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ARTICLE INFO ABSTRACT

Introduction and objective: Blood pressure is presumably related to rebleeding and delayed cerebral ischemia

(DCI) after subarachnoid hemorrhage (aSAH) and could serve as a target to improve outcome. We assessed

the associations between blood pressure and rebleeding or DCI in aSAH-patients.

Materials and methods: In this observational study in 1167 aSAH-patients admitted to the intensive care unit

(ICU), adjusted hazard ratio's (aHR) were calculated for the time-dependent association of blood pressure and

rebleeding or DCI. The aHRs were presented graphically, relative to a reference mean arterial pressure (MAP)

of 100 mmHg and systolic blood pressure (sBP) of 150 mmHg.

Results: A MAP below 100 mmHg in the 6, 3 and 1 h before each moment in time was associated with a decreased

risk of rebleeding (e.g. within 6 h preceding rebleeding: MAP = 80 mmHg: aHR 0.30 (95% confidence interval

(CI) 0.11-0.80)). A MAP below 60 mmHg in the 24 h before each moment in time was associated with an

increased risk of DCI (e.g. MAP = 50 mmHg: aHR 2.59 (95% CI 1.12-5.96)).

Conclusions: Our results suggest that a MAP below 100 mmHg is associated with decreased risk of rebleeding, and

a MAP below 60 mmHg with increased risk of DCIL.

© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction Both complications seem to be associated with blood pressure,

but previous reports have been scarce and inconsistent. The risk of

Aneurysmal subarachnoid hemorrhage (aSAH) is a subtype of stroke
with high morbidity and mortality. Two major contributors to poor
outcome after aSAH are rebleeding [1-5] and delayed cerebral ischemia
(DCI) [6,7]. These complications occur at different stages after the initial
aSAH, with the highest risk of rebleeding in the first hours to days after
ictus, and the highest risk of DCI between the third and 14th day after
ictus [8].

* Corresponding author at: University Medical Center Utrecht, Heidelberglaan 100,
3584CX Utrecht, the Netherlands.
E-mail addresses: c.s.gathier-4@umcutrecht.nl, c.gathier@etz.nl (C.S. Gathier).
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rebleeding was found to be associated with high blood pressure
[9-11], particularly systolic blood pressures (sBP) higher than 150
mmHg [9] or 160 mmHg [10-12]. However, another study observed
most sBP values within the normal range of 120-140 mmHg prior to
rebleeding [13]. Data on blood pressure and DCI are also limited and
conflicting. DCI may occur more often in patients with a fall in blood
pressure [14] and was associated with intra-operative hypotension in
several studies [15-17] but not in a more recent and larger study [18].

As it is currently not clear whether blood pressure is related to
rebleeding or DCI, we aimed to assess the associations between blood
pressure in the hours preceding rebleeding and DCI and the occurrence
of these events.

0883-9441/© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



CS. Gathier, 1j.AJ. Zijlstra, GJ.E. Rinkel et al.
2. Materials and methods
2.1. Design and patients

This is an observational, multicenter cohort study. We retrieved data
on all consecutive aSAH patients aged 18 years or older admitted to the
intensive care unit (ICU) of the University Medical Center Utrecht
(UMCU) and the Amsterdam University Medical Center (AMC) both in
the Netherlands, from May 2003, through May 2011. The reason for
not expanding this time period beyond 2011 was that from 2013, both
centers participated in the ULTRA study in which patients were ran-
domized to tranexamic acid or placebo in order to investigate the effec-
tiveness of tranexamic acid in preventing rebleeding [19].

We defined an aSAH as either a subarachnoid hemorrhage (CT-
proven or CT-negative with positive bilirubin in spinal fluid spectropho-
tometry performed >12 h after ictus) with a detected aneurysm, or
a subarachnoid hemorrhage with a definite aneurysmal bleeding pat-
tern in which the responsible aneurysm could not be verified despite
CT-angiography or digital subtraction angiography, as these patients
are also at risk of developing rebleeding or DCI [20]. We included only
those patients of whom blood pressure data were available during ICU
admission.

Criteria for ICU admission were a Glasgow Coma Scale of 8 or lower
necessitating intubation and mechanical ventilation, or hemodynamic
or respiratory instability necessitating intensive care support. Further,
patients could be admitted to the ICU after clipping of the symptomatic
aneurysm. Patients not fulfilling admission criteria for the ICU were ad-
mitted to a dedicated neuro-medium care unit in both centers. All aSAH
patients presenting to the UMCU from 2003 to 2011 and all patients
presenting to the AMC from 2003 to 2009 were managed this way. Pa-
tients in these periods who were admitted to the neuro-medium care
unit were not included in the current study because hourly blood pres-
sures for these patients were not available, restricting us from perform-
ing the desired statistical analyses (blood pressures were only assessed
and documented every four hours). From 2009 to 2011, all aSAH pa-
tients presenting to the AMC were admitted to the ICU regardless of
their neurological status, and all of those patients were thus included
in the current study.

2.2. Procedures

During ICU admission, all patients were treated according to a stan-
dardized protocol that consisted of treatment with enteral nimodipine
administered 60 mg 6 times per day, cessation of antihypertensive med-
ication on admission and intravenous administration of fluid aiming for
normovolemia. In case nimodipine administration resulted in a mean
arterial pressure (MAP) drop of >20 mmHg, the administration was
changed to 30 mg 12 times orally per day, and if this blood pressure
drop was still observed thereafter, intravenous continuous administra-
tion or cessation.

Blood pressure management in the ICU differed slightly between the
participating centers. In the AMC, there were no strict upper limits to
blood pressure prior to aneurysm occlusion until 2010, although sBP
reaching 200 mmHg was usually treated. From 2010, MAP was kept
below 135 mmHg prior to aneurysm occlusion. After aneurysm occlu-
sion, MAP was kept above 90 mmHg until 2010, and above 80 mmHg
from 2010. In the UMCU, a protocol for blood pressure management
was installed in 2008. From that moment, sBP was kept below 180
mmHg prior to aneurysm occlusion. After aneurysm occlusion, MAP
was kept above 80 mmHg and sBP was accepted until 220 mmHg and
MAP until 130 mmHg.

2.3. Data collection

For all patients, data were collected on age, gender, clinical condition
on admission according to the World Federation of Neurological
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Surgeons (WFNS) scale [21], location of the symptomatic aneurysm,
modality and timing of aneurysm treatment, amount of extravasated
blood on admission CT assessed with the Hijdra-score [22], occurrence
of rebleeding and occurrence of DCI. Clinical condition at admission
was dichotomized into good clinical condition (WFNS 1-3) and poor
clinical condition (WFNS 4-5). The amount of extravasated blood was
also dichotomized at the median for both cisternal (sumscore range
0-30) and ventricular (sumscore range 0-12) blood and added to a
total Hijdra sum score.

For analysis on rebleeding, we decided a priori to use both the MAP
and sBP. For analysis on DCI, we decided a priori to use the MAP, as MAP
is directly related to cerebral perfusion pressure which is an important
factor in maintaining adequate cerebral perfusion [23]. Intra-arterial
blood pressures were measured continuously and stored in the elec-
tronic data servers at both ICUs. From these measurements, only the
hourly, nurse-validated blood pressures were extracted for statistical
analyses. Since these validated measures can still be inaccurate based
on typographical error, outliers based on typographical error were man-
ually removed by CGT blinded for outcome measures. This did not result
in the exclusion of patients.

2.4. Endpoints

The primary outcome measures were rebleeding and DCI during ICU
admission. All rebleeding and DCI events during hospital admission
were assessed, but as blood pressure was only extracted during ICU ad-
mission and we were interested in the direct relation between blood
pressure and the outcome measures, only the events during ICU admis-
sion were used in the analyses. Rebleeding was defined as either
definite (CT-proven) or probable (defined as an acute clinical deteriora-
tion suspected for rebleeding by the treating physician). For the statisti-
cal analyses, both definite and probable rebleeding were combined. DCI
was defined as a new clinical deterioration which could not be ex-
plained by other causes than DCI, following current consensus criteria
[24]. Both outcome events were assessed by one of the researchers
(CGT) by manually screening all patient records for the mentioning by
the treating physician of either DCI or rebleeding, the mentioning of
clinical deterioration, or the performance of additional CT scans without
a clear reason mentioned in the patients records but suggesting a possi-
ble deterioration in the patient. Subsequently, any other possible rea-
sons for deterioration were assessed by reviewing additional patient
records (laboratory results, CT scan results, EEG results when suspicion
of a seizure was made by the treating physician). The conclusion of DCI
was then made by CGT only in case of exclusion of any other possible
cause of the deterioration. In case of any doubt, cases were discussed
with other authors. The timing of rebleeding and DCI was estimated
based on patients' records and the time of the CT scan performed to
rule out other possible causes of the deterioration. Both outcomes
were assessed without prior knowledge of the blood pressure during
ICU admission.

2.5. Ethics

The ethical review board of the AMC and UMCU approved of the
study protocol and waived the need for informed consent
(W11_091#11.17.0895 respectively 13-137/C).

2.6. Statistical analyses

Cox proportional hazard analysis with MAP or sBP as time depen-
dent covariate was used to calculate hazard ratios (HR) in two different
models for either rebleeding and DCI with corresponding 95% confi-
dence intervals (CI). Adjustments were made for a priori selected possi-
ble confounders: age, sex, WFNS-score, aneurysm treatment modality
(clipping versus endovascular treatment in the analyses for DCI, treated
or not treated in the analyses for rebleeding), treatment center, Hijdra
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sumscore and, for analyses on DCI only, rebleeding (prior to develop-
ment of DCI, time dependent variable). A statistically significant associ-
ation was concluded when the 95% CI of a hazard ratio did not cross ‘1.

For our main analysis, we analyzed the time dependent association
between blood pressure and the occurrence of either rebleeding or
DCI. We created time-lag blood pressure variables that represented
the highest and lowest blood pressure within a certain timeframe pre-
ceding every available hourly timepoint. For rebleeding, we assumed
that the association between blood pressure and rebleeding would be
based on high blood pressures and that this would be a more acute as-
sociation. Therefore, these time-lag blood pressure variables were
based on the highest MAP and sBP in the 1, 3 and 6 h preceding every
hourly timepoint. For DCI, we expected that the association between
blood pressure and DCI would be based on low blood pressures and
that this would be a more gradual association [25,26]. Therefore, these
time-lag blood pressure variables were based on the lowest MAP within
12 and 24 h preceding every hourly timepoint. We subsequently inves-
tigated the association between each of the time-lag blood pressure var-
iables and the occurrence of rebleeding or DCI respectively. We will
explain how Cox regression with these time dependent variables
works based on the example of DCI. Take a patient who develops DCI
at e.g. hour 36 after admission to the ICU. At that timepoint, the analysis
looks at this patient with an event and also all other patients in the
dataset who did not yet have an event and had not yet been censored
at time = 36 h. These latter patients serve as the controls at that time-
point. Using the time-lag blood pressure variable, the lowest blood
pressure in the 12 and 24 h preceding time = 36 h is determined for
the DCI patient and the control patients. This is repeatedly performed
at all timepoints at which a patient experienced DCI. By comparing
the time-lag blood pressure variable between the patients with DCI
and all controls at all DClI-times, the association between the time-
lag blood pressure variables and DCI can be estimated. Concerning
rebleeding, we forwarded the estimated timing of the rebleeding in all
patients by one hour, in order to avoid a self-fulfilling prophecy by
including increased blood pressure values actually caused by the
rebleeding.

We also assumed that the effect of blood pressure on the risk of
rebleeding or DCI was not the same over the whole range of blood pres-
sures, and was therefore non-linear. The effects were thus modelled
using restricted cubic splines, using a reference blood pressure value
where the adjusted hazard ratio equals 1.

Censoring is a key characteristic in survival analyses and might in-
fluence the relation under study (informative censoring). In our
study, censoring might have been informative in certain situations.
Patients who died during ICU admission because of a poor clinical
condition might have been at increased risk for DCI, which would
lead to informative censoring. Therefore, we performed a sensitivity
analysis for the possibility of informative censoring using two ex-
tremes: scenario 1) all patients who were censored because they
died in the ICU developed rebleeding/DCI; scenario 2): all patients
who were censored because they died in the ICU were immune for
development of rebleeding/DCI. As this study was not designed for
prediction of rebleeding or DCI, adding competing event analyses
was not deemed necessary.

3. Results

During the study period, 1263 aSAH-patients were admitted to both
ICUs. Blood pressure data were not available for 96 of these patients
(8%), leaving 1167 aSAH-patients included in the study. Of these 1167
patients, 171(15%) aSAH patients were admitted to the AMC from
2009 to 2011, the period where all aSAH patients were admitted to
the ICU of the AMC, regardless of neurological status. Of these 171
patients, 80 (7% of the entire study population) were in a good clinical
condition (WFNS 1-3) and would have otherwise been admitted to a
neuro-medium care unit.
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As shown in Table 1, the mean age of the patients was 56 years
(standard deviation 13) and 804 (69%) were female. The primary
outcome of rebleeding and DCI during ICU admission was known
for all patients. Rebleeding occurred in 45 (4%) patients (36 defi-
nite, 9 probable). DCI occurred in 110 (9%) patients. Median time
from ictus to rebleeding was 2 days (interquartile range (IQR)
1-4.5) and to DCI 4 days (IQR 2.75-7). Median time between
ictus and ICU admission was 1 day (IQR 0-2), with 908 (78%)
patients being admitted to the ICU < 48 h after ictus. Median
length of ICU stay was 2 days (IQR 0-6). Patients in the AMC were
more often coiled and had larger amounts of blood on their initial
CT scan as compared to patients in the UMCU. The proportion of
patients developing rebleeding or DCI was the same in both
centers.

Supplementary table 1 shows the baseline characteristics for pa-
tients who did or did not develop rebleeding or DCI. Patients who devel-
oped rebleeding more often had a poor WFNS score on admission, had
larger amounts of blood on their initial CT scan, were more often not
treated for their aneurysm, and more often had an aneurysm in the an-
terior circulation or an aneurysm that was not detected. Patients who
developed DCI more often had a poor WFNS score on admission, larger
amounts of blood on the initial CT scan and were more often treated
with an endovascular procedure as compared to patients who did not
develop DCl in the ICU.

The distributions of MAP and sBP in the first 48 h of ICU admission
are shown in Fig. 1. Mean sBP was around 150 mmHg, with distributions
ranging from 70 to 230 mmHg and outliers around 250 mmHg. Mean
MAP was around 95 mmHg, with distributions ranging from 50 to 140
mmHg and outliers around 150 mmHg,

Table 1
Baseline characteristics.

Variables Entire AMC UMCU
study n=>500 n = 667
population
n= 1167

Age in years (mean, SD) 56 (13) 55(13) 57 (13)

Female (%) 804 (69) 343 (69) 461 (69)

Hypertension™ 311 (27) 121 (24) 189(28)

Antihypertensive drugs** 264 (23) 98 (20) 165 (25)

WENS score > 3 567 (49) 256 (51) 311 (47)

Aneurysm treatment

Coil (%) 446 (38) 302 (60) 144 (22)
Clip (%) 453 (39) 108 (22) 345(52)
Other (%) 7(0,5) 1(0) 6(1)
No treatment (%) 261 (22) 89(18) 166 (25)
No aneurysm found (%) 46 (4) 17 (3) 29 (4)
Rebleeding (%) 211(18) 86(18)  125(19)
In the ICU (%) 45 (4)* 18 (4) 27 (4)
DCI (%) 255(22) 136(27) 119(18)
In the ICU (%) 110 (9%) 52(10)  58(9)
Aneurysm location
Anterior circulation (%) 780 (67) 323 (65) 457 (69)
Posterior circulation (%) 318 (27) 142 (28) 176 (26)
Not found (%) 69 (6) 35(7) 34 (5)

Hijdra scores™™**

Sum score cisterns > median 24 (%) 527 (45) 256 (55) 271 (42)
Sum score ventricles > median 2 (%) 533 (46) 226 (49) 307 (48)
Total sum score > median 26 (%) 568 (49) 270 (58) 298 (46)

ICH present™*** 290 (25) 137(29) 153 (24)

Length of ICU stay (days) median [IQR] 2[0-6] 2[1-6] 2[1-6]

Time ictus to rebleeding in the ICU (days) 2[1-4.5] 111-35] 2[1-8]

median [IQR]

Time ictus to DCl in the ICU (days) median [IQR] 4[2.75-7] 4[2-6.75] 6[3-9]

AMC: Amsterdam University Medical Center; UMCU: University Medical Center Utrecht;
WENS: World Federation of Neurological Surgeons; ICU: intensive care unit; DCI: delayed
cerebral ischemia; ICH: intracerebral hematoma; IQR: interquartile range.
* 38 missing; **:79 missing; *** 10 missing; **** 55 missing; ***** 47 missing.

# in 6 patients rebleeding occurred after coiling, in 2 patients rebleeding occurred after
clipping.
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Fig. 1. Distribution of blood pressure in the first 48 h of ICU admission.

MAP: mean arterial pressure, sBP: systolic blood pressure.
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3.1. Rebleeding

A MAP below 100 mmHg in the 6, 3 and 1 h before every moment
was associated with a decreased risk of rebleeding. The spline curves
and aHRs for MAP with corresponding 95% Cls are shown in Fig. 2. No
association was found between sBP values and rebleeding. The spline
curves and aHRs for sBP with corresponding 95% Cls are shown in Fig. 3

3.2.Dd

A MAP below 60 mmHg in the 24 h before every moment was asso-
ciated with an increased risk of DCIL No association was found between
MAP values in the 12 h preceding every moment and DCI. The spline
curves and aHRs with corresponding 95% CI are shown in Fig. 4.

3.3. Sensitivity analyses

The results of the sensitivity analyses are shown in the supplemen-
tary material. For rebleeding, the number of events increased to 213
with extreme scenario 1 and decreased to 44 with extreme scenario 2.
For DCI, the number of events increased to 298 with extreme scenario
1 and decreased to 105 with extreme scenario 2.

For rebleeding, the direction of the effect for MAP and sBP and
rebleeding changed with extreme scenario 1.A MAP below 100 mmHg
and a sBP below 150 mmHg in the 6, 3 and 1 h preceding every moment
were associated with an increased risk of rebleeding. Further, concern-
ing MAP, a MAP of 130 mmHg and higher in the 6 and 3 h preceding
every moment, and a MAP of 150 mmHg and higher in the 1 h preceding
every moment were associated with increased risk of rebleeding. Con-
cerning sBP, a sBP of 160, 170 and 180 mmHg was associated with a de-
creased risk of rebleeding in the 6 and 3 h preceding every moment and
a sBP of 160 was associated with a decreased risk of rebleeding in the 1 h
preceding every moment. Further, a sBP of 220 mmHg and higher in the
6 and 1 h preceding every moment was associated with increased risk of
rebleeding, as well as a sBP of 210 and higher in the 3 h preceding every
moment.

With extreme scenario 2, a sBP of 160 and 170 mmHg in the 3 h pre-
ceding every time point became associated with increased risk of
rebleeding. For the other analyses, both the direction and the magnitude
of the effect for MAP and sBP and rebleeding were unchanged compared
to the main analyses.

For DCI, the direction of the effect for MAP and DCI remained un-
changed but the magnitude of the effect increased with extreme sce-
nario 1: a MAP of 70 mmHg or lower was associated with increased
risk of DCI, both within 24 and 12 h preceding every moment. With ex-
treme scenario 2, the direction of the effect for MAP and DCI changed,
but was never associated with the risk of DCL

4. Discussion

We found that MAP values lower than 100 mmHg in the 6,3 and 1 h
preceding each moment were associated with a decreased risk of
rebleeding, and that MAP values below 60 mmHg in the 24 h preceding
each moment were associated with an increased risk of DCL

Previous studies showed conflicting results concerning rebleeding,
as some reported an association between high sBP values and
rebleeding [9-12,27], while others did not [28,29]. In our study, we
found that lower MAP values were associated with decreased risk of
rebleeding, which seems biologically plausible. However, the inverted
U-shape curve for rebleeding (with higher MAP values also trending to-
wards lower rebleeding risk) seems to lack biologically plausibility.
Even though we adjusted for aneurysm securement as a possible con-
founder, a modelling effect cannot be fully excluded. However, we
would like to stress that, as 95% confidence intervals of these hazard ra-
tios all cross ‘1’ and are very wide, there is actually no evidence from our
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Fig. 2. Risk of rebleeding per MAP value in the 6,3 and 1 h preceding every moment.

MAP: mean arterial pressure.

The non-linear effect is presented graphically, with blood pressure values (X-axis) plotted against the adjusted hazard ratio (Y-axis), using a reference value of 100 mmHg MAP for an
adjusted hazard ratio of 1.

data that higher MAP values are associated with a lower risk of before DCI was actually higher in patients who developed DCI as com-

rebleeding. pared to those who did not [40]. Intraoperative hypotension was associ-

Concerning DCI, the association between impaired cerebral autoreg- ated with vasospasm [17] or DCI [16] in some studies, and a recent small
ulation and DCl is well established [30-37]. However, the association be- matched case-control study suggested that DCI could be prevented by
tween blood pressure and DCI is not. In one study, a drop in sBP was keeping intraoperative sBP above 95 mmHg, diastolic blood pressure

observed more often in patients who developed DCI as compared to above 50 mmHg and MAP above 62 mmHg [41]. However, intraopera-
those who did not [14] and treating hypertension resulted in increased tive hypotension was found not associated with DCI in another study
risk of DCI [38,39]. However, in another study, MAP in the three days [18], and a more recent large observational study of 1099 patients

24 1 [
- poEl 24 F LI e UGG EEL RS EPEE :
é 1 ””""””":’;’2-”45 ”””””” e 1 4 - — s iz - |
E 05 1,,,-—/"/ L 05 - /,,-»"/ L P
g B N | | 02l F
0.2 D:I 1 L 0.1 r
01 4 L 0.05 - L 0.05 -| L
0.05 - - - - . - . . - - - -
100 150 200 250 100 150 200 250 100 150 200 250
highest sBP < 6h highest sBP < 3h highest sBP < 1h
Highest sBP < | aHR | 95% CI Highest sBP < | aHR | 95% CI Highest sBP < | aHR | 95% Cl1
6 h (mmHg) 3 h (mmHg) 1 h (mmHg)
120 0.70 0.36-1.36 120 0.58 0.30-1.14 120 0.61 0.34-1.08
130 0.79 ]0.51-1.22 130 0.70 ] 0.46 - 1.09 130 074 [0.53-1.05
140 0.89 |0.72-1.10 140 0.85 0.69 - 1.04 140 0.88 0.76 —1.02
160 1.10 0.93 - 1.31 160 1.14 0.98 —1.32 160 1.06 0.94-1.19
170 1.18 | 0.88-1.57 170 1.23 ] 0.96-1.57 170 1.06 [0.82-1.36
180 1.21 0.84-1.73 180 1.26 ] 0.90-1.76 180 1.01 0.65-1.57

Fig. 3. Risk of rebleeding per sBP value in the 6, 3 and 1 h preceding every moment.

sBP: systolic blood pressure.

The non-linear effect is presented graphically, with blood pressure values (X-axis) plotted against the adjusted hazard ratio (Y-axis), using a reference value of 150 mmHg sBP for an
adjusted hazard ratio of 1.
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Fig. 4. Risk of DCI per MAP value in the 24 and 12 h preceding every moment.
MAP: mean arterial pressure, DCI: delayed cerebral ischemia.
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The non-linear effect is presented graphically, with blood pressure values (X-axis) plotted against the adjusted hazard ratio (Y-axis), using reference value of 100 mmHg MAP for an

adjusted hazard ratio of 1.

showed no association between intraoperative hypotension and poor
outcome after aSAH [42]. The association we found between MAP of
60 mmHg or lower and an increased risk of D(l is therefore difficult to
put in perspective against these previous conflicting results, and is fur-
ther complicated by the varying definitions of blood pressure and vary-
ing statistical analyses that have been used. It is plausible however that
a MAP below 60 mmHg would increase the risk of DCI, as maintaining a
constant cerebral blood flow through cerebral autoregulation may
become impaired with MAP below 60 mmHg [43,44].

With the sensitivity analysis for extreme scenario 1, several changes
in the association between blood pressure and the outcome events were
seen, probably due to the fact that the number of outcome events
increased substantially when all patients who died during ICU admis-
sion were added. For rebleeding, this resulted in two changes: both
higher MAP values (over 130 mmHg) and higher sBP values (over 210
mmHg) as well as lower MAP values (below 100 mmHg) became asso-
ciated with an increased risk of rebleeding. Concerning lower MAP
values associated with rebleeding: as extreme scenario 1 assumes that
all patients who died in the ICU also had suffered a rebleeding, it is
more likely that we are observing the association between lower
blood pressures and an increased risk of death. Concerning higher
MAP and sBP values now being associated with increased risk of
rebleeding, this is probably mainly related to the substantial increase
in case numbers with all patients who died in the ICU now representing
a rebleeding case.

For DCI, an increased association was found for low MAP values and
increased risk of DCI which we feel is again more likely the reflection of
the fact that we are observing the association between low blood pres-
sure and risk of death.

The most important strength of this study is that we were able to as-
sess the time-dependent relation between blood pressure and
rebleeding or DCI in a precise way, as we were able to collect extensive
data on blood pressures in an hourly fashion in a large study population
and could accurately time all the events of rebleeding and DCI.

Our study has several limitations. First, we included only aSAH patients
who were admitted to the ICU. We did include 80 (7% of entire study pop-
ulation) patients to the ICU of the AMC during 2009-2011 that were in
good clinical condition who would have otherwise not been admitted to
the ICU during the previous time period of 2003-2009, but these patients

were managed just the same as aSAH patients in poor clinical condition
concerning their blood pressure management. As blood pressures are
kept within strict limits in the ICU, we were only able to assess the varia-
tion in blood pressure within these limits. Further, ICU treatment comes
with other issues that might influence blood pressure, such as tube irrita-
tion and sedation. This makes our results less generalizable to an aSAH
population not admitted to the ICU.

Second, median length-of-stay in the ICU was quite short (2 days),
which could have influenced the frequency of the outcome events of
DCI or rebleeding during ICU admission.

Third, as we defined DCI as a clinical deterioration with exclusion of
other causes, it might have been that certain cases of DCI were missed,
particularly in patients with high WFNS scores.

Fourth, we had no information on blood pressure levels prior to ICU
admission. Especially for patients who developed rebleeding or DCI
shortly after ICU admission, these blood pressure levels might have
been important for assessing the association between blood pressure
and the outcome event.

Fifth, as lower intravascular volume status is associated with devel-
opment of DCI, this could have served as a potential confounder in the
analyses concerning DCI. Unfortunately, we had no data available on
fluid balances, and intravascular assessment of the intravascular volume
state (for instance via echocardiography) was not routinely performed
in the participating centers during the included time period. We were
therefore unable to adjust for this potential confounder in a standard-
ized way.

Sixth, outliers in validated blood pressure values were manually
removed, blinded for outcome measures. However, as this did not result
in the exclusion of patients, we feel that this will not have majorly
impacted our results.

Seventh, our series included 96 patients in whom no aneurysm was
detected despite having an aneurysmal bleeding pattern. These patients
might have lower risk of rebleeding. However, as these patients only
made up 8% of our entire study population, we felt it not useful to add
a sensitivity analyses with and without these patients.

Another possible limitation is that our dataset was rather old and
spans a long (9-year) period, which might impair generalizability to
current patients. However, as the presence or absence of an association
between blood pressure and rebleeding or DCI will not change in time,
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we feel that the rather old dataset will not have had a major influence
on our results.

We excluded 96 patients because of missing blood pressure data.
However, as this was only a small proportion (8%) of all patients and
the occurrence of rebleeding or DCI occurs independent of the availabil-
ity of blood pressures, we do not feel that this has affected our results.

There were some baseline differences between the two centers.
However, the proportion of patients developing rebleeding or DCI did
not differ. By adding treatment center as a variable to adjust for in our
analyses, we have tried to take these in-between center differences
into account.

5. Conclusion

Our observational data suggest that a MAP below 100 mmHg is asso-
ciated with decreased risk of rebleeding, and a MAP below 60 mmHg
with an increased risk of DCI. Whether lowering MAP below 100
mmHg will prevent rebleeding, or avoiding a MAP below 60 mmHg
will prevent DCI could be subject of future prospective research.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jcrc.2022.154124.
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