chart review study; all 
patient information was de-identified, and patient consent to 
participate or publish is not applicable.
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We included patients aged 18 or older who were treated 
for at least 14 days in our neurointensive care unit. Patients 
with aSAH caused by an aneurysm associated with arterio-
venous malformation (AVM) or mycotic pseudoaneurysms 
were excluded. Additionally, patients who died during the 
first 14 days after ictus or who received palliative care only 
due to poor prognosis were excluded from this analysis. 
According to the outcome variables analyzed in this study, 
we defined additional exclusion criteria as follows: (1) 
delayed presentation with admission more than 3 days after 
the anamnestic bleeding event, (2) detection of angiographic 
CVS in the initial DSA indicating previous bleeding, (3) 
missing data/ incomplete records on vasopressor therapy.

Data acquisition

Demographic and clinical characteristics of the study cohort 
as well radiological and outcome data were collected by 
chart review. Hourly administration of norepinephrine and 
vasopressin administration was recorded in the first 14 days 
after aSAH. In particular, vasopressor administration dur-
ing aneurysm repair in case of bleeding or anesthesiologic 
complications or during endovascular rescue therapies for 
CVS due to hypotensive side effects of intraarterial nimodi-
pine therapy was not recorded. Since different vasopressors 
have different pharmacological characteristics and effects on 
hemodynamics, we used an updated norepinephrine equiva-
lent (NEE) score proposed by Kotani et al. to quantify the 
vasopressor exposure in our study [22]. The NEE score 
converts the dose of each vasopressor equivalent to that of 
norepinephrine (µg/kgBW/h). For vasopressin (U/min), a 
conversion ratio of 2.5 was used.

Management of aSAH patients

After aneurysm repair with either surgical clipping or endo-
vascular obliteration within 48 h after admission, patients 
were monitored in our neurointensive care unit for at least 
14 days per institutional aSAH protocol. Vital signs were 
assessed continuously via bedside monitoring. Follow-up 
included an early CT scan after intervention (within 24 h 
after aneurysm treatment) in all patients. Depending on the 
clinical condition, further follow-up CT and/or perfusion CT 
(PCT) scans were performed during the hospital stay. In case 
of acute symptomatic hydrocephalus, cerebrospinal fluid 
(CSF) drain was placed. Patients received standard medical 
treatment according to current international guidelines with 
euvolemia and a target hemoglobin value > 10 g/dl [14].

All patients were treated with nimodipine orally at a 
standard dosing regimen of 60 mg every 4 h or intrave-
nously with 2 mg of nimodipine per hour. In case of sys-
temic hypotension following oral application, a modified 

dosing regimen with lower doses at a higher frequency (30 
mg nimodipine every two hours) was used [9, 28].

Routine monitoring for DCI and CVS included serial neu-
rologic examinations and daily transcranial Doppler (TCD) 
sonography. CVS on TCD was defined as mean flow velocity 
(FV) > 140 cm/s in the anterior circulation, or an increase 
of FV by ≥ 50 cm/s over 24 h. If patients were clinically 
assessable, DCI was defined by the clinical criteria set by 
Vergouwen et al. (new focal neurologic deficit or a decrease 
in the Glasgow coma scale ≥ 2 for at least 1 h, not ascribable 
to other diagnoses) [50]. In analgosedated patients, further 
DCI surveillance was performed by placement of invasive 
neuromonitoring with continuous intracranial pressure (ICP) 
and brain tissue oxygen monitoring (PBrO2, Neurovent-TO® 
or Neurovent. PTO®, Raumedic AG, Helmbrechts, Ger-
many), and repeated PCT imaging. In these patients, the 
clinical definition of DCI was extended to include events of 
functional deterioration (functional DCI) as described previ-
ously [43, 49]. Functional DCI was defined as cerebral oxy-
genation crises with refractory decrease in PBrO2 below 15 
mmHg and/or as DCI-related hypoperfusion on PCT defined 
as areas of prolonged time to drain (TTD) not related to 
other causes [10, 52]. If DCI or CVS was suspected, arte-
rial hypertension was induced (induced hypertension, IH) by 
means of fluid and vasopressor administration. If the medi-
cal treatment failed to improve the patients’ condition, DSA 
was performed to confirm angiographic CVS and to initiate 
vasospasmolysis, either by intraarterial nimodipine infusion 
and/or transluminal balloon angioplasty. Angiographic CVS 
was defined as the occurrence of new arterial vessel narrow-
ing on follow-up DSA not attributable to atherosclerosis, 
catheter-induced spasm, or vessel hypoplasia.

Blood pressure management and vasopressors

In the acute postictal phase, in ventilated patients and dur-
ing vasopressor infusion, arterial BP was continuously 
monitored invasively via arterial catheter. In clinically stable 
patients, BP was subsequently monitored with a non-inva-
sive blood pressure cuff. According to our institutional pro-
tocol, the initial target systolic BP before securing the aneu-
rysm was < 140 mmHg. After aneurysm repair, the target for 
MAP was approximately 80–90 mmHg. In case of DCI or 
CVS, IH was performed with a systolic BP goal of 160–180 
mmHg. BP values below the targeted range were first treated 
with fluid optimization, and then supported with continuous 
intravenous vasopressor infusion. The vasopressor of choice 
for BP support was norepinephrine (Noradrenalin Aguet-
tant, 0.08 mg/ml, Laboratoire Aguettant, Lyon, France), 
administered as continuous intravenous infusion through a 
central access line. Additive to norepinephrine, vasopressin 
(Empressin ® 40 I.E./2 ml, AOP Orphan Pharmaceuticals 
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GmbH, Vienna, Austria) was used as needed when target 
BP values were not achieved.

Definition of outcome variables

The primary outcome was defined as the patients’ functional 
outcome assessed using the modified Rankin Scale (mRS 
0–6) at 3 months after the initial hemorrhage. For analysis, 
mRS was categorized into favorable outcome (mRS 0–3) and 
unfavorable outcome (mRS 4–6). The overall occurrence 
of DCI-related cerebral infarction was used as a secondary 
outcome parameter. DCI-related infarction was defined as 
new hypodense lesions on follow-up CT not attributable to 
other causes. Pre-existing infarctions and infarctions related 
to the primary brain damage, cerebral herniation, the initial 
aneurysm treatment or other iatrogenic interventions were 
excluded.

Statistical analysis

Data analysis was performed using the software IBM® 
SPSS® 28 (IBM; Armonk, NY, USA). Continuous data are 
presented as medians with interquartile range (IQR), while 
categorical data are presented by counts and percentages.

Categorical variables were evaluated with the chi-square 
test or Fisher’s exact test, if applicable. Continuous variables 
were analyzed using the Mann–Whitney U test for non-nor-
mally distributed data. A p value < 0.05 was considered as 
statistically significant.

To identify independent predictors for different outcome 
variables, we performed univariable analyses with chi-
square testing. To exclude confounding factors, we used a 
multivariable logistic regression model with stepwise back-
ward selection. Multivariable regression results are reported 
as odds ratio (OR), 95% confidence interval (CI-0.95), and 
p-value. Box-Whisker-Plots show median (band), first and 
third quartiles (box) and 1.5-fold IQR (whisker).

Receiver operating characteristic (ROC) curve analysis 
was performed and Youden’s index was used to calculate the 
optimal cut-off value of the mean NEE score (µg/kgBW/h) 
during postictal days 1–4 for the occurrence of an unfavora-
ble outcome (mRS 4–6) after 3 months.

Results

Study population and patient characteristics

We identified 429 aSAH patients admitted to our depart-
ment between 2010 and 2022. We excluded 6 patients with 
AVM-associated or mycotic aneurysms. We also excluded 
83 patients who died within 14 days after hemorrhage or 
in whom treatment was withdrawn due to neurological 

devastation. 33 patients were excluded because of delayed 
hospital admission more than 3 days after onset of symp-
toms or because of the detection of angiographic CVS in the 
initial DSA, indicating a previous hemorrhage. 19 patients 
were excluded due to incomplete records or missing data.

Ultimately, a total of 288 patients were included in this 
retrospective analysis. Baseline characteristics and outcome 
measures of the study cohort are summarized in Table 1. 
The median patient age was 55 years (IQR 16.3) and the 
majority of patients were female (n = 204, 71%). Ten patients 
(3%) had diabetes and 109 patients (38%) had a history of 
arterial hypertension. In our cohort, 180 patients (63%) pre-
sented with mild to moderate aSAH (WFNS grade 1–3), 
while 108 patients (37%) were admitted with severe aSAH 
(WFNS grade 4–5). The majority of patients (n = 264, 92%) 
had Fisher grade 3–4 blood distribution on the initial cranial 
CT scan. Decompressive craniectomy was performed in 61 
(21%) patients, and 67 patients (23%) required CSF drain-
age due to acute hydrocephalus. Most ruptured aneurysms 
were located in the anterior circulation (n = 242, 84%) with 
the anterior communicating artery (n = 79, 27%) and the 
middle cerebral artery (n = 75, 26%) as the most common 
locations. Aneurysms were secured by endovascular treat-
ment in about two thirds of patients (n = 197, 68%), and by 
surgical clipping in 91 patients (32%). Overall DCI-events 
were observed in 116 patients (40%), and angiographic CVS 
was diagnosed in 113 patients (39%). DCI-related infarc-
tion occurred in 19% of patients (n = 54). Twelve patients 
(4%) of our cohort died during acute hospitalization (after 
postictal day 14). Favorable functional outcome (mRS 0–3) 
at 3 months follow-up was achieved in 176 patients (61%).

Vasopressor treatment

In our study cohort, 208 patients (72%) received vasopressor 
therapy during the first 14 days of treatment. Of these, all 
patients received norepinephrine infusion (100%), and 66 
patients (23%) received additional vasopressin.

In 54 patients (19%) vasopressin was administer during 
postictal days 1–4.

During days 1–14 after ictus, the overall median of vaso-
pressor therapy was 9 days (IQR 2–13). The mean NEE 
score was 3.8 µg/kgBW/h (SD 4.0) during the entire obser-
vation period (days 1–14) and 4.9 µg/kgBW/h (SD 5.2) dur-
ing postictal days 1 to 4.

The time course of vasopressor administration in our 
cohort during the first 14 days after the bleeding event is 
shown in Fig. 1. We found a significant steep-wise increase 
in the NEE score on postictal day 1 with peek-vasopressor 
doses on postictal day 3. Thereafter, the NEE score values 
decrease again significantly every day and reach a stable 
level on the 7th postictal day. The subgroup analysis of 
patients with WFNS grade 1–3 and patients with WFNS 
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grade 4–5 shows that WFNS grade 4–5 patients are signifi-
cantly more frequently affected by high-dose vasopressor 
therapy (Fig. 1, B).

Effects of high NEE score during postictal days 1–4

Mean cumulative NEE score during the postictal days 1–4 
was significantly higher in patients who developed over-
all DCI-events (p=0.004, Fig. 2A), DCI-related infarc-
tion (p=0.002, Fig. 2B) and who showed an unfavorable 
functional outcome (mRS 4–6) at 3 months (p < 0.001, 
Fig. 2C).

Risk factors associated with the occurrence 
of overall DCI

The results of the logistic regression analysis of potential 
predictors of overall DCI (clinical and functional DCI) are 
given in Table 2. In our cohort, high NEE score on pos-
tictal days 1–4 (OR 1.06, p = 0.013) was the only variable 
that showed a significant association with the occurrence 
of overall DCI-events.

Table 1   Characteristics of the study cohort

IQR interquartile range; WFNS World Federation of Neurosurgical 
Societies; CSF cerebrospinal fluid;
ICA internal carotid artery; MCA middle cerebral artery; ACOM ante-
rior communicating artery;
ACA​ anterior cerebral artery; PCOM posterior communicating artery; 
DCI delayed cerebral ischemia;
DIND delayed ischemic neurological deficit; PBrO2 Brain issue oxy-
gen; PCT perfusion computed tomography;
CVS cerebral vasospasm; mRS modified Rankin Scale

Variable All (n = 288)

Age in years, median (IQR) 55 (16.3)
Female sex, n (%) 204 (71)
Diabetes, n (%) 10 (3)
History of hypertension, n (%) 109 (38)
WFNS grade, n (%)
1
2
3
4
5

86 (30)
55 (19)
39 (13)
48 (17)
60 (20)

Fisher scale, n (%)
1
2
3
4

3 (1)
21 (7)
101 (35)
163 (57)

Decompressive craniectomy, n (%) 61 (21)
Intraparenchymal hemorrhage, n (%) 94 (33)
Intraventricular hemorrhage, n (%) 198 (69)
Acute hydrocephalus requiring CSF drain, n (%) 67 (23)
Aneurysm localization, n (%)
ICA
MCA
ACOM
ACA​
PCOM
Posterior circulation

47 (16)
75 (26)
79 (27)
23 (8)
18 (6)
46 (16)

Aneurysm obliteration, n (%)
Surgical clipping
Endovascular treatment

91 (32)
197 (68)

Overall occurrence of DCI, n (%)
DIND
PBrO2 < 15 mmHg
PCT hypoperfusion

116 (40)
20 (7)
37 (13)
83 (29)

Angiographic CVS, n (%) 113 (39)
DCI-related cerebral infarction, n (%) 54 (19)
In-hospital mortality, n (%) 12 (4)
Functional outcome after 3 months, n (%)
Favorable outcome (mRS 0–3)
Unfavorable outcome (mRS 4–6)

176 (61)
112 (29)

Fig. 1   Time course of the daily cumulative NEE score during the first 
14 days after hemorrhage in the total study cohort (A) as well as in 
WFNS grade 1–3 and WFNS grade 4–5 patients. Data are presented 
as mean with standard error
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Risk factors associated with DCI‑related infarction

Univariable risk factors for the occurrence of DCI-related 
cerebral infarction were WFNS grade 4–5 (OR 2.52, 
p = 0.001), acute hydrocephalus (OR 2.76, p = 0.002) and a 
high NEE score on postictal days 1–4 (OR 1.08, p = 0.005). 
After adjusting for confounding variable interaction in a 
multivariable logistic regression model, only WFNS grade 
4–5 (OR 2.07, p = 0.021) and acute hydrocephalus (OR 

2.61, p = 0.021) were confirmed as independent predictor 
of DCI-related infarction. The detailed analysis can be 
found in Table 3.

Risk factors associated with unfavorable functional 
outcome

The results of the logistic regression model with functional 
outcome at 3 months as the dependent variable are 
summarized in Table 4. We found that older age (OR 1.06, 
p < 0.001), WFNS grade 4–5 (OR 8.10, p < 0.001), Fisher 
grade 3–4 (OR 10.50, p = 0.003), acute hydrocephalus (OR 
2.43, p < 0.001) and a high NEE score on postictal days 
1–4 (OR 1.32, p < 0.001) were significantly associated with 
unfavorable functional outcome in univariable analysis. 
Multivariable analysis confirmed older age (OR 1.08, 
p < 0.001), WFNS grade 4–5 (OR 2.23, p = 0.029) and 
high NEE score on postictal days 1–4 (OR 1.29, p < 0.001) 
as independent risk factors for unfavorable functional 
outcome.

ROC analysis showed that the mean NEE score during 
postictal days 1–4 differed significantly between patients with 
favorable and unfavorable outcomes (AUC = 0.846, 95% CI 
0.802–0.890, p < 0.001, Fig. 3). Patients who received a NEE 
score of more than 5.16 µg/kgBW/h were more likely to have 
an unfavorable outcome (Youden’s index = 0.55, sensitivity 
0.78, specificity 0.77).

Fig. 2   Box plots comparing the mean cumulative NEE score between 
days 1 to 4 after hemorrhage in patients with and without occurrence 
of DCI (A), DCI-related infarction (B) and favorable or unfavorable 
functional outcome (mRS 0–3 vs. mRS 4–6) at 3 months (C)

Table 2   Univariable logistic regression analysis of possible clinical 
predictors of overall DCI

Data comparisons were made using log rank test for univariable anal-
ysis
Statistically significant differences are made bold (p < 0.05)
DCI delayed cerebral ischemia; OR odds ratio; CI confidence inter-
val; WFNS World Federation of Neurosurgical Societies;
NEE norepinephrine equivalent

Parameter Clinical predictors of DCI

OR [CI-0.95] P value

Age (years) 0.98 [0.96–1.00] 0.084
Female sex 1.31 [0.78–2.22] 0.312
WFNS grade 4–5 1.57 [0.98–2.53] 0.062
Fisher scale 3–4 2.33 [0.63–8.64] 0.208
Acute hydrocephalus 1.43 [0.85–2.40] 0.174
Aneurysm localization
Anterior circulation

0.68 [0.35–1.32] 0.249

Aneurysm treatment
Surgical treatment

0.89 [0.54–1.49] 0.669

NEE score postictal days 1–4 
(µg/kgBW/h)

1.06 [1.01–1.11] 0.013
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Discussion

We found that hemodynamic augmentation by vasopressors 
is a common strategy following aSAH and affects nearly 
three quarters of patients. The results of our study support 
the clinical observation that high doses of vasopressors are 
administered especially in the acute and subacute phase 
after hemorrhage. Hemodynamic instability occurs mainly 

in the early phase after aSAH and particularly affects 
patients with high WFNS-grades.

Arterial hypotension during the early phase after 
aSAH might be influenced by several factors, especially 
the severity of early brain injury. In addition, aSAH 
patients are at high risk of cardiac complications including 
cardiomyopathy, arrhythmia and systolic dysfunction [19]. 
There are some indications in the literature, that high grade 

Table 3   Logistic regression 
analysis of possible clinical 
predictors of DCI-related 
infarction

Data comparisons were made using univariable and multivariable logistic regression. Statistically signifi-
cant differences are made bold (p < 0.05)
DCI delayed cerebral ischemia; OR Odds ratio; CI confidence interval; WFNS World Federation of Neuro-
surgical Societies;
NEE norepinephrine equivalent

Clinical predictors of DCI-related infarction

Parameter Univariable analysis Multivariable analysis

OR [CI-0.95] P value OR [CI-0.95] P value

Age (years) 1.02 [1.00–1.05] 0.069 - -
Female sex 0.92 [0.48–1.77] 0.473 - -
WFNS grade 4–5 2.52 [1.41–4.51] 0.001 2.07 [1.09–3.95] 0.021
Fisher scale 3–4 1.67 [0.36–7.72] 0.513 - -
Acute hydrocephalus 2.76 [1.37–5.58] 0.002 2.61 [1.16–5.90] 0.021
Aneurysm localization
Anterior circulation

0. 61 [0.24–1.51] 0.193 - -

Aneurysm treatment
Surgical treatment

0.56 [ 0.28–1.12] 0.067

NEE score postictal days 1–4 
(µg/kgBW/h)

1.08 [1.02–1.13] 0.005 1.04 [0.97–1.12] 0.237

Table 4   Logistic regression 
analysis of possible clinical 
predictors of unfavorable 
outcome

Data comparisons were made using univariable and multivariable logistic regression. Statistically signifi-
cant differences are made bold (p < 0.05)
mRS modified Rankin Scale; OR Odds ratio; CI confidence interval; WFNS World Federation of Neurosur-
gical Societies;
DCI delayed cerebral ischemia; NEE norepinephrine equivalent

Clinical predictors of unfavorable outcome (mRS 4–6)

Parameter Univariable analysis Multivariable analysis

OR [CI-0.95] P value OR [CI-0.95] P value

Age (years) 1.06 [1.04–1.09] < 0.001 1.08 [1.04–1.11] < 0.001
Female sex 1.15 [0.69–1.94] 0.340 - -
WFNS grade 4–5 8.10 [4.64–14.13] < 0.001 2.23 [1.08–4.59] 0.029
Fisher scale 3–4 10.50 [1.37–80.64] 0.003 6.01 [0.40–92.97] 0.193
Acute hydrocephalus 2.43 [1.40–4.21] < 0.001 1.25 [0.61–2.55] 0.549
Aneurysm localization
Posterior circulation

0.89 [0.47–1.71] 0.431 - -

Aneurysm treatment
Surgical treatment

1.61 [0.98–2.70] 0.069 - -

NEE score postictal days 1–4 
(µg/kgBW/h)

1.32 [1.24–1.42] < 0.001 1.29 [1.18–1.40] < 0.001
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patients are more likely to be affected by severe cardiac 
dysfunction. The Hunt–Hess grading score shows that 
electrocardiographic changes are observed consistently at 
the lower grades, but echocardiography changes such as 
ventricular wall motion abnormalities and left ventricular 
diastolic dysfunction are found predominately in patients 
with higher grades [16, 17, 20]. Moreover, reversible 
cardiac dysfunction often occurs early after acute aSAH 
[21, 40, 45] and generally resolves within days to weeks 
[3]. Patients with high WFNS-grade aSAH and impaired 
consciousness are additionally more affected by arterial 
hypotension, as they require deep and prolonged sedation 
for neuroprotection. Blood loss in the course of surgical 
aneurysm treatment or decompressive craniectomy might 
also aggravate hemodynamic instability in severely affected 
patients. In the early postictal phase, hemodynamic 
instability can also be aggravated by the start of nimodipine 
treatment. Recent studies have shown that arterial 
hypotension after nimodipine administration is generally 
more common in high grade patients [18, 41]. The further 
time course of vasopressor therapy after the postictal 
phase (day 1–4) showed a steady course without a renewed 
increase in catecholamine requirements. Potential effects 
of IH during the DCI risk phase or secondary systemic 
complications such as hospital-acquired infections are not 
reflected in the dosing course of vasopressor use.

Our results show that a higher cumulative NEE score 
during the postictal days 1–4 is significantly associated 
with the occurrence of overall DCI as well with the inci-
dence of secondary DCI-related cerebral infarction. In 
multivariable analysis, we identified a high NEE score in 
the early phase after aSAH as an independent risk fac-
tor for the occurrence of DCI events. With regards to the 
incidence of DCI-related cerebral infarction, we also found 
a significant association in univariable analysis, but this 
result was not confirmed after adjusting for potential con-
founders. Studies investigating the relationship between 
high-dose vasopressor use and the development of DCI 
after aSAH are scarce. Recently, Cattaneo et al. described 
a significant association between high-dose norepineph-
rine administration and the occurrence of DCI defined as 
radiologic evidence of delayed cerebral infarction [5]. In 
contrast to our study, the authors analyzed the cumulative 
norepinephrine dose given during the first 14 days of treat-
ment. This time interval includes the high-risk period for 
the development of DCI and CVS. Thus, the results might 
be influenced by the implementation of IH as the first-line 
treatment in case of DCI or CVS. In such cases, high vaso-
pressor doses may only be a reaction to a DCI event and 
not the cause. However, the results of our study, in which 
we explicitly examined the postictal phase after aSAH to 
exclude such bias, confirm an independent association 
between high-dose vasopressor therapy and the occurrence 
of clinical and functional DCI events. Since current studies 
indicate that the pathophysiological mechanisms of early 
brain injury (EBI) are linked to those of DCI [1, 2], early 
vasopressor therapy might have a negative impact on the 
multifactorial cerebral mechanisms of DCI. However, we 
could not demonstrate an independent correlation between 
high vasopressor doses in the early postictal phase and the 
incidence of DCI-related cerebral infarction. Our results 
suggest that the pathophysiological cascades of DCI devel-
opment might be triggered by high vasopressor doses in 
the early phase of the disease, but this does not appear to 
lead to an increased risk of delayed secondary infarction.

Recent guidelines do not provide specific recommenda-
tions on which vasopressor should be utilized in patients 
with acute brain injury. Currently, the most commonly 
used vasopressors are norepinephrine, phenylephrine, 
and dopamine [37, 53]. In clinical routine, a second vaso-
pressor is often added if blood pressure targets are not 
achieved with one agent. At our institution, we exclu-
sively use norepinephrine as the first line vasopressor after 
aSAH. The second-line agent is usually vasopressin which 
is used in addition to norepinephrine as a catecholamine-
sparing agent to reduce the levels of norepinephrine dos-
age [34]. In our cohort, only 23% of patients were treated 
with vasopressin as a second vasopressor. The majority 
of patients received norepinephrine as the only vasoactive 

Fig. 3   Receiver operating characteristic (ROC) analysis of the asso-
ciation between the mean cumulative NEE score between days 1 to 
4 after hemorrhage and the occurrence of an unfavorable outcome 
(mRS 4–6)
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agent for MAP maintenance. Studies indicating a relation-
ship between high-dose norepinephrine and the develop-
ment of DCI are still limited. A direct link of DCI due to 
the administration of noradrenaline has only been demon-
strated in a case report to date [55].

However, experimental animal studies suggest that 
norepinephrine causes direct vasoconstriction in cerebral 
microvessels with a consecutive decrease in oxygen satura-
tion in the cerebral microvasculature [24, 31]. In addition, 
several clinical studies have found a correlation between the 
use of vasopressors and a decrease of cerebral oxygenation, 
which is attributed to microcirculatory vasoconstriction [4, 
7, 42, 54]. High-dose norepinephrine therapy could therefore 
increase the risk of irreversible infarction, especially in the 
high-risk period for delayed ischemia between postictal days 
4 and 14 and in brain regions that are already hypoperfused 
due to concomitant DCI and CVS.

In terms of functional outcome, the available literature on 
the use of various vasoactive agents in patients with aSAH 
provides controversial results. Roy et al. analyzed the initial 
choice of vasopressors used for IH in patients with aSAH 
and DCI and compared the effects of phenylephrine and nor-
epinephrine on efficacy, adverse effects, and outcome. The 
authors found better clinical outcomes in patients started 
with norepinephrine [39]. These results are in contrast to a 
more recent nationwide cohort study from the United states 
on 2634 patients with nontraumatic SAH which evaluated 
the association between initial vasopressor choice and mor-
tality. In this study, phenylephrine was significantly associ-
ated with reduced mortality compared to norepinephrine and 
dopamine [53].

Our results provide first evidence that high vasopressor 
dosing in the early phase after aSAH represents a signifi-
cant risk factor for an unfavorable functional outcome after 
3 months. Since patients with high WFNS grades are par-
ticularly affected by early high-dose vasopressor therapy, 
it is reasonable to assume that our result might be influ-
enced by the severity of the initial bleeding event. Since 
the initial presentation is a strong predictor of functional 
outcome, high vasopressor demand in the early phase 
might be prognostically synonymous with a high WFNS 
grade. However, multivariable analysis confirmed a ‘high 
NEE score’ as well as ‘older age’ and ‘high WFNS grade’ 
as independent predictors for unfavorable functional out-
come. As our results suggest that a high NEE score early 
after ictus is not related to an increased incidence of DCI-
associated infarction, other pathophysiological aspects 
must be discussed to explain the correlation between high 
vasopressor use and poor functional outcome. Previous 
studies found elevated catecholamine levels in the cerebro-
spinal fluid of patients with high-grade aSAH and report 
a correlation with poor clinical outcome [8, 32]. Distur-
bances of the blood-brain barrier, which is frequently 

observed after severe aSAH, could favor excessive entry 
of norepinephrine into the subarachnoid space which could 
thus contribute to the deleterious effects of endogenous 
catecholamines, especially in high grade patients.

In addition, aSAH patients are at high-risk of cardiac 
complications associated with pronounced acute sympa-
thetic activation and consecutive release of several endog-
enous catecholamines including norepinephrine. The 
severity of cardiac dysfunction is related to the extent of 
catecholamine release and the severity of SAH and mainly 
affects patients with high grade aSAH [33, 40]. Studies 
report an independent association between cardiac com-
plications and an increased risk of death, DCI and poor 
outcome after aSAH [17, 47]. Preclinical and clinical 
evidence suggests that endogenous catecholamines are 
rapidly released within minutes of hemorrhage and that 
myocardial damage and catecholamine levels resolve in the 
first postictal week [29, 40, 44]. High-dose administration 
of noradrenaline in the acute postictal phase could add to 
the deleterious effects of the endogenous catecholamine 
surge and thus adversely affect the patient’s outcome.

A major limitation of this study is its retrospective 
approach, which is inherently associated with selection 
bias and potentially inaccurate data collection. The rate 
of vasopressor infusion was recorded hourly. However, 
bolus-dose administration as a temporary measure for 
transient hypotension was not included in this analysis. In 
the absence of clinical guidelines, the vasopressor choice 
varies in aSAH patients and depends on institutional pref-
erences, limiting the generalizability of our results. In 
particular, there is limited evidence regarding the use of 
vasopressin as a second-line agent for hemodynamic sup-
port in aSAH patients.

We did not analyze MAP or CPP values, as these 
variables were controlled by our institutional protocol, and 
did not evaluate the impact of potential confounders on 
hemodynamics, such as volume status, depth of sedation 
and/or the occurrence of hospital-acquired infectious 
complications. The prophylactic administration of the calcium 
antagonist nimodipine can influence the vasopressor dose due 
to its hypotensive side effects. We did not analyze the effects of 
nimodipine dose modifications or the effects of endovascular 
spasmolysis with bolus application of intra-arterial nimodipine 
on vasopressor requirement. Adverse events and potential end-
organ damage such as kidney injury caused by vasopressor 
therapy were also not recorded. Additionally, we were unable 
to systematically evaluate clinical signs cardiac injury such 
as arrhythmia, serum myocardial enzymes, and diastolic and 
systolic dysfunction. Therefore, it cannot be ruled out that 
undiagnosed aSAH-associated cardiac injury may have led 
to an increased vasopressor requirement or influenced the 
patient’s outcome. However, we found no documentation of 
serious cardiac events in the included patients.
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Conclusions

Hemodynamic support by the use of vasopressors is com-
mon following aSAH and affects mainly patients with high 
WFNS-grades. High-dose vasopressor administration occurs 
primarily in the acute postictal phase after hemorrhage. In 
our cohort, we observed an independent association between 
high vasopressor doses on postictal days 1 to 4 and the 
occurrence of DCI-events and an unfavorable functional 
outcome after 3 months.

Our results suggest that early high-dose vasopressor use 
represents an independent prognostic factor after aSAH and 
might aggravate the complex detrimental pathomechanisms 
associated with the disease. Prospective randomized controlled 
studies are required to validate these results and to further 
evaluate the effects of different vasopressors in aSAH patients.

Author contributions  All authors contributed to the study concep-
tion and design. Acquisition of data, analysis and interpretation were 
performed by NH, MVM and CD. Statistical analyses and interpreta-
tion of data were performed by JK, CD and AL. The first draft of the 
manuscript was written by CD and JK and all authors commented on 
previous versions of the manuscript. VMT revised the work critically 
for important intellectual content. All authors read and approved the 
final manuscript and gave their consent for publication.

Funding  Open Access funding enabled and organized by Projekt 
DEAL.  The authors did not receive support from any organization for 
the submitted work.

Data availability  No datasets were generated or analysed during the 
current study.

Declarations 

Ethical approval   This study received ethical approval from the ethics 
committee of the University of Lübeck (reference 2023-557). This is an 
ethical committee-approved retrospective chart review study; all patient 
information was de-identified, and patient consent to participate or pub-
lish was not required. Patient data will not be shared with third parties.

Human ethics and consent to participate declarations  Not applicable.

Usage of AI in manuscript preparation  None.

Competing interests  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Al-Mufti F, Amuluru K, Smith B, Damodara N, El-Ghanem M, 
Singh IP, Dangayach N, Gandhi CD (2017) Emerging markers of 
early brain injury and delayed cerebral ischemia in Aneurysmal 
subarachnoid hemorrhage. World Neurosurg 107:148–159. https://​
doi.​org/​10.​1016/j.​wneu.​2017.​07.​114

	 2.	 Alsbrook DL, Di Napoli M, Bhatia K, Desai M, Hinduja A, Rubi-
nos CA, Mansueto G, Singh P, Domeniconi GG, Ikram A, Sab-
bagh SY, Divani AA (2023) Pathophysiology of early brain Injury 
and its association with delayed cerebral ischemia in aneurysmal 
subarachnoid hemorrhage: a review of current literature. J Clin 
Med 12:1015. https://​doi.​org/​10.​3390/​jcm12​031015

	 3.	 Banki N, Kopelnik A, Tung P, Lawton MT, Gress D, Drew B, Dae 
M, Foster E, Parmley W, Zaroff J (2006) Prospective analysis of 
prevalence, distribution, and rate of recovery of left ventricular 
systolic dysfunction in patients with subarachnoid hemorrhage. J 
Neurosurg 105:15–20. https://​doi.​org/​10.​3171/​jns.​2006.​105.1.​15

	 4.	 Brassard P, Seifert T, Secher NH (2009) Is cerebral oxygenation 
negatively affected by infusion of norepinephrine in healthy sub-
jects? Br J Anaesth 102:800–805. https://​doi.​org/​10.​1093/​bja/​
aep065

	 5.	 Cattaneo A, Wipplinger C, Geske C, Semmler F, Wipplinger TM, 
Griessenauer CJ, Weiland J, Beez A, Ernestus RI, Westermaier T, 
Kunze E, Stetter C (2023) Investigating the relationship between 
high-dose norepinephrine administration and the incidence 
of delayed cerebral infarction in patients with aneurysmal 
subarachnoid hemorrhage: a single-center retrospective 
evaluation. PLoS ONE 18:e0283180. https://​doi.​org/​10.​1371/​
journ​al.​pone.​02831​80

	 6.	 Connolly ES Jr, Rabinstein AA, Carhuapoma JR, Derdeyn CP, 
Dion J, Higashida RT, Hoh BL, Kirkness CJ, Naidech AM, Ogilvy 
CS, Patel AB, Thompson BG, Vespa P, American Heart Associa-
tion Stroke C, Council on Cardiovascular R, Intervention, Council 
on Cardiovascular N, Council on Cardiovascular S, Anesthesia, 
Council on Clinical C (2012) Guidelines for the management of 
aneurysmal subarachnoid hemorrhage: a guideline for healthcare 
professionals from the American Heart Association/american 
Stroke Association. Stroke 43:1711–1737. https://​doi.​org/​10.​
1161/​STR.​0b013​e3182​587839

	 7.	 Deakin CD, Yang J, Nguyen R, Zhu J, Brett SJ, Nolan JP, Perkins 
GD, Pogson DG, Parnia S (2016) Effects of epinephrine on cer-
ebral oxygenation during cardiopulmonary resuscitation: a pro-
spective cohort study. Resuscitation 109:138–144. https://​doi.​org/​
10.​1016/j.​resus​citat​ion.​2016.​08.​027

	 8.	 Dilraj A, Botha JH, Rambiritch V, Miller R, van Dellen JR (1992) 
Levels of catecholamine in plasma and cerebrospinal fluid in 
aneurysmal subarachnoid hemorrhage. Neurosurgery 31:42–50. 
https://​doi.​org/​10.​1227/​00006​123-​19920​7000-​00007. (discussion 
50 – 41)

	 9.	 Diringer MN, Bleck TP, Claude Hemphill JIII, Menon D, Shutter 
L, Vespa P, Bruder N, Connolly ES Jr, Citerio G, Gress D, Hanggi 
D, Hoh BL, Lanzino G, Le Roux P, Rabinstein A, Schmutzhard 
E, Stocchetti N, Suarez JI, Treggiari M, Tseng MY, Vergouwen 
MD, Wolf S, Zipfel G, Neurocritical Care S (2011) Critical care 
management of patients following aneurysmal subarachnoid hem-
orrhage: recommendations from the neurocritical care society’s 
multidisciplinary consensus conference. Neurocrit Care 15:211–
240. https://​doi.​org/​10.​1007/​s12028-​011-​9605-9

	10.	 Dolatowski K, Malinova V, Frolich AM, Schramm R, Haberland 
U, Klotz E, Mielke D, Knauth M, Schramm P (2014) Volume per-
fusion CT (VPCT) for the differential diagnosis of patients with 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.wneu.2017.07.114
https://doi.org/10.1016/j.wneu.2017.07.114
https://doi.org/10.3390/jcm12031015
https://doi.org/10.3171/jns.2006.105.1.15
https://doi.org/10.1093/bja/aep065
https://doi.org/10.1093/bja/aep065
https://doi.org/10.1371/journal.pone.0283180
https://doi.org/10.1371/journal.pone.0283180
https://doi.org/10.1161/STR.0b013e3182587839
https://doi.org/10.1161/STR.0b013e3182587839
https://doi.org/10.1016/j.resuscitation.2016.08.027
https://doi.org/10.1016/j.resuscitation.2016.08.027
https://doi.org/10.1227/00006123-199207000-00007
https://doi.org/10.1007/s12028-011-9605-9


Acta Neurochirurgica          (2025) 167:76 	 Page 11 of 12     76 

suspected cerebral vasospasm: qualitative and quantitative analy-
sis of 3D parameter maps. Eur J Radiol 83:1881–1889. https://​doi.​
org/​10.​1016/j.​ejrad.​2014.​06.​020

	11.	 Fernando SM, Perry JJ (2017) Subarachnoid hemorrhage. CMAJ 
189:E1421. https://​doi.​org/​10.​1503/​cmaj.​170893

	12.	 Frontera JA, Fernandez A, Schmidt JM, Claassen J, Wartenberg 
KE, Badjatia N, Connolly ES, Mayer SA (2009) Defining vasos-
pasm after subarachnoid hemorrhage: what is the most clinically 
relevant definition? Stroke 40:1963–1968. https://​doi.​org/​10.​1161/​
STROK​EAHA.​108.​544700

	13.	 Goncalves B, Kurtz P, Turon R, Santos T, Prazeres M, Righy C, 
Bozza FA (2019) Incidence and impact of sepsis on long-term 
outcomes after subarachnoid hemorrhage: a prospective obser-
vational study. Ann Intensive Care 9:94. https://​doi.​org/​10.​1186/​
s13613-​019-​0562-3

	14.	 Hoh BL, Ko NU, Amin-Hanjani S, Chou S-Y, Cruz-Flores S, 
Dangayach NS, Derdeyn CP, Du R, Hanggi D, Hetts SW, Ifejika 
NL, Johnson R, Keigher KM, Leslie-Mazwi TM, Lucke-Wold B, 
Rabinstein AA, Robicsek SA, Stapleton CJ, Suarez JI, Tjoumakaris 
SI, Welch BG (2023) 2023 guideline for the management of patients 
with aneurysmal subarachnoid hemorrhage: a guideline from the 
american heart Association/American Stroke Association. Stroke 
54:e314–e370. https://​doi.​org/​10.​1161/​STR.​00000​00000​000436

	15.	 Hollenberg SM (2011) Vasoactive drugs in circulatory shock. Am 
J Respir Crit Care Med 183:847–855. https://​doi.​org/​10.​1164/​
rccm.​201006-​0972CI

	16.	 Jangra K, Grover VK, Bhagat H, Bhardwaj A, Tewari MK, Kumar 
B, Panda NB, Sahu S (2017) Evaluation of the effect of aneu-
rysmal clipping on electrocardiography and echocardiographic 
changes in patients with subarachnoid hemorrhage: a prospective 
observational study. J Neurosurg Anesthesiol 29:335–340. https://​
doi.​org/​10.​1097/​ANA.​00000​00000​000318

	17.	 Junttila E, Vaara M, Koskenkari J, Ohtonen P, Karttunen A, Raati-
kainen P, Ala-Kokko T (2013) Repolarization abnormalities in 
patients with subarachnoid and intracerebral hemorrhage: pre-
disposing factors and association with outcome. Anesth Analg 
116:190–197. https://​doi.​org/​10.​1213/​ANE.​0b013​e3182​70034a

	18.	 Kieninger M, Gruber M, Knott I, Dettmer K, Oefner PJ, Bele S, 
Wendl C, Tuemmler S, Graf B, Eissnert C (2019) Incidence of 
arterial hypotension in patients receiving peroral or continuous 
intra-arterial nimodipine after aneurysmal or perimesencephalic 
subarachnoid hemorrhage. Neurocrit Care 31:32–39. https://​doi.​
org/​10.​1007/​s12028-​019-​00676-w

	19.	 Kilbourn KJ, Ching G, Silverman DI, McCullough L, Brown RJ 
(2015) Clinical outcomes after neurogenic stress induced cardio-
myopathy in aneurysmal sub-arachnoid hemorrhage: a prospective 
cohort study. Clin Neurol Neurosurg 128:4–9. https://​doi.​org/​10.​
1016/j.​cline​uro.​2014.​10.​017

	20.	 Kim YW, Neal D, Hoh BL (2013) Risk factors, incidence, and 
effect of cardiac failure and myocardial infarction in aneurysmal 
subarachnoid hemorrhage patients. Neurosurgery 73:450–457. 
https://​doi.​org/​10.​1227/​NEU.​00000​00000​000001. (quiz 457)

	21.	 Kopelnik A, Fisher L, Miss JC, Banki N, Tung P, Lawton MT, Ko 
N, Smith WS, Drew B, Foster E, Zaroff J (2005) Prevalence and 
implications of diastolic dysfunction after subarachnoid hemorrhage. 
Neurocrit Care 3:132–138. https://​doi.​org/​10.​1385/​NCC:3:​2:​132

	22.	 Kotani Y, Di Gioia A, Landoni G, Belletti A, Khanna AK (2023) 
An updated norepinephrine equivalent score in intensive care as a 
marker of shock severity. Crit Care 27:29. https://​doi.​org/​10.​1186/​
s13054-​023-​04322-y

	23.	 Lincoln J (1995) Innervation of cerebral arteries by nerves con-
taining 5-hydroxytryptamine and noradrenaline. Pharmacol Ther 
68:473–501. https://​doi.​org/​10.​1016/​0163-​7258(95)​02017-9

	24.	 Liu Y, Yang X, Gong H, Jiang B, Wang H, Xu G, Deng Y (2013) 
Assessing the effects of norepinephrine on single cerebral 

microvessels using optical-resolution photoacoustic microscope. 
J Biomed Opt 18:76007. https://​doi.​org/​10.​1117/1.​JBO.​18.7.​
076007

	25.	 Livesey M, Jauregui JJ, Hamaker MC, Pensy RA, Langhammer 
CG, Eglseder WA (2020) Management of vasopressor induced 
ischemia. J Orthop 22:497–502. https://​doi.​org/​10.​1016/j.​jor.​2020.​
10.​012

	26.	 Lobato RD, Marin J, Salaices M, Rivilla F, Burgos J (1980) Cer-
ebrovascular reactivity to noradrenaline and serotonin following 
experimental subarachnoid hemorrhage. J Neurosurg 53:480–485. 
https://​doi.​org/​10.​3171/​jns.​1980.​53.4.​0480

	27.	 Macdonald RL, Pluta RM, Zhang JH (2007) Cerebral vasospasm 
after subarachnoid hemorrhage: the emerging revolution. Nat 
Clin Pract Neurol 3:256–263. https://​doi.​org/​10.​1038/​ncpne​
uro04​90

	28.	 MacKenzie M, Gorman SK, Doucette S, Green R (2014) Inci-
dence of and factors associated with manipulation of nimodipine 
dosage in patients with aneurysmal subarachnoid hemorrhage. 
Can J Hosp Pharm 67:358–365. https://​doi.​org/​10.​4212/​cjhp.​
v67i5.​1390

	29.	 Masuda T, Sato K, Yamamoto S, Matsuyama N, Shimohama T, 
Matsunaga A, Obuchi S, Shiba Y, Shimizu S, Izumi T (2002) 
Sympathetic nervous activity and myocardial damage immediately 
after subarachnoid hemorrhage in a unique animal model. Stroke 
33:1671–1676. https://​doi.​org/​10.​1161/​01.​str.​00000​16327.​74392.​
02

	30.	 Mayer SA, Lin J, Homma S, Solomon RA, Lennihan L, Sherman 
D, Fink ME, Beckford A, Klebanoff LM (1999) Myocardial injury 
and left ventricular performance after subarachnoid hemorrhage. 
Stroke 30:780–786. https://​doi.​org/​10.​1161/​01.​str.​30.4.​780

	31.	 Meybohm P, Renner J, Boening A, Cavus E, Grasner JT, 
Grunewald M, Scholz J, Bein B (2007) Impact of norepinephrine 
and fluid on cerebral oxygenation in experimental hemorrhagic 
shock. Pediatr Res 62:440–444. https://​doi.​org/​10.​1203/​PDR.​
0b013​e3181​425858

	32.	 Moussouttas M, Huynh TT, Khoury J, Lai EW, Dombrowski K, 
Pello S, Pacak K (2012) Cerebrospinal fluid catecholamine levels 
as predictors of outcome in subarachnoid hemorrhage. Cerebro-
vasc Dis 33:173–181. https://​doi.​org/​10.​1159/​00033​4660

	33.	 Moussouttas M, Lai EW, Khoury J, Huynh TT, Dombrowski K, 
Pacak K (2012) Determinants of central sympathetic activation in 
spontaneous primary subarachnoid hemorrhage. Neurocrit Care 
16:381–388. https://​doi.​org/​10.​1007/​s12028-​012-​9673-5

	34.	 Muehlschlegel S, Dunser MW, Gabrielli A, Wenzel V, Layon AJ 
(2007) Arginine vasopressin as a supplementary vasopressor in 
refractory hypertensive, hypervolemic, hemodilutional therapy in 
subarachnoid hemorrhage. Neurocrit Care 6:3–10. https://​doi.​org/​
10.​1385/​NCC:6:​1:3

	35.	 Nieuwkamp DJ, Setz LE, Algra A, Linn FH, de Rooij NK, Rin-
kel GJ (2009) Changes in case fatality of aneurysmal subarach-
noid haemorrhage over time, according to age, sex, and region: a 
meta-analysis. Lancet Neurol 8:635–642. https://​doi.​org/​10.​1016/​
S1474-​4422(09)​70126-7

	36.	 Ohkuma H, Manabe H, Tanaka M, Suzuki S (2000) Impact of 
cerebral microcirculatory changes on cerebral blood flow during 
cerebral vasospasm after aneurysmal subarachnoid hemorrhage. 
Stroke 31:1621–1627. https://​doi.​org/​10.​1161/​01.​str.​31.7.​1621

	37.	 Rose JC, Mayer SA (2004) Optimizing blood pressure in neuro-
logical emergencies. Neurocrit Care 1:287–299. https://​doi.​org/​
10.​1385/​NCC:1:3

	38.	 Rosengart AJ, Schultheiss KE, Tolentino J, Macdonald RL (2007) 
Prognostic factors for outcome in patients with aneurysmal suba-
rachnoid hemorrhage. Stroke 38:2315–2321. https://​doi.​org/​10.​
1161/​STROK​EAHA.​107.​484360

https://doi.org/10.1016/j.ejrad.2014.06.020
https://doi.org/10.1016/j.ejrad.2014.06.020
https://doi.org/10.1503/cmaj.170893
https://doi.org/10.1161/STROKEAHA.108.544700
https://doi.org/10.1161/STROKEAHA.108.544700
https://doi.org/10.1186/s13613-019-0562-3
https://doi.org/10.1186/s13613-019-0562-3
https://doi.org/10.1161/STR.0000000000000436
https://doi.org/10.1164/rccm.201006-0972CI
https://doi.org/10.1164/rccm.201006-0972CI
https://doi.org/10.1097/ANA.0000000000000318
https://doi.org/10.1097/ANA.0000000000000318
https://doi.org/10.1213/ANE.0b013e318270034a
https://doi.org/10.1007/s12028-019-00676-w
https://doi.org/10.1007/s12028-019-00676-w
https://doi.org/10.1016/j.clineuro.2014.10.017
https://doi.org/10.1016/j.clineuro.2014.10.017
https://doi.org/10.1227/NEU.0000000000000001
https://doi.org/10.1385/NCC:3:2:132
https://doi.org/10.1186/s13054-023-04322-y
https://doi.org/10.1186/s13054-023-04322-y
https://doi.org/10.1016/0163-7258(95)02017-9
https://doi.org/10.1117/1.JBO.18.7.076007
https://doi.org/10.1117/1.JBO.18.7.076007
https://doi.org/10.1016/j.jor.2020.10.012
https://doi.org/10.1016/j.jor.2020.10.012
https://doi.org/10.3171/jns.1980.53.4.0480
https://doi.org/10.1038/ncpneuro0490
https://doi.org/10.1038/ncpneuro0490
https://doi.org/10.4212/cjhp.v67i5.1390
https://doi.org/10.4212/cjhp.v67i5.1390
https://doi.org/10.1161/01.str.0000016327.74392.02
https://doi.org/10.1161/01.str.0000016327.74392.02
https://doi.org/10.1161/01.str.30.4.780
https://doi.org/10.1203/PDR.0b013e3181425858
https://doi.org/10.1203/PDR.0b013e3181425858
https://doi.org/10.1159/000334660
https://doi.org/10.1007/s12028-012-9673-5
https://doi.org/10.1385/NCC:6:1:3
https://doi.org/10.1385/NCC:6:1:3
https://doi.org/10.1016/S1474-4422(09)70126-7
https://doi.org/10.1016/S1474-4422(09)70126-7
https://doi.org/10.1161/01.str.31.7.1621
https://doi.org/10.1385/NCC:1:3
https://doi.org/10.1385/NCC:1:3
https://doi.org/10.1161/STROKEAHA.107.484360
https://doi.org/10.1161/STROKEAHA.107.484360


	 Acta Neurochirurgica          (2025) 167:76    76   Page 12 of 12

	39.	 Roy B, McCullough LD, Dhar R, Grady J, Wang YB, Brown 
RJ (2017) Comparison of initial vasopressors used for delayed 
cerebral ischemia after Aneurysmal subarachnoid hemorrhage. 
Cerebrovasc Dis 43:266–271. https://​doi.​org/​10.​1159/​00045​8536

	40.	 Salem R, Vallee F, Depret F, Callebert J, Maurice JP, Marty P, 
Mateo J, Madadaki C, Houdart E, Bresson D, Froelich S, Stapf C, 
Payen D, Mebazaa A (2014) Subarachnoid hemorrhage induces an 
early and reversible cardiac injury associated with catecholamine 
release: one-week follow-up study. Crit Care 18:558. https://​doi.​
org/​10.​1186/​s13054-​014-​0558-1

	41.	 Sandow N, Diesing D, Sarrafzadeh A, Vajkoczy P, Wolf S (2016) 
Nimodipine dose reductions in the treatment of patients with 
aneurysmal subarachnoid hemorrhage. Neurocrit Care 25:29–39. 
https://​doi.​org/​10.​1007/​s12028-​015-​0230-x

	42.	 Sato K, Kamii H, Shimizu H, Kato M (2007) Effects of norepi-
nephrine on brain oxygen saturation]. Masui 56:634–638

	43.	 Schmidt TP, Weiss M, Hoellig A, Nikoubashman O, Schulze-
Steinen H, Albanna W, Clusmann H, Schubert GA, Veldeman 
M (2022) Revisiting the timeline of delayed cerebral ischemia 
after aneurysmal subarachnoid hemorrhage: toward a temporal 
risk profile. Neurocrit Care 37:735–743. https://​doi.​org/​10.​1007/​
s12028-​022-​01545-9

	44.	 Sugimoto K, Inamasu J, Kato Y, Yamada Y, Ganaha T, Oheda 
M, Hattori N, Watanabe E, Ozaki Y, Hirose Y (2013) Associa-
tion between elevated plasma norepinephrine levels and cardiac 
wall motion abnormality in poor-grade subarachnoid hemorrhage 
patients. Neurosurg Rev 36:259–266. https://​doi.​org/​10.​1007/​
s10143-​012-​0424-z. (discussion 266)

	45.	 Tung PP, Olmsted E, Kopelnik A, Banki NM, Drew BJ, Ko N, 
Lawton MT, Smith W, Foster E, Young WL, Zaroff JG (2005) Plasma 
B-type natriuretic peptide levels are associated with early cardiac 
dysfunction after subarachnoid hemorrhage. Stroke 36:1567–1569. 
https://​doi.​org/​10.​1161/​01.​STR.​00001​70699.​59783.​d6

	46.	 Unda SR, Labagnara K, Birnbaum J, Wong M, de Silva N, Ter-
ala H, de la Garza Ramos R, Haranhalli N, Altschul DJ (2020) 
Impact of hospital-acquired complications in long-term clinical 
outcomes after subarachnoid hemorrhage. Clin Neurol Neurosurg 
194:105945. https://​doi.​org/​10.​1016/j.​cline​uro.​2020.​105945

	47.	 van der Bilt IA, Hasan D, Vandertop WP, Wilde AA, Algra A, 
Visser FC, Rinkel GJ (2009) Impact of cardiac complications on 
outcome after aneurysmal subarachnoid hemorrhage: a meta-
analysis. Neurology 72:635–642. https://​doi.​org/​10.​1212/​01.​wnl.​
00003​42471.​07290.​07

	48.	 van Gijn J, Kerr RS, Rinkel GJ (2007) Subarachnoid haemorrhage. 
Lancet 369:306–318. https://​doi.​org/​10.​1016/​S0140-​6736(07)​60153-6

	49.	 Veldeman M, Albanna W, Weiss M, Conzen C, Schmidt TP, 
Schulze-Steinen H, Wiesmann M, Clusmann H, Schubert GA 
(2020) Invasive neuromonitoring with an extended definition 
of delayed cerebral ischemia is associated with improved out-
come after poor-grade subarachnoid hemorrhage. J Neurosurg 
134:1527–1534. https://​doi.​org/​10.​3171/​2020.3.​JNS20​375

	50.	 Vergouwen MD, Vermeulen M, van Gijn J, Rinkel GJ, Wijdicks 
EF, Muizelaar JP, Mendelow AD, Juvela S, Yonas H, Terbrugge 
KG, Macdonald RL, Diringer MN, Broderick JP, Dreier JP, Roos 
YB (2010) Definition of delayed cerebral ischemia after aneu-
rysmal subarachnoid hemorrhage as an outcome event in clinical 
trials and observational studies: proposal of a multidisciplinary 
research group. Stroke 41:2391–2395. https://​doi.​org/​10.​1161/​
STROK​EAHA.​110.​589275

	51.	 Vergouwen MD, Etminan N, Ilodigwe D, Macdonald RL (2011) 
Lower incidence of cerebral infarction correlates with improved 
functional outcome after aneurysmal subarachnoid hemorrhage. J 
Cereb Blood Flow Metab 31:1545–1553. https://​doi.​org/​10.​1038/​
jcbfm.​2011.​56

	52.	 Vulcu S, Wagner F, Santos AF, Reitmeir R, Soll N, Schoni D, 
Fung C, Wiest R, Raabe A, Beck J, Z’Graggen WJ (2019) Repet-
itive computed tomography perfusion for detection of cerebral 
vasospasm-related hypoperfusion in aneurysmal subarachnoid 
hemorrhage. World Neurosurg 121:e739–e746. https://​doi.​org/​
10.​1016/j.​wneu.​2018.​09.​208

	53.	 Williams G, Maroufy V, Rasmy L, Brown D, Yu D, Zhu H, Talebi 
Y, Wang X, Thomas E, Zhu G, Yaseen A, Miao H, Leon Novelo 
L, Zhi D, DeSantis SM, Zhu H, Yamal JM, Aguilar D, Wu H 
(2020) Vasopressor treatment and mortality following nontrau-
matic subarachnoid hemorrhage: a nationwide electronic health 
record analysis. Neurosurg Focus 48:E4. https://​doi.​org/​10.​3171/​
2020.2.​FOCUS​191002

	54.	 Yousef KM, Crago E, Chang Y, Lagattuta TF, Mahmoud K, Shut-
ter L, Balzer JR, Pinsky MR, Friedlander RM, Hravnak M (2018) 
Vasopressor infusion after subarachnoid hemorrhage does not 
increase regional cerebral tissue oxygenation. J Neurosci Nurs 
50:225–230. https://​doi.​org/​10.​1097/​JNN.​00000​00000​000382

	55.	 Zeiler FA, Silvaggio J, Kaufmann AM, Gillman LM, West M 
(2014) Norepinephrine as a potential aggravator of symptomatic 
cerebral vasospasm: two cases and argument for milrinone ther-
apy. Case Rep Crit Care 2014:630970. https://​doi.​org/​10.​1155/​
2014/​630970

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1159/000458536
https://doi.org/10.1186/s13054-014-0558-1
https://doi.org/10.1186/s13054-014-0558-1
https://doi.org/10.1007/s12028-015-0230-x
https://doi.org/10.1007/s12028-022-01545-9
https://doi.org/10.1007/s12028-022-01545-9
https://doi.org/10.1007/s10143-012-0424-z
https://doi.org/10.1007/s10143-012-0424-z
https://doi.org/10.1161/01.STR.0000170699.59783.d6
https://doi.org/10.1016/j.clineuro.2020.105945
https://doi.org/10.1212/01.wnl.0000342471.07290.07
https://doi.org/10.1212/01.wnl.0000342471.07290.07
https://doi.org/10.1016/S0140-6736(07)60153-6
https://doi.org/10.3171/2020.3.JNS20375
https://doi.org/10.1161/STROKEAHA.110.589275
https://doi.org/10.1161/STROKEAHA.110.589275
https://doi.org/10.1038/jcbfm.2011.56
https://doi.org/10.1038/jcbfm.2011.56
https://doi.org/10.1016/j.wneu.2018.09.208
https://doi.org/10.1016/j.wneu.2018.09.208
https://doi.org/10.3171/2020.2.FOCUS191002
https://doi.org/10.3171/2020.2.FOCUS191002
https://doi.org/10.1097/JNN.0000000000000382
https://doi.org/10.1155/2014/630970
https://doi.org/10.1155/2014/630970

	Effects of early high-dose vasopressor administration in patients after aneurysmal subarachnoid hemorrhage: a retrospective single-center study
	Abstract
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Patients and methods
	Patient cohort and study design
	Data acquisition
	Management of aSAH patients
	Blood pressure management and vasopressors
	Definition of outcome variables
	Statistical analysis

	Results
	Study population and patient characteristics
	Vasopressor treatment
	Effects of high NEE score during postictal days 1–4
	Risk factors associated with the occurrence of overall DCI
	Risk factors associated with DCI-related infarction
	Risk factors associated with unfavorable functional outcome

	Discussion
	Conclusions
	References


