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Abstract

Background Cerebral autoregulation is increasingly rec-

ognized as a factor that requires evaluation when managing

poor grade aneurysmal subarachnoı̈dal hemorrhage (aSAH)

patients. In this single center pilot study, we investigated

whether intraventricular intracranial pressure (ICP) derived

when extraventricular drain (EVD) is open can be used to

calculate dynamic autoregulation estimates in ICU aSAH

patients.

Methods Ten patients with the diagnosis of aSAH as

confirmed by computed tomography (CT) and CT-angi-

ography were enrolled. ICP was monitored via a transducer

connected to the most proximal side exit of the EVD

catheter. From at least 30 min periods of brain monitoring

before, during, and after temporarily EVD closure,

commonly used indexes of dynamic cerebral autoregula-

tion were calculated.

Results Preserved pulsatile ICP signals were seen with

open EVD. There were no significant changes in parame-

ters describing cerebral autoregulation between EVD open

and closed conditions. Power spectra of ABP and ICP

showed no significant changes for the selected frequency

ranges. There was a small significant increase in absolute

ICP [2.4 (3.8) mmHg, p < 0.001] upon short-term EVD

closure. Cerebral spinal reserve capacity (RAP index)

worsened significantly by short-term EVD closure.

Conclusions Due to preserved slow fluctuations in the

ICP signal, an open EVD system can be used to calculate

dynamic autoregulation indices in aSAH patients requiring

intensive care monitoring with the pressure measurement

from the most proximal part of drain. If these results are

confirmed in larger study, this technique can open the way

for investigating the role of autoregulation disturbance in

aSAH patients.

Keywords Aneurysmal subarachnoı̈dal hemorrhage �
Cerebrovascular pressure reactivity � Autoregulation �
Cerebrospinal fluid drainage

Introduction

Approximately, 70 % of patients who experience aneu-

rysmal subarachnoid hemorrhage (aSAH) survive. Early

resuscitation and obliteration of the aneurysm can prevent

the catastrophe of a rebleed, but approximately 25 % of

patients with aSAH deteriorate over the following days,

necessitating intensive care (IC) admission [1]. Secondary

deterioration may be due to cerebral vasospasm, acute

hydrocephalus, electrolyte disturbances, or delayed

M. J. H. Aries (&) � S. F. de Jong � J. Regtien
Department of Critical Care Groningen, University Medical

Center Groningen, University of Groningen, Groningen,

The Netherlands

e-mail: m.j.h.aries@umcg.nl

M. J. H. Aries � M. Czosnyka � P. Smielewski

Division of Neurosurgery, Department of Clinical

Neurosciences, University of Cambridge, Cambridge, UK

S. F. de Jong � J. M. C. van Dijk

Department of Neurosurgery, University Medical Center

Groningen, University of Groningen, Groningen,

The Netherlands

B. Depreitere

Department of Neurosurgery, University of Leuven, Louvain,

Belgium

J. W. J. Elting

Department of Neurology, University Medical Center

Groningen, University of Groningen, Groningen,

The Netherlands

123

Neurocrit Care (2015) 23:347–354

DOI 10.1007/s12028-015-0107-z

http://crossmark.crossref.org/dialog/?doi=10.1007/s12028-015-0107-z&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12028-015-0107-z&amp;domain=pdf


cerebral ischemia (DCI). External ventricular drain (EVD)

placement is standard of care in the management of aSAH-

associated hydrocephalus.

Positron emission tomography (PET) imaging in patients

with aSAH reveals that in parallel to cerebral vasospasm

various hemodynamic abnormalities ranging from hypo-

perfusion to hyperemia can be observed [2]. Furthermore,

hypoperfusion and oligemia can frequently occur without

vasospasm [3]. These findings collectively suggest that

mechanisms other than vasospasm should be considered

when investigating the underlying causes of delayed dete-

rioration. Early brain injury resulting from the initial

bleeding, microvascular spasm, microthrombosis, spread of

cortical depolarizations, and failure of cerebral blood flow

autoregulation (CA) are processes that have all been impli-

cated in delayed deterioration following aSAH [4].

Like in traumatic brain injury, CA is increasingly rec-

ognized as a factor that requires evaluation when managing

poor grade aSAH patients [5]. Recent prospective studies

demonstrate that indirect indices of CA can be used to

predict long-term outcome after aSAH [6–8]. Importantly,

these indices become abnormal in patients before onset of

radiographically identifiable arterial narrowing and in those

who do not develop detectable vasospasm [9, 10]. These

measurements can be done non-invasively with NIRS or

TCD or in neuro IC with insertion of additional intrace-

rebral devices, like parenchymal intracranial pressure (ICP)

and/or partial brain tissue oxygen probes. Theoretically, the

EVD-derived intraventricular ICP signal can also be used

to calculate CA estimates. However, because resistance to

CSF flow may generate an important pressure gradient in

the drain and attenuate dynamics of measured slow waves

of ICP, this attractive method is rarely used in aSAH

patients [10]. Although their data showed that only with

nearly complete blockage of all draining EVD holes

unreliable absolute ICP measurements will occur, Birch

et al. advised temporarily closure of the drain for inter-

mittent monitoring [11]. Closure of the EVD, however,

interferes with hydrocephalus treatment.

Therefore, we investigated whether intraventricular ICP

derived when EVD is open can be used to calculate CA

estimates in aSAH patients managed in IC unit. In this

prospective pilot study, we compared 30 min periods of

brain monitoring before, during, and after temporarily

EVD closure.

Methods and Materials

Patients

This observational study was performed with approval of

the local ethics committee in the University Medical Center

of Groningen. Ten patients with the diagnosis of aSAH as

confirmed by computed tomography (CT) and CT-angi-

ography were enrolled into this prospective study from

August 2013 until April 2014 (7 months). Collected data

included age, sex, and initial neurological status according

to the World Federation of Neurosurgical Societies

(WFNS), location of aneurysm, EVD reservoir height,

medication, and treatment intervention (surgical clipping

or endovascular coiling). In our center, around 25 aSAH

patients with EVD are admitted every year for monitoring

and IC treatment.

Patients received neurointensive care treatment accord-

ing to a standard local protocol aiming at homeostasis in

terms of fluid balance, mean arterial blood pressure

(MABP), serum glucose, and arterial blood gases. If nec-

essary, patients were sedated and ventilated with Propofol

and Morphine, and received hypertensive therapy in case of

suspected vasospasm [12]. Nimodipine 6 9 60 mg was

administered through a nasogastric tube in all patients.

None of the patients received statins or erythropoietin

during IC unit stay. All patients had a proven aneurysmal

bleed (CTA or DSA) and an EVD with initial height of the

reservoir levelled at 10 cm above Monro. Exclusion study

criteria were profound restlessness, hemodynamic insta-

bility, signs of infection (systemic or ventriculitis/

meningitis), or marked hydrocephalus preventing closure

of the EVD for half an hour.

Measurements

For this study, ICP was monitored via a transducer (Baxter,

Healthcare Corp. Cardiovascular Group, Irvine, CA) con-

nected to the most proximal side exit of the EVD catheter

(10–15 cm distance to the skull). Transducer was refer-

enced to the Foramen of Monro. Invasive MABP was

obtained by an arterial line placed in the radial artery with

transducer referenced to right atrial level. Data were stored

on a laptop computer with a sample frequency of 200 Hz

for later offline analysis with ICM + software (http://

www.neurosurg.cam.ac.uk/pages/ICM). Measurements

were performed preferably the first week after hemorrhage

and done by the same researcher (MJHA). Cerebral per-

fusion pressure (CPP) was calculated as the difference

between MABP and ICP. Time averaged means for MABP,

ICP, CPP, heart rate (HR), and if available, the ventilation

parameter end-tidal CO2 was calculated and stored every

60 s.

Protocol

Three conditions were measured in a fixed order with time

blocks of more than 30 min each. During the first condi-

tion, the EVD drain was open (condition 1: ‘open before’),
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thereafter closed (condition 2: ‘closed’), and reopened

(condition 3: ‘open after’). During the measurements,

nursing activities were limited, and potential artificial

periods were marked in the software by the researchers.

Signal Processing and Analysis

The recorded signals were visually inspected for artifacts.

Artifacts of short duration were removed by linear interpo-

lation. Further, processing and calculation of the CA indices

were performed in LabVIEW (LabVIEW 2012, National

Instruments, Austin, Texas, USA) or ICM + software.

Indices of Cerebrovascular Pressure Reactivity (PRx/

PAx)

The PRx index was calculated as the moving linear (Pear-

son) correlation coefficient between 10 s values of MABP

and ICP from the previous 300 s of monitoring with 80 %

overlap, that is, every 60 s a new PRx value was calculated.

PRx has been previously validated to allow for a continuous

assessment of cerebrovascular pressure reactivity as a key

component of CA at the patient’s bedside and is described in

detail elsewhere [13]. In brief, ICP is a surrogate of cerebral

blood volume and flow. PRx quantifies the relationship

between spontaneous fluctuations of MABP and ICP and

thus quantifies the cerebrovascular autoregulatory status.

PRx may vary on a scale between -1 and +1 and displays

impaired CAwhen ICP passively followsMABP, meaning a

good correlation between the 2 parameters exists and PRx is

high. When pressure reactivity is intact, ICP is relatively

unaffected by changes in MABP so that no correlation

between MABP and ICP can be observed and PRx is near 0

or negative. Similar to PRx, the relationship between slow

MABP fluctuations and the ICP pulse amplitude (AMP) was

calculated using a moving correlation technique to reflect

the state of cerebral vasoreactivity (PAx index) potentially

more robust at lower ICP values [14].

Transfer Function Analyses

Preprocessing of ICP and MABP signals includes low-pass

filtering (Butterworth, zero shift, 1 Hz cut-off frequency),

median filtering (500 samples), and resampling to 10 Hz.

Zero mean signals were created, and detrending was per-

formed. TFA was executed using averaging with Welch’s

method (2,000 samples, 50 % overlap, Hanning window).

Subsequently, coherence, phase shift, and power spectral

density (PSD: i.e., power normalized by frequency bin

width) were calculated using LabVIEW functions. The data

were exported in 20 bins of 0.005 Hz in the range from 0.005

to 0.1 Hz. This range is chosen because it overlaps the typical

range of spontaneous slow MABP waves. We divided the

results in a very low frequency (VLF) range (0.005–

0.05 Hz), a low frequency (LF) range (0.02–0.065 Hz), and

a high frequency (HF) range (0.055–0.1 Hz). The LF range is

thought to be the optimal cerebrovascular pressure reactivity

frequency range [15]. The coherence significance 95 %

confidence interval (95 % CI) limit was calculated using the

following formula: 1� ð0:05Þ
1

L�1; where L is the number of

data segments. Estimated coherence values below this line

can be seen as evidence for a lack of linear association

between MABP and ICP [16]. Therefore, phase shifts

between ICP and MABP were not analyzed for frequencies

with coherence values lower than the calculated 95 % CI

limit. Mean values of coherence and phase were also cal-

culated in the 3 frequency ranges by averaging the values

from these bins. The total PSD of MABP and ICP was cal-

culated by integration of the power in the 3 frequency ranges.

Amplitude of ICP (AMP) and Index of Cerebrospinal

Reserve (RAP)

AMP was calculated as the AMP of the fundamental har-

monic of the Fourier decomposition of the ICP pulse

waveform from consecutive, 10-s time periods. Measuring

the fundamental harmonics instead of the full shape of the

AMP implies some loss of information. Generally, good

correlation between the AMP first harmonic and the peak-

to-peak AMP indicates poor cerebrospinal compensatory

reserve [17]. The RAP index was calculated as a Pearson

correlation coefficient between mean ICP and AMP from a

5-min period (amounting to 30 data points) with update

every 60 s [18].

Statistical Analysis

Data are presented as mean ± standard deviation (SD). No

formal power calculation was performed. Paired t tests

were used for the following comparisons: open before

versus closed, closed versus open after, and open before

versus open after. Normality of variable distribution was

evaluated with the Shapiro–Wilk statistic, and if necessary

logarithmic transformation was used. Statistical signifi-

cance was set at a p value of <0.05. All statistical analyses

were executed using statistical software SPSS (SPSS, Inc.,

Chicago, IL, USA).

Results

Subjects

Baseline characteristics of the ten aSAH patients are pre-

sented in Table 1. Six measurements were excluded
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because of short time blocks (<30 min) or due to multiple

artifacts. Seven patients had multiple open/close EVD

recordings, which resulted in a total of 22 measurements.

The group consisted of seven female patients, and the

average age was 58 (SD 13) years old. Sixty-four percent

of the measurements were done within 3 days after the

bleeding ictus, with 4 patients being on the ventilator.

Figure 1 shows an example of the time course of ICP and

MABP during closure of the EVD. With open drain, all

patients had clear visible pulsatile signals during the

proximal EVD recordings (Fig. 1a, b), in contrast to

recordings from more distal EVD recordings in the past

(Fig. 1c) [10].

Absolute Values During EVD Closure

Both ICP and AMP increased significantly at the end of

EVD closure time [ICP: 2.4 (3.8) mmHg, p < 0.001;

AMP: 0.35 (0.7) mmHg, p < 0.001] with a subsequent

small decrease in CPP [3.0 (7.7) mmHg, p < 0.001]

(Table 2).

Spontaneous Oscillations of ICP During EVD Closure

No significant differences were found between PSDs of

ICP and MABP before, during, and after EVD closure,

indicating preservation of spontaneous oscillations in the

predefined frequency ranges (Table 3).

Autoregulation Estimates During EVD Closure

Table 4 presents the results of the CA estimates PRx, PAx,

coherence, and phase for the three conditions and separated

for each predefined frequency band (Table 4). Only a sig-

nificant increased HF coherence was found with EVD

closure (p < 0.05). The RAP index increased significantly

with EVD closure (p < 0.05), indicating poorer pressure–

volume compensatory reserve in this situation. Two

patients showed ICP increasing >20 mmHg with EVD

closure (Fig. 2). In one patient, clearly more positive PAx

values were observed abruptly indicating worse CA and

likely CSF drainage dependency at this stage (Fig. 2b).

Discussion

In this study, we showed that there are no major changes in

parameters describing CA between EVD open and closed

in aSAH patients admitted to ICU. Power spectra of MABP

and ICP also showed no significant changes for the selected

frequency ranges as an important perquisite for reliable CA

calculation. As expected, there was a small increase in

absolute ICP and its AMP upon short-term EVD closure.

Cerebral spinal reserve capacity (as presented by the RAP

index) worsened significantly by short-term EVD closure.

Autoregulation Indices

In contrast to our expectations, no significant differences in

coherence, phase shift, PRx, and PAx between the condi-

tions were found. It was hypothesized that with open EVD,

continuous CSF drainage might function as a high pass

filter that alters the results of DCA calculation. Possibly,

opening the drain will only filter out frequencies very close

to DC and will only alter DC values themselves. These

changes do not interfere with CA calculation.

ICP and MABP

The increase of absolute ICP (and subsequent CPP

decrease) with EVD closure was as expected in our patients

who were likely to have decreased absorption of CSF. No

direct relation between MABP increase and EVD closure

was observed, but an increase in ICP may provoke a raise

in MABP to maintain CPP and satisfy the cerebral perfu-

sion demands, especially when autoregulation becomes

exhausted and cerebrospinal reserve is lowered [19]. In our

cohort, only two patients showed ICP >20 mmHg with

short-term EVD closure (Fig. 2).

The increase of absolute ICP with EVD closure is in

agreement with the results of a laboratory experiment in the

eighties where they tested a hydrodynamic model to

Table 1 Characteristics of aSAH patients

Variable N = 10

Age, year (SD) 58.4 (13)

Female/Male (%) 7/3 (70/30)

WFNS grade (median) 3 (2)

Aneurysm location

ACoA (%) 4 (40)

PCoA (%) 0

ACA (%) 0

Pericallosal artery (%) 0

ICA (%) 0

MCA (%) 1 (10)

VB (%) 5 (50)

Clipping/coiling/no intervention yet 1 (10)/5 (50)/4 (40)

Focal neurological symptoms (%) 5 (50)

Number of measurements (median) 2 (1,3)

Day measurement after Ictus (median) 2 (1,8)

Values given as mean (SD), median (25th, 75th percentile), or

absolute numbers (%)

WFNS World Federation of Neurosurgical Societies, ACoA anterior

communicating artery, PCoA posterior communicating artery, ACA

anterior cerebral artery, ICA internal carotid artery, MCA middle

cerebral artery, VB vertebrobasilar system
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simulate intraventricular and parenchymal ICP measure-

ments during different ventricular CSF inflow and outflow

levels at high and low absolute ICP levels [20].

Interestingly, they found a large drop in intraventricular

ICP with EVD opening and sudden ‘ventricular collapse’

after 2 h with undetectable intraventricular ICP values with

Fig. 1 Example of ICP course during extraventricular drain closure.

Time course of intracranial pressure (ICP) in a aSAH patient (female,

57 years old, unsecured ACoM aneurysm) as measured using the

proximal part of the extraventricular drain (EVD) (a, b). No major

differences are seen looking at the raw pulsatile ICP signal between

open (left side) and closed (right side) EVD conditions (b). Time

course of ICP in a historical aSAH patient [female, 38 years old,

secured MCA aneurysm (clipped)] as measured using the distal part

of the EVD and an intraparenchymal transducer, respectively. While

the EVD is open (left side), pulsatility of the ICP signal is lost.

However, when closing the EVD (right side), the distal EVD-derived

and intraparenchymal ICP signal are almost identical [10]. ABP

arterial blood pressure, ICP intracranial pressure

Table 2 Absolute changes of physiological parameters during EVD closure

Variables Open before (N = 22) Closed (N = 22) Open after (N = 22)

MABP (mmHg) 91 (14) 91 (12) 91 (14)

ICP (mmHg) 8 (4) 11 (5)* 8.5 (4)

AMP ICP (mmHg) 2.0 (1.1) 2.3 (1.0)* 1.8 (1.2)

CPP (mmHg) 83 (12) 79 (11)* 83 (13)

HR (bpm) 77 (13) 77 (13) 77 (14)

etCO2 (kPA) 4.4 (0.8) (N = 10) 4.4 (0.7) (N = 10) 4.3 (0.7) (N = 6)

Values given as mean (SD)

MABP mean arterial blood pressure, ICP intracranial pressure, AMP amplitude, CPP cerebral perfusion pressure, HR heart rate, etCO2 end-tidal

CO2, bmp beats per minute

* Significant difference with EVD open before and EVD after (both p < 0.001)
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the reservoir at midbrain level. In clinical practice, this

situation is overcome by setting the EVD reservoir at least

at 10 cm above Monro. Unfortunately, the authors did not

comment on other ICP characteristics, and the exact loca-

tion of intraventricular transducer (close or far away from

reservoir?) was not reported.

Birch et al. showed that with nearly blockage of all EVD

holes by ventricular walls or intraventricular debris, a

significant pressure gradient between the inside and outside

of the drain may be established with false low ICP read-

ings. Their simple advice is to check ICP values before and

after EVD closure to check this avoidable artifact [11]. In

our cohort, sudden changes in ICP were not observed

making ‘nearly blockage’ of EVD holes less likely.

We showed that slow waves in the autoregulation fre-

quency range are preserved with short-term CSF drainage

interruption and can be used for intermittent CA calcula-

tion in the early phase of aSAH. This will give further

insight in cerebral physiology during aSAH and allow us to

study complications like spasms and DCI during follow-up

measurements. Furthermore, it offers opportunities for

autoregulation monitoring in broad targeting of cerebral

perfusion management and prognostification in poor grade

aSAH. Whether intermittent CSF drainage when ICP

reaches a pre-defined threshold (‘monitor-first’) or contin-

uous CSF drainage (‘drain-first’) at set pressure thresholds

is preferred is still a matter of debate [21]. For long-term

monitoring (e.g., to introduce, for example, autoregulation-

guided treatment (like CPPopt)), EVD pressure readings

are not ideal due to unavailability of continuous height

correction with patient moving after zeroing. This might be

overcome by pressure transducers mounted outside the

EVD or using parenchymal probes [11, 22].

Limitations

The study was performed in a selected group of ten aSAH

patients limiting statistical power and generalizability of

the results. However, we think that these ICU patients are

Table 3 Results of power spectral density analysis with closure of EVD

Variables Open before (N = 22) Closed (N = 22) Open after (N = 16)

PSD MABP VLF (mmHg2 9 10-3/Hz) 9.1 (9.2) 9.1 (8.5) 11.6 (1.3)

PSD MABP LF (mmHg2 9 10-3/Hz) 9.4 (9.8) 9.4 (9.2) 11.4 (1.2)

PSD MABP HF (mmHg2 9 10-3/Hz) 4.7 (6.2) 4.1 (4.6) 4.6 (4.4)

PSD ICP VLF (mmHg2 9 10-2/Hz) 18 (29) 12 (12) 12 (17)

PSD ICP LF (mmHg2 9 10-2/Hz) 18 (27) 11 (11) 11 (15)

PSD ICP HF (mmHg2 9 10-2/Hz) 45 (6) 23 (3) 26 (3)

Values given as mean (SD)

PSD power spectral density, MABP mean arterial blood pressure, ICP intracranial pressure, VLF very low frequency (0.005–0.05 Hz), LF low

frequency (0.02–0.065 Hz), HF high frequency (0.055–0.1 Hz)

Table 4 Dynamic autoregulation estimates during EVD closure

Variables Open before (N = 22) Closed (N = 22) Open after (N = 16)

PRx 0.27 (0.25) 0.22 (0.22) 0.23 (0.22)

PAx 0.06 (0.32) 0.11 (0.20) 0.11 (0.25)

Coherence VLF 0.34 (0.18) 0.38 (0.16) 0.39 (0.17)

Coherence LF 0.40 (0.21) 0.47 (0.16) 0.48 (0.18)

Coherence HF 0.45 (0.28) 0.58 (0.19)* 0.55 (0.27)

Phase VLF (�) 47.3 (41) 48.1 (41) 34.8 (26)

Phase LF (�) 39.7 (36) 40.1 (31) 29.3 (22)

Phase HF (�) 9.6 (25) 4.8 (20) 5.6 (21)

RAP 0.23 (0.41) 0.52 (0.22)** 0.28 (0.43)

Values are given as mean (SD)

PRx pressure reactivity index, PAx pressure amplitude index, VLF very low frequency range (0.005–0.05 Hz), LF low frequency (0.02–

0.065 Hz), HF high frequency range (0.055–0.1 Hz), AMP amplitude of the fundamental harmonic of ICP, RAP index of cerebrospinal reserve

capacity

* Significant difference with EVD open before (p < 0.05)

** Significant difference with EVD open before and EVD after (both p < 0.05)
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representatives of the aSAH population where brain mon-

itoring might have additional value. Furthermore, the

recordings were limited to 90 min of data collection, and

different observations might occur with longer EVD clo-

sure periods or at least differentiate between patients being

EVD dependent. However, 30 min EVD closure seems

reasonable for patient safety and reliable CA calculation in

a well-controlled situation. It is important to mention that

we used the most proximal exit of the EVD for our

recordings in order to limit the dampening effect of the

EVD tubing with CSF drainage. A study in 2007 where

ICP measurement was performed from the distal part of

drainage system (just before drip chamber) suggested that

ICP measurements with open drain were unreliable and

recommended independent parenchymal transducers for

ICP monitoring after aSAH (Fig. 1c) [10].

Fig. 2 Two examples of ICP recordings with proximal EVD closure

and signs of intracranial hypertension. Time course of intracranial

pressure (ICP), mean arterial blood pressure (MABP), and derived

signals in two aSAH patients with ICP >20 mm Hg during

extraventricular drain (EVD) closure. In the first patient (female,

64 years old, unsecured basilar top aneurysm), ICP peaks above

30 mm Hg with mostly low values for PRx and PAx and positive

values for RAP, comparable between drain open and closed

conditions (a). In the second patient [female, 44 years old, secured

ACoM aneurysm (clipped)], ICP peaks above 30 mmHg and more

positive PAx and RAP values with drain closure. These changes

might suggest more impaired autoregulation and cerebrovascular

reserve with drain close and therefore EVD dependency (b). ICP
intracranial pressure, CPP cerebral perfusion pressure, AMP ampli-

tude of ICP, PRx pressure reactivity index, PAx vascular reactivity

index, RAP cerebrospinal reserve index
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Conclusion

Due to preserved slow fluctuations in the ICP signal, an

open EVD system can be used to calculate dynamic auto-

regulation indices in aSAH patients requiring IC

monitoring with the pressure measurement from the most

proximal part of drain. If these results are confirmed in

larger study, this technique can open the way for investi-

gating the role of autoregulation disturbance in aSAH

patients.
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