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Abstract
Purpose High intracranial pressure variability (ICPV) is associated with favorable outcome in traumatic brain injury, by 
mechanisms likely involving better cerebral blood flow regulation. However, less is known about ICPV in aneurysmal suba-
rachnoid hemorrhage (aSAH). In this study, we investigated the explanatory variables for ICPV in aSAH and its association 
with delayed cerebral ischemia (DCI) and clinical outcome.
Methods In this retrospective study, 242 aSAH patients, treated at the neurointensive care, Uppsala, Sweden, 2008–2018, 
with ICP monitoring the first ten days post-ictus were included. ICPV was evaluated on three time scales: (1) ICPV-1 m—ICP 
slow wave amplitude of wavelengths between 55 and 15 s, (2) ICPV-30 m—the deviation from the mean ICP averaged over 
30 min, and (3) ICPV-4 h—the deviation from the mean ICP averaged over 4 h. The ICPV measures were analyzed in the 
early phase (day 1–3), in the early vasospasm phase (day 4–6.5), and the late vasospasm phase (day 6.5–10).
Results High ICPV was associated with younger age, reduced intracranial pressure/volume reserve (high RAP), and high 
blood pressure variability in multiple linear regression analyses for all ICPV measures. DCI was associated with reduced 
ICPV in both vasospasm phases. High ICPV-1 m in the post-ictal early phase and the early vasospasm phase predicted 
favorable outcome in multiple logistic regressions, whereas ICPV-30 m and ICPV-4 h in the late vasospasm phase had a 
similar association.
Conclusions Higher ICPV may reflect more optimal cerebral vessel activity, as reduced values are associated with an 
increased risk of DCI and unfavorable outcome after aSAH.

Keywords Aneurysmal subarachnoid hemorrhage · Clinical outcome · Delayed cerebral ischemia · Intracranial pressure 
variability · Vasospasm

1 Introduction

Aneurysmal subarachnoid hemorrhage (aSAH) is a severe 
disease that is associated with high mortality and neuro-
logical sequele [1]. The main clinical treatment targets 
include early aneurysm occlusion, cerebrospinal fluid (CSF) 
diversion in case of acute hydrocephalus, and avoidance of 
delayed cerebral ischemia (DCI) [2–6]. Although intracra-
nial pressure (ICP) is often monitored, specific treatment 

thresholds and theories of ICP dynamics are to a large 
degree based on findings in severe traumatic brain injury 
(TBI) [7]. There is hence a need for more studies on ICP 
dynamics in aSAH to better understand the specific patho-
physiology in this disease.

Recently, the role of variability in various biological 
parameters has gained interest, both in general [8, 9] and in 
severe TBI [10–16]. We found in TBI that although higher 
ICP variability (ICPV) was associated with unfavorable vari-
ables such as higher ICP and a reduced intracranial compli-
ance, it independently predicted favorable clinical outcome 
[11]. One possible explanation could be that higher ICPV 
reflects a healthier and more adaptive cerebrovascular sys-
tem that better regulates cerebral blood flow (CBF) accord-
ing to metabolic demand, resulting in reduced secondary 
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brain injury [11]. Less is known about the physiological 
and prognostic meaning of ICPV in aSAH. Theoretically, 
a low ICPV could be associated with reduced variation of 
cerebral blood volume (CBV) due to increased cerebro-
vascular tone from vasospasm. In one study on 90 aSAH 
patients, Kirkness et al. evaluated mean values of ICPV and 
found that higher short-term ICPV predicted favorable out-
come, but ICPV was not associated with cerebral vasospasm 
(according to transcranial Doppler) [17]. Further studies are 
required in this topic.

In the current study, our aim was to explore ICPV in 
aSAH, by studying its explanatory variables and its relations 
to DCI and clinical outcome. Our hypotheses were (i) higher 
ICPV could be explained by a reduced intracranial com-
pliance and increased blood pressure variability, (ii) ICPV 
would be lower in case of DCI, and (iii) higher ICPV would 
be associated with favorable clinical outcome.

2  Materials and methods

2.1  Patients

 Patients with aSAH admitted to the Department of Neu-
rosurgery at the University Hospital in Uppsala, Sweden, 
between 2008 and 2018 were eligible for this study. Out of 
605 patients with SAH and ICP monitoring, we included 242 
aSAH patients aged 16 or older with ICP monitoring on all 
of the first 10 days post-ictus.

2.2  Treatment protocol

Patients were treated in accordance with our standardized 
ICP- and CPP-oriented treatment protocol to avoid second-
ary insults [4, 6]. Treatment goals were ICP ≤ 20 mm Hg, 
CPP ≥ 60 mm Hg, systolic blood pressure > 100 mm Hg, 
 pO2 > 12 kPa, arterial glucose 5–10 mmol/L (mM), electro-
lytes within normal ranges, slight hypervolemia with 0 fluid 
balance, and body temperature < 38 °C.

Patients who were unconscious (GCS M < 6) were intu-
bated and normoventilated. Those patients were sedated with 

propofol and received morphine as analgesia. Neurologi-
cal wake-up tests were regularly performed to detect symp-
toms of DCI. The patients were treated with early aneu-
rysm occlusion, either with endovascular embolization or 
surgical clipping, and all patients received nimodipine. In 
unconscious (GCS M < 6) patients, an external ventricular 
drain (EVD) was inserted to monitor ICP and to drain CSF 
in case of high ICP. If ICP was above 20 mm Hg the EVD 
was opened at 15 mm Hg. In severe cases when basal ICP 
treatment was insufficient, thiopental coma treatment, and/or 
decompressive craniectomy (DC) were last-tier treatments. 
Arterial blood pressure (ABP) was mainly maintained with 
fluids. Vasopressors (preferably dobutamine, otherwise nor-
epinephrine) were used if CPP was below 60 mm Hg and 
the patient did not respond to intravenous fluid treatment.

DCI was clinically defined, as new neurological deficits 
and/or decreased level of consciousness when other causes, 
e.g. hydrocephalus and hematomas, were excluded [18]. 
Transcranial Doppler (TCD) was not used as an adjunct for 
the diagnosis. If a manifest cerebral infarction was excluded, 
triple-H-therapy (hypertension, hypervolemia and hemodi-
lution) including 500 ml dextran-40 solution (100 mg/ml, 
Meda AB) and 200 ml albumin (200 mg/ml) per day were 
administered for 5 days. Angioplasty was performed in case 
of persisting symptoms when angiography showed large-
vessel vasospasm.

2.3  Data acquisition and analyses

ICP was monitored with the EVD system (HanniSet, 
Xtrans, Smith Medical GmbH, Glasbrunn, Germany). ABP 
was measured invasively in the radial artery at heart level. 
Physiological data were collected at 100 Hz using the Odin 
software [19].

ICPV was analyzed in three ways with different time 
intervals—(1) sub-minute interval (2) 30-min interval and 
(3) 4-h interval (Fig. 1) [11, 20]. In the sub-minute inter-
val, ICPV-1 m, was calculated as the ICP slow wave ampli-
tude with a bandpass filter, limiting the analysis to ICP 
oscillations with periods 55 to 15 s [20]. The second and 
third ICPV measures, i.e. ICPV-30 m and ICPV-4 h, were 

Fig. 1  Intracranial pressure 
variability in one aneurysmal 
subarachnoid hemorrhage 
patient during six hours. The 
figure demonstrates the three 
ICPV measures in one aSAH 
patient during 6 h. The temporal 
variation was higher for the very 
short-term ICPV-1m than the 
more long-term ICPV-4h
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computed for every minute of monitoring as the absolute 
deviation from a 30-min and 4-h moving average centered 
on the minute, respectively [11]. Blood pressure variability 
(BPV) was evaluated in similar time intervals as ICPV [11, 
16]. Pressure reactivity index (PRx) was calculated as the 
5 min correlation of 10 s averages of ICP and MAP [21, 
22]. The RAP-index (R, amplitude and pressure compliance 
index) was calculated as the moving 5-minute correlation 
between ICP amplitude and ICP, as previously described 
[23, 24].

2.4  Outcome

Clinical outcome was assessed at around 12 months post-
ictus, by specially trained personnel, using structured tel-
ephone interviews for the Extended Glasgow Outcome Scale 
(GOS-E) containing eight categories of outcome, from death 
to upper good recovery [25–27]. GOS-E 5–8 was considered 
favorable clinical outcome, whereas GOS-E 1–4 was con-
sidered unfavorable.

2.5  Statistical analysis

The analysis aimed at finding explanatory variables for 
ICPV (i) and to assess the ICPV relation to DCI (ii) and 
clinical outcome (iii), respectively.

Nominal, ordinal, and continuous variables were 
described as numbers or proportions, medians [interquar-
tile range (IQR)], and means [± standard deviation (SD)], 
respectively. Mean daily values for ICPV-1 m, ICPV-30 m, 
and ICPV-4 h were evaluated the first 10 days post-ictus for 
those with favorable and unfavorable outcome with 95 % 
confidence interval (CI). Similar calculations were done for 
those with and without DCI.

The 10-day period post-ictus was divided into three 
phases—(i) Early phase (days 1 to 3), (ii) Early vasospasm 
phase (days 4 to 6.5), and (iii) Late vasospasm phase (days 
6.5 to 10). The vasospasm phase was hence split in the mid-
dle. Mean values for physiological variables including ICP, 
MAP, CPP, RAP, PRx, and the three ICPV measures were 
calculated for each phase. The good monitoring time (GMT 
%) of ICP > 20 mm Hg and CPP < 60 mm Hg were also cal-
culated for the same phases. The thresholds were chosen in 
accordance with our management protocol [4]. These physi-
ological analyses were done in the Odin software, developed 
at Edinburgh and Uppsala University by one of the authors 
(TH) [19], and the data were then transferred to SPSS ver-
sion 25 (IBM Corp, Armonk, NY, USA) for further statisti-
cal analyses.

The explanatory variables for each of the three ICPV 
measures (outcome variable) were evaluated with the Spear-
man’s rank-order correlation and multiple linear regression 
analyses including demographic, admission, treatment, and 

physiological data as independent variables. We chose to 
focus on the late vasospasm phase for these analyses, since 
we found in the analysis of outcome (see below) that all 
three ICPV measures were associated with outcome in that 
phase and because this phase also represents a period with 
high incidence of DCI, which makes it most interesting from 
a clinical point of view. The treatment variables (triple-H, 
thiopental, and DC) in these analyses were dichotomized 
as yes/no, but we also took into account if they were given 
before/during or after the late vasospasm phase. We only 
considered treatment of triple-H or thiopental (serum con-
centration > 30 µM), respectively, as “yes” if the patient 
received it within the late vasospasm phase, since e.g. thio-
pental would not be expected to have any effect on ICPV if 
it had ready been eliminated to a concentration below that 
value. However, we considered all patients that had been 
operated with DC prior to, or within, the late vasospasm 
phase as “yes”, since the cerebral physiological effects are 
expected to remain until cranioplasty, which is performed 
much later.

The association between ICPV and DCI was evaluated, as 
mentioned above, with mean daily values (95 % CI) the first 
10 days (DCI treatment yes/no) and with Spearman/regres-
sion analyses in the late vasospasm phase. In addition, the 
student’s t-test was performed for each of the three phases to 
analyze this association. We then only counted DCI as “yes” 
if they were given triple-H in that phase.

The association between ICPV and clinical outcome was 
analyzed separately for each ICPV measure with separate 
simple and multiple logistic regressions for favorable clini-
cal outcome (GOS-E 5–8). In addition to ICPV, the multiple 
logistic regressions also included age, GCS M at admission, 
Fisher grade, GMT (%) ICP > 20 mm Hg, and GMT (%) 
CPP < 60 mm Hg as independent variables.

Because of the exploratory nature of the study, no adjust-
ment for multiple testing were undertaken. A p-value < 0.05 
was considered statistically significant.

2.6  Ethics

  The Uppsala regional ethical board for human research 
granted permission for the study.

3  Results

3.1  Demography, admission status, treatments 
and clinical outcome

For the 242 patients included in this study, the female/male 
ratio was 163/79 (67/33%) and the mean age was 58 (± 11). 
At admission, median GCS M was 5 (IQR 5–6), pupillary 
abnormalities (anisocoria/unreactive) were present in 13 
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(5%) patients, and the World Federation of Neurosurgical 
Societies (WFNS) grade was above III in 183 (76%) patients. 
Median Fisher grade was 4 (IQR 3–4) and the intracranial 
aneurysm location was in the anterior circulation in 196 
(81%) patients. Endovascular aneurysm occlusion alone was 
done in 169 (70%) patients, surgical clip ligation in 67 (28%) 
patients, a combination of endovascular and surgical treat-
ments in 2 (1%) patients, and 4 (2%) patients received no 
aneurysm occlusion. Sixty-one (25%) patients were treated 
with triple-H therapy due to DCI and the median day of 
treatment initiation was 4 (IQR 4–7). Twenty-four (10%) 
patients were treated with thiopental and the median day 
of treatment initiation was 3 (IQR 1–5). Thirty-four (14%) 
patients were treated with DC, in median on day 4 (IQR 
2–7). Ten (4%) patients were treated with both thiopen-
tal and DC. Median GOS-E was 3 (IQR 3–5) and 63/179 
(26%/74%) patients had favorable/unfavorable outcome.

3.2  Systemic and cerebral physiology

The physiological variables in each of the three phases are 
described in Table 1. MAP and CPP gradually increased 
from the early phase to the late vasospasm phase. ICP gradu-
ally decreased throughout the temporal course.

3.3  Description of ICP variability

Figure 1 illustrates an example of the three different ICPV 
measures over time. The very short-term ICPV-1 m dem-
onstrated a greater variability than the more long-term 
ICPV-4 h. The ICPV measures mostly varied within the 
0–10 mm Hg interval (Fig. 2; Table 1).

Table 1  Systemic and cerebral 
physiology in three phases 
post-ictus

Variables Early phase Early vasospasm phase Late vasospasm phase

MAP (mm Hg), mean (± SD) 89 ± 6 94 ± 8 96 ± 9
BPV-1 m (mm Hg), mean (± SD) 4.7 ± 1.4 5.1 ± 1.8 5.1 ± 1.8
BPV-30 m (mm Hg), mean (± SD) 2.6 ± 0.7 2.5 ± 0.8 2.5 ± 1.0
BPV-4 h (mm Hg), mean (± SD) 4.2 ± 1.0 4.3 ± 1.0 4.6 ± 1.3
ICP (mm Hg), mean (± SD) 12 ± 3 12 ± 3 11 ± 4
ICP > 20 mm Hg (GMT%), mean (± SD) 6 ± 8 5 ± 11 4 ± 11
ICPV-1 m (mm Hg), mean (± SD) 2.7 ± 0.9 2.6 ± 1.0 2.3 ± 1.0
ICPV-30 m (mm Hg), mean (± SD) 1.2 ± 0.3 1.1 ± 0.4 1.0 ± 0.3
ICPV-4 h (mm Hg), mean (± SD) 1.8 ± 0.4 1.7 ± 0.5 1.6 ± 0.4
RAP, mean (± SD) 0.14 ± 0.26 0.12 ± 0.22 0.12 ± 0.19
CPP (mm Hg), mean (± SD) 77 ± 7 82 ± 8 85 ± 9
CPP < 60 mm Hg (GMT%), mean (± SD) 5 ± 6 3 ± 4 2 ± 5
PRx, mean (± SD) 0.15 ± 0.13 0.16 ± 0.15 0.20 ± 0.16

Fig. 2  Three intracranial pressure variability measures in relation to 
favorable and unfavorable outcome in aneurysmal subarachnoid hem-
orrhage. The figure demonstrates the temporal course in the three dif-

ferent ICPV measures in relation to favorable (n = 63) and unfavora-
ble (n = 179) outcome. Mean values with 95% confidence interval 
(CI)
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3.4  ICPV: explanatory variables

Spearman correlation and multiple linear regression analy-
ses of the explanatory variables for each ICPV measure in 
the late vasospasm phase are demonstrated in Table 2. In 
the Spearman correlation analyses, age, GCS M at admis-
sion, and Fisher grade showed no correlation with ICPV, 
but normal pupillary reactivity was associated with higher 
ICPV-1 m and ICPV-30 m. Those who were treated with 
thiopental in the late vasospasm phase had reductions in 
ICPV-1 m, but not ICPV-30 m or ICPV-4 h. DC surgery, 
prior to or within the late vasospasm phase, was associated 
with lower ICPV for all three ICPV measures. Those who 
received triple-H (within the late vasospasm phase) due to 
DCI had significantly lower ICPV. MAP and ICP were not 
associated with ICPV, but higher RAP, higher BPV, and 
lower PRx correlated with higher ICPV.

In the multiple linear regression analyses (Table 2), lower 
age, no DC surgery (before or within the late vasospasm 
phase), no DCI (triple-H within the late vasospasm phase), 
higher RAP, and higher BPV were independently associated 
with higher ICPV for all three measures. Furthermore, no 

thiopental (in the late vasospasm phase), lower MAP, higher 
ICP, and lower PRx also independently predicted higher 
ICPV-1 m. Normal pupillary reactivity also predicted higher 
ICPV-30 m and ICPV-4 h. Lower MAP was associated with 
higher ICPV-4 h.

3.5  ICPV and DCI

Patients with DCI that required triple-H treatment had sig-
nificantly lower ICPV in the vasospasm phase, but not earlier 
(Fig. 3). Mean values for the ICPV measures were signifi-
cantly lower for those with DCI and triple-H treatment in 
the early vasospasm phase, including ICPV-1 m (2.3 ± 0.6 
mm Hg vs. 2.6 ± 1.1 mm Hg, p-value = 0.01), ICPV-30 m 
(1.1 ± 0.3 mm Hg vs. 1.2 ± 0.4 mm Hg, p-value = 0.03), 
and ICPV-4  h (1.5 ± 0.4 mm Hg vs. 1.7 ± 0.5 mm Hg, 
p-value = 0.001). Similarly, mean values for the ICPV 
measures were significantly lower for those with DCI and 
triple-H treatment in the late vasospasm phase, includ-
ing ICPV-1  m (2.0 ± 0.7 mm Hg vs. 2.4 ± 1.0 mm Hg, 
p-value = 0.004), ICPV-30 m (0.9 ± 0.3 mm Hg vs. 1.1 ± 0.4 
mm Hg, p-value = 0.001) and ICP-4 h (1.5 ± 0.4 mm Hg vs. 

Table 2  Explanatory variables for ICPV in the late vasospasm phase – Spearman rank correlation and multiple linear regression analysis

Bold and italics indicate statistical significance
Multiple linear regression 1, ICPV-1 m,  R2 = 0.53, ANOVA p-value = 0.001
Multiple linear regression 2, ICPV-30 m,  R2 = 0.43, ANOVA p-value = 0.001
Multiple linear regression 3, ICPV-4 h,  R2 = 0.44, ANOVA p-value = 0.001
a Pupils, 0 = normal and 1 = abnormal
b Thiopental, 0 = no and 1 = yes
c DC, 0 = no and 1 = yes
d DCI, 0 = no and 1 = yes

Variables ICPV-1 m ICPV-30 m ICPV-4 h

 Spearman  Multiple linear 
regression 

 Spearman  Multiple linear 
regression 

 Spearman  Multiple linear 
regression 

 r  p-value  β  p-value  r  p-value  β  p-value  r  p-value  β  p-value 

Age − 0.02 0.75 − 0.12 0.02 − 0.05 0.43 − 0.20 0.001 − 0.01 0.87 − 0.21 0.001 
GCS M 0.12 0.06 0.02 0.77 0.11 0.10 − 0.01 0.84 0.10 0.11 0.03 0.65
Pupila − 0.15 0.03 − 0.07 0.18 − 0.17 0.01 − 0.18 0.02 − 0.11 0.08 − 0.11 0.05 
Fisher − 0.10 0.12 0.03 0.62 − 0.09 0.15 0.01 0.84 − 0.08 0.24 0.05 0.41
Thiopentalb − 0.20 0.001 − 0.11 0.04 − 0.11 0.08 − 0.05 0.45 − 0.12 0.07 − 0.05 0.42
DCc − 0.48 0.001 − 0.42 0.001 − 0.45 0.001 − 0.46 0.001 − 0.32 0.001 − 0.37 0.001 
DCId − 0.15 0.02 − 0.14 0.01 − 0.19 0.003 − 0.23 0.001 − 0.22 0.001 − 0.22 0.001 
MAP 0.08 0.21 − 0.19 0.001 0.01 0.99 − 0.11 0.07 − 0.07 0.29 − 0.15 0.02 
ICP 0.06 0.36 0.22 0.001 0.06 0.36 0.10 0.13 − 0.09 0.18 0.03 0.68
RAP 0.20 0.003 0.13 0.01 0.29 0.001 0.28 0.001 0.50 0.001 0.45 0.001 
PRx − 0.14 0.04 − 0.16 0.002 − 0.17 0.01 − 0.10 0.09 − 0.14 0.03 − 0.06 0.25
BPV-1 m 0.41 0.001 0.50 0.001 NA NA NA NA NA NA NA NA
BPV-30 m NA NA NA NA 0.22 0.001 0.18 0.002 NA NA NA NA
BPV-4 h NA NA NA NA NA NA NA NA 0.15 0.03 0.19 0.002 
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1.7 ± 0.5 mm Hg, p-value = 0.001. There was no association 
between ICPV in the early phase and the risk of having DCI 
treated with triple-H at any time point. DCI treated with 
triple-H was an independent predictor of lower ICPV in the 
late vasospasm phase (Table 2). PRx was not significantly 
higher in any phase for those that developed DCI and were 
treated with triple-H.

3.6  ICPV and clinical outcome

Higher ICPV-1 m was significantly associated with favorable 
outcome in all three phases in the simple logistic analysis 
(Table 3), but only in the early phase and early vasospasm 

phase in the multiple logistic regression analyses. Both 
higher ICPV-30  m and ICPV-4  h were associated with 
favorable outcome in simple and multiple logistic regression 
analyses, but only in the late vasospasm phase. In addition, 
younger age, higher GCS M at admission, and lower Fisher 
grade were associated with favorable outcome in all three 
phases in the multiple logistic regression analyses. Lower 
GMT (%) ICP > 20 mm Hg was associated with favorable 
outcome in the ictal phase, but not later. GMT (%) CPP < 60 
mm Hg was not independently associated with outcome in 
any phase

Fig. 3  Temporal dynamics in intracranial pressure variability the 
first 10 days post-ictus—relation to delayed cerebral ischemia that 
required triple-H treatment. The figure demonstrates the temporal 

course in the three different ICPV measures for those that required 
DCI treatment with triple-H (n = 61) and those who did not (n = 
181). Mean values with 95% confidence interval (CI)

Table 3  ICPV in relation to favorable outcome – simple and multiple logistic regression analyses for three phases post-ictus

Bold and italics indicate statistical significance
Multiple logistic regression analyses—age, GCS M, Fisher grade, GMT (%) ICP > 20 mm Hg and GMT (%) CPP < 60 mm Hg, in addition to 
each of the ICPV measures

Phase Early phase Early vasospasm phase Late vasospasm phase

 ICPV-1 m  Simple  OR (95 %CI) 1.63 (1.19–2.24) 1.50 (1.11–2.02) 1.48 (1.10-2.00)
 p-value 0.003 0.008 0.01 

 Multiple  OR (95 %CI) 1.46 (1.01–2.10) 1.49 (1.06–2.10) 1.35 (0.96–1.89)
 p-value 0.05 0.02 0.09

 ICPV-30 m  Simple  OR (95 %CI) 1.72 (0.69–4.24) 1.59 (0.75–3.36) 4.48 (1.88–10.69)
 p-value 0.24 0.22 0.001 

 Multiple  OR (95 %CI) 1.93 (0.64–5.87) 1.82 (0.79–4.20) 5.38 (1.90-15.27)
 p-value 0.25 0.16 0.002 

 ICPV-4 h  Simple  OR (95 %CI) 0.99 (0.51–1.93) 1.36 (0.76–2.43) 2.82 (1.47–5.39)
 p-value 0.97 0.31 0.002 

 Multiple  OR (95 %CI) 1.45 (0.62–3.41) 1.79 (0.92–3.50) 3.76 (1.70–8.30)
 p-value 0.39 0.09 0.001 
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4  Discussion

In the current study of 242 aSAH patients that required ICP 
monitoring the first 10 days post-ictus, we found that higher 
ICPV, particularly in the late vasospasm phase, was associ-
ated with a lower rate of DCI and independently predicted a 
higher chance of favorable outcome. We suggest that higher 
ICPV reflects a more adaptive and active cerebrovascular 
system, which influences the clinical course.

4.1  ICPV: explanatory variables

ICP variations have generated interest since the development 
of ICP monitoring in the NIC [28]. For example, Lundberg 
identified type A waves (plateau waves) with amplitudes 
above 50 mm Hg with a duration above 5 min at low fre-
quencies and type B waves with smaller amplitudes around 
5 mm Hg but higher frequencies around 1–2 waves/min-
ute [29]. According to the initial theory, both of these wave 
types are caused by cerebral vessels reacting to unstable 
blood pressure, leading to variations in CBV and ICP [30, 
31]. These reactions are in turn amplified when the intrac-
ranial compliance is low. Other explanations include CBF-
metabolism coupling,  pCO2-variations, and brainstem oscil-
lations that cause secondary CBF oscillations [28, 32, 33].

In our previous study on ICPV in TBI, we found that high 
BPV and a reduced intracranial compliance were the main 
predictors of increased ICPV [11]. Similar to that study, we 
found that higher RAP (low intracranial compliance) and 
higher BPV were independently associated with higher 
ICPV for all three measures. We also found that lower PRx 
was independently associated with ICPV-1 m. Low PRx 
indicates intact pressure autoregulation [21, 22], which sup-
ports that higher ICPV-1 m reflects better CBF regulation. 
Similar correlations were found in the univariate analyses 
for the other two ICPV measures, but they did not hold up 
in the multiple regressions. It is possible that the associa-
tion between ICPV-1 m and PRx was stronger because they 
both represent a similar time window (minutes), whereas 
the more long-term ICPV measures might reflect slightly 
different underlying mechanisms for CBV variations e.g. 
slower changes in cerebral metabolism. Higher age was 
associated with lower ICPV for all three measures. It has 
been suggested that aging, in general, is associated with a 
reduced variability in physiology [8] and when it comes to 
ICPV it could be a reflection of less compliant cerebral ves-
sels and increased intracranial compliance due to cerebral 
atrophy. DC surgery was also independently associated with 
lower ICPV for all three measures, similar to our previous 
study [11]. This is probably a reflection of that DC dras-
tically increases intracranial compliance so that variations 
in intracranial volume only lead to small changes in ICP 

[24]. Thiopental was associated with lower ICPV-1 m, pos-
sibly as a reflection of the metabolic suppression that led 
to a reduced CBV variation. Furthermore, normal pupillary 
status at admission independently predicted higher ICPV. 
As pupillary abnormalities could be related to brain hernia-
tion and brainstem injuries, this could disturb the rhythmic 
brainstem oscillations that might contribute to CBV varia-
tions and higher ICPV [32]. Furthermore, being treated with 
triple-H for DCI was also an independent significant predic-
tor of low ICPV in the late vasospasm phase, as discussed 
in the next section.

In conclusion, ICPV may be explained by changes in 
CBV as a consequence of BPV and cerebral vessel activ-
ity. The changes in CBV are in turn amplified in a state of 
low intracranial compliance. The different ICPV measures 
also reflect their time window, as the very-short term meas-
ure might reflect more immediate myogenic vessel reflexes, 
whereas short- to long-term ICPV might more reflect slower 
cerebral metabolic processes.

4.2  ICPV: prediction of DCI?

All three ICPV curves, particularly ICPV-1 m, demonstrated 
a general trend of ICPV reduction towards lower values 
when the patients entered the vasospasm phase. This was 
particularly evident for those who received triple-H due to 
DCI and those with unfavorable clinical outcome (Figs. 2 
and 3). This is in line with that lower ICPV may reflect 
reductions in CBV/CBF due to cerebral vasospasm that typi-
cally occurs day 4 to 10 post-ictus. Future multimodal stud-
ies are needed to determine if lower ICPV is also associated 
with brain tissue hypoxia and worse cerebral energy metabo-
lism. Kirkness et al. found no association with vasospasm 
(transcranial Doppler) [17], but their study was smaller and 
they evaluated mean values the first days post-ictus. How-
ever, we found that lower ICPV was only associated with 
DCI in the later course when DCI is more common, but 
not in the immediate phase post-ictus. This suggests that 
reduced ICPV was a result rather than a predictor of DCI. 
We have previously found that CBF increases after triple-H, 
but ICPV seemed to be persistently lower in the vasospasm 
phase despite treatment for those with DCI in the current 
study [34]. It is possible that although triple-H increases 
CBF by higher CPP and improved rheology, the cerebrovas-
cular stiffness remains, predisposing for a persistently lower 
ICPV even after triple-H treatment.

The association with reduced ICPV with DCI in these 
patients findings may be related to the reductions in alpha 
variability in electroencephalography (EEG) monitor-
ing with corresponding decreases in CBF that have been 
reported in cases of vasospasm/DCI in aSAH [35]. Reduc-
tions in ICPV and alpha variability may both be differ-
ent representations of similar underlying mechanisms of 



576 Journal of Clinical Monitoring and Computing (2022) 36:569–578

1 3

worsening CBF regulation and cerebral energy metabolism 
in these patients.

We did not find any association between PRx and DCI in 
the current study. We have previously questioned the reli-
ability of PRx under some circumstances after aSAH [36]. 
In case of severe distal small-vessel vasospasm, the capacity 
to autoregulate is reduced, and increases in ABP will only 
give small increases in ICP due to the increased cerebro-
vascular tone. The attenuated ICP response from increased 
ABP could lead to a “falsely” low (close to 0) PRx, despite 
severely disturbed autoregulatory status. It is hence possible 
that ICPV might better represent these CBF disturbances 
than PRx.

4.3  ICPV: prediction of clinical outcome

Higher variability in biology, in general, indicates that the 
system is more healthy and adaptive [8, 9]. ICPV has gained 
interest in recent years, as high ICPV has been associated 
with favorable outcome in TBI [10–12]. This association 
has to some extent appeared paradoxical, since higher ICPV 
is associated with unfavorable variables such as a reduced 
intracranial compliance [11]. However, it is possible that 
higher ICPV may represent healthier cerebral vessels that 
are more compliant and active, which leads to greater vari-
ation in CBV and hence ICP.

Similar to previous TBI studies, we found that higher 
ICPV independently predicted favorable outcome. ICPV-1 m 
correlated more strongly with favorable outcome in the 
ictal and early vasospasm phase, whereas ICPV-30 m and 
ICPV-4 h only correlated with favorable outcome in the late 
vasospasm phase. This temporal variation in relation to clin-
ical outcome is not completely clear, but could reflect that 
the mechanisms that control CBV and CBF have different 
time windows and that their importance differ throughout 
the temporal course post-ictus.

4.4  Limitations

There are several limitations in the current study. First, the 
reliability of ICP wave form analysis with an open EVD has 
been questioned due to altering of the ICP signal [37]. How-
ever, we and others have found that the validity of ICP slow 
waves is preserved, which makes variables such as ICPV-1 m 
and PRx still valid [38, 39]. Although the ICP amplitude 
in the cardiac pulse wave is significantly reduced when the 
EVD is opened, it is still highly correlated with the ICP 
amplitude when the EVD is closed [39]. RAP is a continu-
ous measure of the correlation between ICP amplitude and 
mean ICP over 5 min, i.e. an evaluation of relative changes 
rather than absolute values, and its validity therefore seems 
to be preserved after EVD opening [24, 39]. ICPV-30 m and 
ICPV-4 h evaluates the deviation of absolute ICP in relation 

to the average ICP for a 30-min/4-h time window. We can-
not exclude that these two ICPV measures were unreliable 
to someextent. However, they still correlated with DCI and 
clinical outcome in an expected way from a biological point 
of view. It is possible that signal-noise was reduced when 
mean values were averaged over several days. Second, it is 
possible that the EVD management confounded our results. 
For example, open EVDs, particularly for low opening pres-
sures (0–10 mm Hg), likely reduced the range in which the 
absolute ICP varied. It is possible that patients with a more 
severe brain injury required open EVD treatment to a greater 
extent and that DCI patients were treated with lower EVD 
opening pressure to improve CPP. It may therefore be diffi-
cult to determine if ICPV-30 m and ICPV-4 h reflected EVD 
management or cerebral vessel activity. Prospective studies 
are needed to truly evaluate the effect of EVD opening on 
these two ICPV measures. Third, TCD was not used rou-
tinely because we chose to base the judgement when triple-H 
treatment was indicated on the occurrence of DCI defined 
clinically [18]. We cannot exclude some institutional bias for 
when DCI and triple-H were considered. TCD could have 
supported presence of vasospasm but since it not excludes 
vasospasm with certainty we preferred to relay on the DCI 
diagnosis instead both in the clinical management and in 
the study.

5  Conclusions

Higher ICPV, particularly in the vasospasm phase, corre-
lated with a lower rate of DCI and improved clinical out-
come. Higher ICPV might represent healthier cerebral ves-
sels that are more compliant and active. Future studies are 
needed to determine if higher ICPV corresponds to a more 
favorable cerebral energy metabolic state.
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