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ICP 13 preface

The XIII International Symposium on Intracranial Pressure
and Brain Monitoring was held July 22–26, 2007, in San
Francisco, CA, USA. The international advisory board
reviewed and selected a number of highly qualified
submissions. The scientific sessions included invited speak-
ers, oral presentations, poster sessions, and panel discus-
sions. The symposium was highlighted by an honorary
lecture by Dr. Anthony Marmarou and a consensus building
session on the clinical applications of brain tissue oxygen
monitoring. ICP XIII adopted a new format in which oral
presentations were presented in multidisciplinary sessions,
rather than topic oriented groups. We believe that this was a
successful approach as it fostered lively cross-disciplinary
discussions and stimulated exchange of new ideas.

The symposium was well attended by the basic science
and clinical communities, both of which contributed to an
outstanding scientific program. Presentations included new
work in the areas of some of the topics which were presented
include traumatic brain injury, intracerebral hemorrhage,
brain ischemia, hydrocephalus, brain edema, and the rapidly
growing fields of advanced neuromonitoring, bioinformatics
and neuro-imaging. There was a particular focus on the

increasing use of decompressive craniectomy for the
treatment of brain edema following both traumatic and
spontaneous ischemic acute brain injury. It is also apparent
that neuromonitoring has extended beyond ICP measure-
ment and that these newer modalities will continue to be part
of future meetings. This volume includes manuscripts
presented at the symposium. They have been carefully
reviewed, edited, and organized thematically.

We were pleased to announce at the conclusion of the
meeting that the International Advisory Board selected
Tübingen, Germany as the site for the next Intracranial
Pressure and Brain Monitoring XIV under the direction of
Dr. Martin Schumann and his colleagues. Symposium
attendees enthusiastically look forward to a successful
meeting in 2010.

The editors wish to thank Ms. Silvia Schilgerius and the
staff at Springer-Verlag, as well as Professor Steiger for
their commitment and expertise in preparation of this
volume. The editors are especially indebted to the expertise
and tireless efforts of Michele Meeker, RN, for her help in
the organization of the manuscript review and the comple-
tion of this book.
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Cerebrovascular reactivity and autonomic drive following
traumatic brain injury

Andrea Lavinio & Bogdan Ene-Iordache &

Ilaria Nodari & Alan Girardini & Elena Cagnazzi &
Frank Rasulo & Piotr Smielewski & Marek Czosnyka &

Nicola Latronico

Abstract
Introduction The autonomic nervous system exerts tonic
control on cerebral vessels, which in turn determine the
autoregulation of cerebral blood flow. We hypothesize that
the impairment of cerebral autoregulation following trau-
matic brain injury might be related to the acute failure of
the autonomic system.
Methods This prospective, observational study included
patients with severe traumatic brain injury requiring
mechanical ventilation and invasive monitoring of intracra-
nial pressure (ICP) and arterial blood pressure (ABP).
Pressure reactivity index (PRx), a validated index of
cerebrovascular reactivity, was continuously monitored
using bedside computers. Autonomic drive was assessed
by means of heart rate variability (HRV) using frequency
domain analysis.
Findings Eighteen TBI patients were included in the study.
Cerebrovascular reactivity impairment (PRx above 0.2) and
autonomic failure (low spectral power of HRV) are
significantly and independently associated with fatal out-

come (P=0.032 and P<0.001, respectively). We observed a
significant correlation between PRx and HRV spectral
power (P<0.001). The high frequency component of HRV
(HF, 0.15–0.4Hz) can be used to predict impaired autor-
egulation (PRx>0.2), although sensitivity and specificity
are low (ROC AUC=0.67; P=0.001).
Conclusion Following traumatic brain injury, autonomic
failure and cerebrovascular autoregulation impairment are
both associated with fatal outcome. Impairment of cerebro-
vascular autoregulation and autonomic drive are interde-
pendent phenomena. With some refinements, HRV might
become a tool for screening patients at risk for cerebral
autoregulation derangement following TBI.

Keywords Traumatic brain injury . Autoregulation .

Autonomic nervous system . Autonomic failure

Introduction

The autonomic nervous system is thought to modulate the
autoregulation of cerebral blood flow in humans [19].
Cerebral blood vessels are innervated by autonomic fibres
originating mostly from the superior cervical sympathetic
ganglion, and the sphenopalatine and otic parasympathetic
ganglia [10].

It is known that autonomic disorders can severely affect
cerebral vasoreactivity. Diabetic autonomic failure was
reported to affect cerebral autoregulation [3], and represents
a significant independent risk factor for the occurrence of
stroke in diabetic patients [5]. Autoregulation can also be
impaired in Shy–Drager syndrome [14], and the loss of
sympathetic innervations of cerebral vessels is thought to
contribute to the impairment of cerebral autoregulation in
patients with end-stage liver disease [8].
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However, the relationship between autonomic disorders
and the disturbances of cerebrovascular reactivity remains
controversial. Cerebral autoregulatory vasodilation may still
occur in patients with autonomic failure [12], and cerebral
autoregulation (CA) was reported to be normal even after
hypercapnic challenge in a series of patients affected by
preganglionic autonomic failure [11]. Moreover, it was
pointed out that in some diabetic patients cerebrovascular
autonomic regulation may be intact even when cardiac
autonomic function is severely compromised [7].

Data regarding autonomic failure and cerebral autoregu-
lation impairment in acute critical brain injury are absent.
However, it was independently reported that following
traumatic brain injury the derangement of cerebrovascular
reactivity [4] and poor heart rate variability (HRV) [17] are
both predictors of fatal outcome. Since HRV is predomi-
nantly controlled by autonomic neural activity [18], it could
be argued that the loss of cerebrovascular autoregulation
following brain injury can be the manifestation of acute
autonomic failure.

We therefore explored the relationship between auto-
nomic failure and cerebrovascular reactivity impairment
following severe traumatic brain injury.

Materials and methods

This is a prospective, observational study approved by the
local Ethics Committee of the University Hospital of
Brescia. Patients’ next of kin granted written informed
consent for publishing recorded data.

Adult (>18 years) comatose mechanically ventilated patients
with a diagnosis of traumatic brain injury, requiring invasive
intracranial pressure (ICP) and invasive arterial blood pressure
(ABP) monitoring were eligible for this study. Comatose
patients were defined according to current criteria as those
patients not obeying to simple commands, not opening their
eyes, and not uttering words, with a GCS score <8. Exclusion
criteria were age <18 years, GCS score >8, non-sinus rhythm or
electrical pacing, and history of diabetes or autonomic disease.

ICP was continuously monitored according to clinical
indication with Codman parenchymal probes (Johnson &
Johnson Medical, Raynham, MA, USA) or via a fluid-filled
intraventricular catheter connected to an electrical trans-
ducer positioned and zeroed at the external auditory meatus.
Arterial blood pressure was invasively monitored through a
catheter positioned in the radial artery. Lead II ECG was
also continuously monitored. All data were digitalized and
captured using a bedside computer with a sampling rate of
125 Hz. Artefacts were manually removed.

Monitoring cerebrovascular reactivity Cerebral autoregula-
tion was continuously monitored by means of the pressure

reactivity index (PRx), calculated on bedside computers
running ICM+ software for multimodal brain monitoring
[13] (Intensive Care Monitor, University of Cambridge,
UK; www.neurosurg.cam.ac.uk/icmplus). The pressure re-
activity index is defined as the moving correlation
coefficient between spontaneous changes in averaged ICP
and ABP [15]. PRx measures the ability of the intracranial
resistive vessels to cope with spontaneous changes in ABP,
and it is a quantitative index of cerebral vasoreactivity.
When autoregulation is intact, a spontaneous decrease in
ABP will trigger a physiological dilation of cerebral
arterioles in order to reduce vascular resistance and to
maintain cerebral blood flow constant. The arteriolar
dilation will lead to an increase in cerebral blood volume
and, consequently, to an increase in ICP. Hence, in the case
of preserved autoregulation, ABP and ICP are negatively
correlated, and PRx is negative (i.e. when ABP falls, ICP
increases, and vice versa, see Fig. 1a). On the contrary,
when CA is impaired, cerebral blood volume will increase
or decrease passively with changes in ABP, and PRx will
become positive (i.e. when ABP increases, so does ICP, see
Fig. 1b). To summarize, positive average PRx (above 0.2)
signifies disturbed pressure-reactivity, while negative PRx
(below 0) implies good reactivity. Pressure-reactivity has
previously been demonstrated to correlate strongly with CA
assessed using transcranial Doppler ultrasonography in
head injured patients [6], and with static autoregulation
assessed using PET-CBF [16].

From the continuously recorded data of ICP and ABP
we calculated 48 hour-averaged PRx for the first 2 days
after admission period (PRx) and PRx averaged over 1 h-
long window (PRx1h)—matching 30 min before and after
the 5-min ECG recordings at 0600, 1200, 1800, and 2400
hours (see below).

Monitoring cardiac autonomic function ECG signal (lead
II) was continuously monitored and recorded on bedside
computers with a sampling rate of 125 Hz. Five minute-
long ECG recordings, free of ectopy, missing data, noise,
and free of active patient stimulation (such as suctioning,
nursing, etc.) were manually selected four times a day at 6 h
intervals (0600, 1200, 1800, and 2400 hours respectively)
covering the first 48 h from ICU admission for every
patient. Heart rate variability analysis was performed off-
line from raw ECG data, exported as ASCII text files from
ICM+ recordings, for eight ECG recordings for each
patient. Text ECG signal data were processed to obtain
inter-beat (RR) intervals using the freely available Physi-
oToolkit software (PhysioNet, http://www.physionet.org)
[9]. Briefly, QRS fiducial points were automatically
detected by means of a single-channel QRS detector based
on length transform algorithm. Successively, the five-
minute ECG were visually revised for correction of
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eventually missing or QRS errors and then the RR intervals
were computed. Time and frequency domain HRV analysis
on RR time series files was performed using the freely
distributed programs HRV Analysis v1.1 (Biomedical
Signal Analysis Group, University of Kuopio, Finland,
http://it.uku.fi/biosignal/winhrv.shtml).

According to the international guidelines on HRV
analysis, frequency domain analysis is to be preferred to
the time domain methods, especially when short-term
recordings are investigated [1]. We therefore performed a
spectral power analysis of the fast Fourier transform in the
low frequency range (LF: 0.04–0.15 Hz), the high frequency
range (HF: 0.15–0.4 Hz), the total power (TP: 0.04–0.4 Hz),
and the LF/HF ratio for five-minute recordings.

Data analysis The relationship between HRV parameters
and PRx was evaluated with mixed linear model analysis to
account for repeated measures and for the covariates [13].
The model covariates were the SAPSII score [2], age and
diagnosis at admission. A receiver operating (ROC) curve
was plotted in order to describe sensitivity and specificity
of the HRV parameters to predict impairment in cerebral
vasoreactivity (PRx>0.2). We considered mortality during
ICU stay as the outcome measure. Differences between
alive and dead patients groups were evaluated using the
Mann-Whitney test. All tests were two-tailed and P<0.05
was assumed as statistically significant. All statistical
analyses were performed using SPSS v12 software.

Results

Eighteen TBI patients were included in the study. Patients
demographics are presented in Table 1.

A total ICP and ABP monitoring time of 864 h, and 144
ECG recordings were analysed respectively for cerebral
vasoreactivity and heart rate variability.

Average PRx was significantly lower in patients who
survived, demonstrating better cerebrovascular reactivity in
patients with favourable outcome [mean PRx difference=
0.32 (95% CI: 0.04–0.81); t=2.355, P=0.032). Average HF
component of HRV variability was significantly higher
in patients who survived, demonstrating better parasym-
pathetic drive in patients with favourable outcome [log
HF mean difference=2.9 s2 (95% CI: 1.44–4.39); t=4.189,
P<0.001].

Maximum spectral power of HRV in the high frequency
range (HF: 0.15–0.4 Hz) significantly correlates with
average PRx (R=0.630, P=0.005; Fig. 2).

The sensitivity and specificity of a low HF-HRV spectral
power to predict impaired autoregulation (defined as a
PRx>0.2) were evaluated using a receiver operated curve
analysis [ROC area under curve=0.669 (95% CI 0.577–
0.761), P<0.001; Fig. 3].

Discussion

We demonstrated a significant correlation between the high
frequency (parasympathetic) component of the heart rate
variability and the status of cerebrovascular reactivity
following traumatic brain injury.

Although these preliminary results might be interpreted
as a cross correlation between two independent indexes of
severity of injury, we hypothesize that cerebrovascular
autoregulation impairment might be an aspect of autonomic
failure complicating traumatic brain injury. If this hypoth-
esis will be confirmed in a larger cohorts of patients, we
will be able to reinterpret the pathogenesis of cerebral

Fig. 1 Time trends and scatter plots with regression lines for ICP and
ABP in a case of good pressure reactivity (a), and disturbed pressure
reactivity (b). PRx is calculated as the correlation coefficient between
slow waves of ICP and ABP from a period of 4 to 6 minutes. In a
ABP spontaneously falls from 95 to 80 mmHg, while ICP increases

from 10 to 15 mmHg. ABP and ICP are thus negatively correlated and
PRx is negative (PRx=−0.61). In b ICP replicates the changes in ABP,
thus demonstrating passive behaviour of cerebral vessels and positive
PRx (PRx=0.90)
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autoregulation derangement following traumatic brain
injury.

Also, HRV might acquire a new significance as a non
invasive tool for cerebral autoregulation screening follow-
ing traumatic brain injury. Continuous monitoring of
cerebrovascular reactivity is relatively practical, as PRx
monitoring requires invasive monitoring of ICP and ABP.
On the other hand, HRV testing is completely non invasive,
and several devices for automated frequency domain
analysis are commercially available. We suggest that, after
further investigation and refinement of the technique, HRV
analysis might become a practical tool for screening
patients at risk for CA derangement. However, at present,

sensitivity and specificity are unacceptably low, and further
research is needed.

Conclusion

Cerebrovascular autoregulation impairment and autonomic
drive are related phenomena. Following traumatic brain
injury, parasympathetic failure and cerebrovascular autor-
egulation impairment are both associated with fatal out-

Fig. 2 PRx Average pressure reactivity index over 48 h of
monitoring. HF Maximum high frequency component of heart rate
variability. Dotted line Regression line

Fig. 3 ROC Receiver operated curve. AUC Area under curve. The
curve depicts the performance of HF-HRV as a diagnostic test for
impaired cerebrovascular autoregulation (as defined by a PRx greater
than 0.2). Ideally, the AUC should approximate the unity, and the
curve should be close to the top left corner of the square (sens and
spec=100%)

Table 1 Study population

SAPS Simplified acute physi-
ology score. ICU stay: days.
GCS(d) Glasgow Coma Score
at ICU discharge—E eyes, M
motor, V verbal score

Patient Age Sex SAPS II ICU stay GCS(d)

1 21 M 40 31 E4 M5 V1
2 29 M 49 18 E4 M6 V5
3 47 M 47 31 E4 M6 V1
4 24 M 40 30 E1 M6 V1
5 35 M 49 9 Deceased
6 31 M 30 43 E4 M3 V1
7 67 M 58 23 E4 M6 V1
8 18 M 40 29 E4 M5 V1
9 48 M 22 20 E4 M6 V1

10 33 M 46 14 E2 M3 V1
11 55 M 26 15 E4 M6 V5
12 30 M 30 9 E4 M6 V1
13 38 M 40 18 E3 M6 V1
14 34 M 43 27 E4 M6 V1
15 43 M 32 13 E4 M6 V5
16 29 M 39 43 E1 M2 V1
17 49 M 41 20 E4 M5 V1
18 29 M 45 14 E3 M3 V1
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come. With some refinements, HRV might become a tool
for screening patients at risk for cerebral autoregulation
derangement. Further research on the topic is needed.

Conflict of interest statement We declare that we have no conflict
of interest.
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A comparison between the transfer function of ABP
to ICP and compensatory reserve index in TBI

Sima Shahsavari & Tomas McKelvey &

Thomas Skoglund & Catherine Eriksson Ritzèn

# Springer-Verlag 2008

Abstract
Background The transfer functions which map the arterial
blood pressure to the intracranial pressure and the compen-
satory reserve index have been investigated by various
groups to evaluate the brain compliance of patients with
traumatic brain injury. The focus of this study has been to
assess the capability of both the above mentioned methods
to monitor the intracranial compliance in patients suffering
from brain swelling.
Materials and methods Clinical data was collected from
sixteen traumatic brain injury patients and split into 4 min
segments. For each segment, both the magnitude of the
empirical transfer function at the fundamental cardiac
frequency and the compensatory reserve index were
extracted.
Findings The mean values of the compensatory reserve
index and the magnitude of the transfer function which
scored higher than 0.7 and 0.1 respectively were recorded
for all patients suffering from brain swelling. By compar-
ing the histogram of the magnitude of the transfer function

at the fundamental cardiac frequency with the histogram
of the compensatory reserve index for all patients, a posi-
tive correlation between the mean values and a negative
correlation among their variances were observed. The linear
correlation between the mean values was estimated at
r=0.82 (p<0.0001).
Conclusions These observations suggest that to evaluate
the intracranial compensatory reserve, the magnitude of 0.1
could be a useful threshold for the transfer function at the
fundamental cardiac frequency.

Keywords Arterial blood pressure (ABP) .

Compensatory reserve index (RAP) . Transfer function .

Intracranial pressure (ICP) . Traumatic brain injury (TBI)

Introduction

Head injuries are important causes of disability and death in
people of all ages. In the neurointensive care of patients
with traumatic brain injury or other cerebrovascular
diseases such as stroke or subarachnoid hemorrhage, a
principal objective is to minimize the risk of secondary
injury. Intracranial hypertension or brain swelling which
can follow severe traumatic brain injury are life threatening
complications which can cause serious permanent damage
to the brain and even lead to death. This is due to the fact
that the brain is enclosed in a non-expanding cavity and
swelling leads to an increased pressure which at high levels
can initiate cerebral ischemia or cause structural damage to
brain tissues. If such incidents of brain swelling could be
better predicted, the treatment of secondary injury could be
made more selective and provide better overall results.
Today, brain swelling is mainly monitored by measuring
the intracranial pressure (ICP) and the cerebral perfusion
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pressure (CPP) which is defined as the difference between
the mean arterial pressure (MAP) and ICP. However,
clinical experiences show that the monitored data cannot
give enough information regarding the intracranial regula-
tory processes. At the moment, the only reliable way to
detect changes of the brain parenchyma is to perform
computer assisted tomography (CT) or magnetic resonance
imaging (MRI). These investigations give a momentary
picture of the brain and often have to be repeated,
sometimes several times a day, and in most instances
require the patient to be transported. Several investigations
have attempted to find a solution to the demand of reliable
and continuous brain monitoring and as a result different
concepts have been proposed and applied to this area. In the
time domain, the pressure–volume curve and the term
“compensatory reserve” which have been introduced by
Langefitt et al. [5] and Lofgren et al. [6] are foundations of
many studies. More recently much attention has been paid
to the volume–pressure compensatory reserve index (RAP)
which determines the level of linear correlation between the
amplitude of the ICP wave (AMP) and the mean of ICP
(ICPmean) [2–4]. The RAP index is not able to define the
steepness of the volume–pressure curve as is done by the
pressure–volume index (PVI) [7], but it is able to classify
the volume–pressure curve into three distinct regions
corresponding to: good pressure–volume compensatory
reserve, poor pressure–volume compensatory reserve and
deranged cerebrovascular reactivity [4]. A RAP coefficient
close to 0 indicates an asynchrony between the simulta-
neous changes in AMP and ICPmean and hence it implies a
good compensatory reserve. A RAP index around 1

indicates that the changes in AMP and ICPmean are
synchronized and is therefore the indicator of a poor
compensatory reserve. In the frequency domain, the study
of the pulse transmission between ABP and ICP has a long
history [8]. In this approach the brain is modeled as a
dynamic system with ABP wave as the input and ICP wave
as the output. The idea behind this method is that any
change in the transfer function between input and output is
indicative of a change in the system itself. Piper and his
group defined four different curves for the magnitude of the
transfer function (MTF), and classified them into two
classes of low and high ICP [8]. According to their
observations, elevated ICP was associated to the larger
MTF at the fundamental cardiac frequency. This study is an
attempt to utilize the above mentioned time and frequency
domain methods to explore their potentials to monitor the
brain swelling in TBI patients. During this study, patients
were clinically classified according to their injury type and
later on divided into two groups corresponding to with and
without brain swelling.

Materials and methods

Clinical data was collected from sixteen patients admitted to
the Neurointensive Care Unit at Sahlgrenska University
Hospital in Gothenburg, Sweden. The underlying intracra-
nial pathology for each patient was classified according to
the clinical information which is summarized in Table 1.
Five patients had brain swelling and four of them underwent
decompressive craniectomy surgery to give the brain more

Table 1 Clinical profile of studied group

Patient Age/sex CT classification Mechanism of
injury

Surgical treatment Data length (h)

1 41F Contusion Fall Evacuation of contusion 13
2 26M DAI TA – 24
3 60F SAH – – 26
4 66F EDH, CCF Fall Evacuation of EDH, Embolization 168
5 42M SDH, Contusion, Brain swelling WA Evacuation of SDH and contusion, Craniectomy 43
6 51M – Fall – 342
7 65M SDH Fall Evacuation of SDH 23
8 56F SAH – – 70
9 20F DAI, Contusion, Brain swelling Fall – 193
10 55M Contusion, Brain swelling Fall Evacuation of contusion, Craniectomy 306
11 38M DAI TA – 29
12 69F SDH, Contusion – Evacuation of SDH and contusion 376
13 21M EDH, Brain Swelling TA Evacuation of EDH, Craniectomy 12
14 36M Brain Swelling TA Craniectomy 18
15 50M SAH, DAI, Contusion TA – 306
16 18F SDH Fall Evacuation of SDH 175

CCF carotid cavernous fistula, DAI diffuse axonal injury, EDH epidural hematoma, SAH subarachnoidal hematoma, SDH subdural hematoma, TA
traffic accident, WA work accident
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space to swell and compensate for the high intracranial
pressure. ICP was monitored continuously using either a
parenchymal fiber optic pressure transducer (ICP express,
Codman) or a ventricular catheter (Medtronic). A Datex-
Ohmeda S/5 critical care monitor collected both ICP and
ABP measurements. These signals were collected from an
S/5 network, using S5-collecting software at the sampling
rate of 300 Hz and stored on CD-ROM.

The 300 Hz sampled data was downsampled to 30 Hz.
The entire data for each patient was broken up into 4 min
segments. In case of craniectomy, only the recorded data
before craniectomy was used. Length of data for each
patient can be seen in Table 1. Both ABP and ICP segments
were first smoothed by a Blackman-Tukey window and
then using a 4096 point FFT transformed to the frequency
domain (frequency resolution 0.007 Hz). The fundamental
frequency (FC) of the cardiac components for each segment
was estimated using a search algorithm to find the bin with
the highest magnitude value in ABP. Although the amplitude
of the fundamental component appears to be resilient to
noise, a small error in estimation of the fundamental
frequency will turn to the large deviations in higher
harmonics. Therefore, to compensate for the effect of noise
and make a robust estimation of the fundamental frequency
and its magnitude, a quadratic function was fitted to the
magnitude of ABP at the frequency range of ƒ=[FC −0.3 Hz:
FC +0.3 Hz]. The desired quadratic function was linearly
modeled as

X ¼ Hq þW

where X is the vector of magnitudes, H is a known
observation matrix dependent on ƒ, θ is a vector containing
curve parameters to be estimated and W is the unknown

noise. The least square (LS) estimation of θ was simply
found using:

q ¼ HTH
� ��1

HTX

Knowing the curve parameter, the maximum of the
quadratic function and the respective frequency were used
as an updated estimation for the fundamental frequency and
its magnitude in ABP. Fitting another quadratic function to
the magnitude of ICP around the estimated fundamental
frequency, the magnitude of ICP was found and subse-
quently MTF at the fundamental frequency was calculated
as the ratio between the ICP and ABP magnitudes.

In the next step the amplitude of ICP was calculated
using a time domain method which measures the peak-to-
peak value of ICP waveform directly from the time domain
samples. ICP beats were detected for each ICP segment
employing an automatic pressure waveform components
detector algorithm [1]. AMP and ICPmean were extracted for
each beat, averaged over a 6 s interval and subsequently
used to calculate the RAP index of each segment by
determining the linear correlation between them.

Results

Histograms of MTF and RAP coefficients were plotted for
each of the sixteen patients. It was recognized that when-
ever MTF has a sharp and concentrated distribution around
small values, the RAP index shows a broad and smooth
distribution stretched from the values close to 1 toward −1.
In a similar way, the wider distribution of MTF, extended
toward the larger values, was observed for the sharp and
concentrated distribution of the RAP index around 1. The
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Fig. 1 Histograms of MTF and
RAP coefficients are shown for
patient 16 (top panels) and
patient 9 (bottom panels). In top
panels MTF has a sharp and
concentrated distribution below
0.1, while RAP index indicates a
smooth distribution between
−0.3 and 1. The opposite situa-
tion can be recognized in bottom
panels. The wider distribution of
MTF extended between 0.005
and 0.4 is observed for the sharp
and concentrated distribution of
RAP index around 1
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case of concentrated MTF can be seen in the top panels of
Fig. 1, which show the distributions of MTF and RAP
coefficients from patient 16. The bottom panels of Fig. 1,
represent the case of concentrated RAP index and are from
patient 9 (who was a patient with brain swelling.).

The mean value of MTF versus the mean value of RAP
coefficients are shown in Fig. 2. A linear correlation of r=0.82

(p<0.0001) has been estimated to be exist between these
values. For a RAP index scored lower than 0.7, MTF below
0.1 are most probable while for the larger values of RAP
index, MTF values larger than 0.1 are observed. In this figure
patients who suffered from brain swelling have been marked
with squares. Note how all these values are concentrated in
the right side of the window with high mean values of both
MTF and RAP coefficient, with three of them having the
largest mean values of MTF. Although five members of the
non-brain swelling patients have low mean values concen-
trated in the left side of the window, the other six show mean
values of MTF and RAP coefficient above 0.7 and 0.1
respectively, which could be suggestive of a poor pressure–
volume compensatory reserve in these patients. However,
there is no clinical proof of brain swelling for this group.

Figure 3 represents the box plot of MTF and RAP
coefficients over only 1 h time segment for two groups of
patients with and without brain swelling (left and right
panels respectively). In this part of study, only the data
from five patients without brain swelling who had the least
amount of MTF and RAP index (see Fig. 2) were used. For
patients with brain swelling who had decompressive
craniectomy, MTF and RAP index were extracted just
before the surgery. As observed in the left panels, all the
patients with brain swelling had the median of RAP index
above 0.8 and the median of MTF above 0.13, with the
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less than 0.7, mean of MTF below 0.1 is observed, while for mean
RAP index greater than 0.7, mean MTF above 0.1 is the most
probable. Note that all brain swelling patients are positioned in the
region with the high mean values for both MTF and RAP coefficient
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Fig. 3 Boxplot of MTF and RAP coefficients for two groups of
swelling and non-swelling brain patients over 1 h time segment. Each
box has lines at the lower quartile, median (highlighted line within the
box), and upper quartile values. The lines extending from each end of
the box are whiskers to show the extent of the rest of the data. The
data shown with + are outliers with values beyond the ends of the
whiskers. In patients with brain swelling RAP index and MTF show

the median above 0.8 and 0.13 consequently and even the range of
MTF is positioned above 0.1 (left panels). Note how concentrated the
RAP coefficients are (except patient no. 5). Patient without brain
swelling have median of RAP index and MTF below 0.5 and 0.1
respectively (right panels). Rap index has a broad range of values
while MTF is completely concentrated
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range of MTF spread above 0.1. However, comparing the
box plot of RAP index with the box plot of MTF, it can be
recognized that even though all the five patients have a
similar median of RAP index, MTF is quite different. For
example, both patient 5 and patient 10 have a median RAP
index around 0.95, while they have the completely different
medians and ranges for MTF. This dissimilarity might be
due to the fact that during RAP index calculation, AMP and
ICPmean are normalized to their standard deviations within
the individual time segment (here 4 min time segment) and
therefore there is not any reference to compare the amount
of the changes in AMP and ICPmean, and consequently RAP
index, over the different time intervals. On the other hand,
RAP index just indicates the synchronization degree among
AMP and ICPmean and does not care about their actual
values. Therefore, it is possible to have the same RAP index
for two different time segments, while ICP and AMP are not
the same. In such cases depending on the simultaneous
changes in ABP waveform, MTF may change. Coming back
to the right panels which refer to the patients without brain
swelling, all patients show the median and range of MTF
below 0.1 and the median of RAP below 0.5. Note how
RAP coefficients are distributed over a wide range, while
MTF parameters are completely concentrated.

Discussion

Both MTF and RAP coefficients could experience large
variations during a short time interval. Today, the only way to
use the information conveyed by RAP coefficients is
averaging over a reasonable time window, which means one
RAP coefficient by itself does not provide any reliable
evaluation of the pressure–volume compensatory reserve.
Furthermore, the raw Fast Fourier Transform is not a
consistent estimation of the spectrum either. Under this
circumstance, it is not possible to find a way to directly
describe the underlying connection between each RAP
coefficient and the corresponding MTF. However, the above
observations suggest that highly correlated changes occur in
both the distributions of MTF and RAP coefficients as the
brain working point moves along the pressure–volume curve.
The positive correlation between the mean values ofMTF and
RAP coefficients, which emphasizes the increase in the
magnitude of the transfer function of ABP to ICP at the
fundamental cardiac frequency during the poor compensatory
reserve state of the brain, is in complete agreement with
previous findings [8]. Furthermore, the negative correlation
among the variances of MTF and RAP index seems
promising for evaluation of brain compliance by relying
more on the parameter with less variability.

Assuming a threshold of 0.7 for RAP index to describe the
intracranial states as a good or poor compensatory reserve, the

current data suggests the magnitude of 0.1 as the corresponding
threshold for MTF at the fundamental cardiac frequency.
However, consideration of the contribution of higher harmonics
and their relationship to the fundamental component might
provide more information regarding the brain compliance.

Conclusions

It is obvious that both RAP index and MTF are the results of a
heavy data reduction which can lead to the loss of a significant
part of the information contained in the ICP waveform. A
reliable evaluation of the intracranial compliance requires more
features to be found, extracted and included. The transfer
function of ABP to ICP in conjunction with time has an
intrinsic ability to compare the ICP waveform with a reference
such asABP to provide a detailed sort of information regarding
the amount and rate of changes in each component and even
specify the relationship between different components to take
the advantage of ICP waveform study. Considering this
capability besides the results of current study, the transfer
function of ABP to ICP seems promising to provide a multi-
dimensional feature space to evaluate brain compliance.
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Cranioplasty effect on the cerebral hemodynamics
and cardiac function

Yoo-Dong Won & Do-Sung Yoo & Ki-Tae Kim &

Suck-Gu Kang & Sang-Bock Lee & Dal-Soo Kim &

Seong-Tai Hahn & Pil-Woo Huh & Kyung-Suck Cho &

Chun-Kun Park

Abstract
Background Cranioplasty is usually performed for aesthet-
ic, protective and patient comfort reasons. The objective of
this study is to examine the effects of cranioplasty on the
cerebral hemodynamics and cardiovascular system.
Methods Twenty-seven patients who had undergone cra-
nioplasty after extensive skull bone removal to prevent
uncontrollable intracranial hypertension were included in
this study. Arterial blood flow velocities in the middle
cerebral artery (MCA) and internal carotid artery (ICA)
were assessed by transcranial doppler (TCD). The cardiac
functions were evaluated using the echocardiogram. And
cerebral blood flow were measured by perfusion CT.
Findings The blood flow velocity at the MCA ipsilateral to
the cranioplasty was decreased from 50.5±15.4 cm/s pre-
operative to 38.1±13.9 cm/s following cranioplasty (p<
0.001) and from 33.1±8.3 cm/s to 26.4±6.6 cm/s at the
ICA (p<0.001). The stroke volume was increased from
64.7±18.3 ml/beat, to 73.3±20.4 ml/beat (p<0.001), while
the cardiac output and mean arterial blood pressure were
unchanged. The cerebral blood flow was increased from
39.1±7.2 ml/100g/min to 44.7±8.9 ml/100g/min on the
cranioplasty side (P=0.05).
Conclusions Cranioplasty can get rid of the atmospheric
pressure on the brain and increase the cerebral blood flow

as well as improve the cardiovascular functions. A skull
defect should be corrected, because cranioplasty has not
only aesthetic or protective effects but also improves the
cardiovascular functions.

Keywords Cranioplasty . Stroke volume . Atmospheric
pressure . craniectomy

Introduction

Cranioplasty is usually indicated for cosmetic or protective,
but recent reports have suggested that its also has
therapeutic effects [2, 4, 7, 12, 14, 16, 19]. Most neuro-
surgeons agree that the skull defect should be corrected
after the offending pathologic problems had been resolved.
But in patients with a poor neurological status, neuro-
surgeons should consider the surgical risks.

We hypothesized that, in patients with skull defect, the
atmospheric pressure compresses the brain and this may
have effects on the cardiovascular functions as well as the
cerebral hemodynamics. This study was designed to
investigate the cerebral blood flow velocity, cerebral blood
flow and the cardiac function before and after cranioplasty.

Patients and methods

Patient population

Twenty-seven patients with skull bone defect larger than
100 cm2 were included in this study. Clinical data on the
patients are presented in Table 1. All patients underwent
bilateral (17 cases) or unilateral (ten cases) craniectomy.
After the offending pathologic problems had been resolved,
cranioplasty with freeze autologous bone were performed.
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Table 1 Clinical data and outcome obtained in 27 patients who underwent cranioplasty

Case
No.

Age (years),
sex

Reason for craniectomy Laterality of
craniectomy

Time Lapse
(weeks)

GCS score
cranioplasty

Changed neurologic
symptoms

Before After

1 44, F Massive brain swelling due to Rt.
contused ICH

Bilateral 6 6 6 No change in neurologic
condition

2 43, M Rt. acute SDH with brain swelling Bilateral 6 14 15 Improved headache and
dizziness

3 61, F Rt. acute SDH with brain swelling Bilateral 8 8 10 Brisk eye opening
4 65, M Brain swelling post-SAH, Lt. A-

comm. aneurysm
Bilateral 8 8 10 Brisk eye opening

5 26, M Rt. acute SDH with brain swelling Right 6 15 15 Improved restlessness
6 52, F Lt. putaminal H-ICH Left 6 15 15 Improved right hemiparesis,

paresthesia
7 57, F Vasospasm post-SAH, Lt. A-comm.

aneurysm
Bilateral 16 8 8 No change in neurologic

condition
8 40, M Rt. acute SDH with brain swelling Bilateral 5 6 8 Brisk eye opening
9 16, M Lt. EDH Left 12 6 8 Brisk eye opening

10 62, F Vasospasm post-SAH, Lt. MCA
aneurysm

Left 5 12 14 Improved headache,
orientation

11 78, F Rt. acute SDH with brain swelling Bilateral 3 6 6 No change in neurologic
condition

12 25, M Massive brain swelling due to Lt.
contused ICH

Bilateral 5 12 15 Improved orientation

13 63, M Massive brain swelling due to Lt.
contused ICH

Left 4 12 14 Improved orientation

14 42, M Rt. acute SDH with brain swelling Bilateral 14 10 12 Improved verbal response,
orientation

15 46, F Rt. putaminal H-ICH Bilateral 13 6 6 No change in neurologic
condition

16 41, F Rt. putaminal H-ICH Bilateral 8 8 13 Improved verbal response,
orientation

17 48, M Rt. acute SDH with brain swelling Right 5 15 15 Improved headache, fine
movement

18 57, F Rt, putaminal H-ICH Right 10 8 12 Improved mentality,
orientation

19 62, F Lt. acute SDH with brain swelling Left 7 15 15 Improved restlessness
20 41, M Vasospasm post-SAH, Rt. A-comm.

aneurysm
Bilateral 8 6 6 No change in neurologic

condition
21 60, F Massive brain swelling due to Rt.

contused ICH
Bilateral 8 8 13 Improved verbal response,

orientation
22 66, F Brain swelling post-SAH, Rt. MCA

aneurysm
Bilateral 6 6 6 No change in neurologic

condition
23 69, F Rt. putaminal H-ICH Bilateral 4 13 15 Improved orientation,

restlessness
24 69, F Rt. putaminal H-ICH Bilateral 6 13 14 Improved orientation,

headache
25 45, M Brain swelling post-SAH, Lt. A-

comm. aneurysm
Bilateral 10 9 12 Improved verbal response,

orientation
26 19, F Massive ICH due to Lt. parietal AVM Left 3 14 15 Improved right hemiparesis,

dizziness
27 72, M Cerebral infarction due to Lt. ICA

occlusion
Left 5 12 13 Improved right hemiparesis,

orientation

Time Lapse = duration from craniectomy to crnioplasty
EDH epidural hematoma; GCS Glasgow coma scale; H-ICH hypertensive intracerebral hematoma; ICH intracerebral hematoma; SDH subdural
hematoma;
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Table 2 Mean values in echocardiogram before and after the cranioplasty

Case no. Cardiac output (ml/min) Stroke volume (ml/beat) Heart rate (beat/min)

Before After Before After Before After

1 3,942 5,154 41.1 50 96 103
2 5,849 8,789 77.9 113 75 78
3 5,601 5,081 64.4 69.6 87 73
4 6,749 7,058 61.4 65.4 110 108
5 5,111 5,512 74.1 75.5 69 73
6 7,201 6,276 84.7 89.7 85 70
7 6,588 6,334 64.6 67.9 97 98
8 4,414 4,193 58.1 67.6 76 62
9 3,590 3,281 34.9 38 103 86
10 5,627 4,415 64.6 62.6 87 66
11 8,675 9,165 92.3 119 94 77
12 6,080 6,337 78 84.5 77 75
13 8,610 7,200 106 112 81 64
14 6,328 5,390 64 67.9 99 79
15 3,169 3,690 47.3 61.7 67 60
16 5,160 5,560 57.9 69 89 80
17 4,290 5,550 47.7 68.3 90 81
18 3,340 3,650 33.9 44.9 99 81
19 7,895 7,880 84.9 98.5 93 80
20 6,800 6,500 62.1 56.6 120 104
21 6,960 6,070 80.3 74.8 93 76
22 8,750 8,520 97.2 99 90 86
23 6,150 8,240 57.8 67.6 106 122
24 8,240 6,030 65.2 67.2 126 90
25 5,228 5,450 61.5 67.3 85 81
26 3,370 3,770 55.9 49.3 68 67
27 4,580 5,110 52.4 44.5 103 98
Mean±SD 5,862±1,705 5,933±1,621 65.6±17.9 72.3±21.2 91.4±14.7 82.2±15.1

Fig. 1 Bar graph depicting the
influence of cranioplasty on the
cerebral blood flow velocity
obtained in 27 patients (mean
±SD). The symbols on the left of
the bars show the significance
(*p<0.05) compared with be-
fore cranioplasty
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In all patients, echocardiography, cerebral blood fow
velocity by transcranial Doppler and Ct perfusion cerebral
blood flow studies were performed before and after the
cranioplasty.

Data collection

Transcranial doppler ultrasonography (TC2020; Eden Med-
ical Electronics, Lake Constance, Germany) was performed
to determine the blood flow velocities in the both middle
cerebral arteries (2mm distal from the ICA bifurcation site)
and both extracranial intracranial carotid arteries (depth 46
mm from the both madibular angle). From the echocardi-
ography (Sonos 5500; Hewlett Packard, Andover, MA,
USA) routine echocardiographic values, cardiac output and
stroke volume were measured (Table 2). Perfusion CT
(Somatom plus 4; Siemens, Forcheim, Germany) was
performed to evaluate the cerebral blood flow changes.
All of these studies were performed before and 14±2 days
after the cranioplasty operation.

Statistical analysis

All values are presented as the mean ± standard deviation.
Comparisons between data groups were computed using
Student’s t-test. Statistical significance was defined as a
probability value of less than 0.05.

Results

Changes of the cerebral blood flow velocity

The blood flow velocity in the MCA ipsilatral to the
cranioplasty was decreased from 50.5±15.4 cm/s pre-

operatively to 38.1±13.9 cm/s (p<0.001) post-operatively
and from 33.1±8.3 to 26.4±6.6 cm/s (p<0.001) in the ICA.
Blood flow velocity on the contralateral side was decreased
from 61.9±15.7 to 48.7±16.9 cm/s (p=0.002) at the MCA
and from 31.8±7.3 to 24.5±7.1 cm/s (p<0.001) at the ICA
(Fig. 1).

Effect on the cardiac function and systemic blood pressure

The cardiac function evaluation with echocardiogram
revealed that the stroke volume was increased from 64.7±
18.3 to 73.3±20.4ml/beat (p<0.001). The cardiac output
showed no statistical significance (p=0.731) before and
after the cranioplasty (Fig. 2).

Fig. 2 Bar graph depicting the influence of cranioplasty on the stroke volume and the cardiac output (mean±SD). The symbols on the left of the
bars show the significance (*p<0.05) compared with before cranioplasty

Fig. 3 Bar graph depicting the influence of cranioplasty on the
cerebral blood flow (mean±SD). The symbols on the left of the bars
show the significance (*p<0.05) compared with before cranioplasty
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Cerebral blood flow changes

The cerebral blood flow, evaluated with perfusion CT, in
terms of the hemispheric values were increased on both
sides (Fig. 3). On the cranioplasty side it was increased
from 39.1±7.2 to 44.7±8.9 ml/100 g/min (p=0.05), and on
the contralateral side, from 42.9±7.5 to 47.2±4.4 ml/100 g/
min (p=0.137).

Discussion

Accepted indications for cranioplasty are for aesthetic and
for physical protection of intracranial structures. Recently,
the potential improvement of neurological function should
be added as an acceptable indication for cranioplasty [6–8,
12, 15, 16, 19, 24].

Gardner reported a syndrome characterized by headaches,
dizziness, irritability, epilepsy, discomfort, and psychiatric
symptoms that he had observed in patients with large cranial
defect. He called it the “syndrome of the trephined” and was
the first to describe an improvement in the neurological
function of some patients who underwent cranioplasty with
tantalum [4, 6–8, 10, 15]. The mechanism of “syndrome of
trephined” remains controversial. These mechanisms include,
cicatrical changes occurring in the cortex, dura, and skin that
may exert pressure on the skull contents [6, 8, 15, 24],
cerebrospinal fluid hydrodynamic changes [7–9, 15–17], the
effects of atmospheric pressure on the brain cerebral blood
flow changes [7, 11, 12, 16, 18, 21, 24] and disturbed
cerebral energy metabolism [15, 22, 24].

Previous reports have shown, a 15 to 30% increase in
cerebral blood flow in the area of cortex adjacent to the
cranioplasty [5, 13, 15, 16, 21, 24]. Furthermore cranio-
plasty after decompressive craniectomy may increase
cerebral blood flow in the ipsilateral hemisphere, as well
as the contralateal hemisphere [11, 21, 24]. In our study, the
cerebral blood flow on the cranioplasty side was increased
as observed by others in these previous studies.

Scar tissue and atmospheric pressure produced by skull
defect may increase pressure on the brain cortex and
subarachnoid space [8, 16, 18, 19]. Consequently, vessels
under the skull defect, with added atmospheric compression
may alter their cerebral blood flow hemodynamics [5–7, 12,
15, 20, 22, 24]. Under such circumstances, cerebral blood
flow velocity of the compressed vessel may increase.
Following the law of Laplace, we suggest that the diameter
of cerebral blood vessels may be dilated after cranioplasty,
based on our observations of a decrease in blood flow
velocities and an increase in cerebral blood flow following
the cranioplasty procedure [23].

Cardiac output is mathematically equal to the stroke
volume multiplied by the heart rate [2, 3]. Stroke volume is

influenced by peripheral vascular resistance [1–3]. In
echocardiogram studies, stroke volume was increased and
the heart rate was decreased after cranioplasty while the
cardiac output and systemic blood pressure were unchanged.

Based on the results of our study, cranioplasty may
remove the compression that arise from the atmospheric
pressure and scar tissue [4, 12]. As a result, the cerebral
blood flow was increased and cardiac function improved
following cranioplasty. Therefore cranioplasty should be
performed even on the poor neurologic patients, because
cranioplasty has not only aesthetic and skull protective
effects but it also improves the systemic cardiovascular and
cerebral hemodynamic functions.
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Hyperbaric oxygen therapy for consciousness disturbance
following head injury in subacute phase

Takehiro Nakamura & Yasuhiro Kuroda &

Susumu Yamashita & Kenya Kawakita &

Nobuyuki Kawai & Takashi Tamiya & Toshifumi Itano &

Seigo Nagao

Abstract
Background Hyperbaric oxygen (HBO) therapy has been
shown to improve outcome after brain injury, however its
mechanisms are not understood. The purpose of the present
study was to investigate the effect of hyperbaric oxygen
(HBO) therapy on the cerebral circulation and metabolism

of patients with disturbances in consciousness after head
injury in the subacute phase.
Methods Seven head injury patients underwent HBO
treatment after leaving the intensive care unit. Oxygen
(100%O2, 2.7 atm absolute) was delivered to patients in a
hyperbaric chamber for 60 min every 24 h (total five
treatments/patient). Cerebral circulation monitoring (mean
flow velocity: mFV, and pulsatility index: PI at horizontal
portion of middle cerebral artery by transcranial Doppler)
and cerebral metabolism monitoring (arterio-jugular venous
difference of oxygen: AJDO2 and jugular venous lactate:
lac-JV) before and after the series of treatments were
evaluated.
Findings Both PI and lac-JV were significantly decreased
after HBO theatment, while there were no significant
changes in mFV and AJDO2. The decreased PI and lac-JV
after HBO therapy might indicate that this treatment
couples cerebral circulation and metabolism.
Conclusions The measurement of cerebral circulation and
metabolism parameters, especially PI and lac-JV, is useful
for estimation of effect of HBO therapy in patients with
distubances in consciousness after head injury in the
subacute phase.

Keywords Hyperbaric oxygen therapy .

Consciousness disturbances . Subacute phase .

Jugular venous lactate

Introduction

Evidence on hyperbaric oxygen (HBO) therapy for severe
head injury is insufficient to prove whether it is effective or
ineffective [4]. Furthermore, there have been few studies in
which the mechanisms underlying HBO therapy have been
investigated in patients with disturbed consciousness fol-
lowing severe head injury. The purpose of the present study
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was to investigate the effect of HBO therapy on cerebral
circulation and metabolism in patients with consciousness
disturbance after head injury in the subacute phase.

Materials and methods

Patients

Between October 2001 and September 2002, seven head
injury patients who suffered prolonged disturbances in
consciousness even after acute therapy in the intensive care
unit in the Kagawa Medical University Hospital were
considered for this study (Table 1). All patients had a severe
head injury and had a Glasgow Coma Scale (GCS) of less
than or equal to 8 at admission (four patients with diffuse
axonal injury and three patients with acute subdural
hematoma). Mean patients age was 37 years, with a range
of 9–76 years. As an acute therapy, hypothermia therapy
was induced in all patients as soon as possible after
admission. If necessary, patients underwent craniotomy for
hematoma evaculation. After acute treatment, all patients
were able to spontaneously breathe and did not require
artificial ventilation. However, there were prolonged dis-
turbances in consciousness. Patient outcome was judged at
leaving hospital according to Glasgow Outcome (GOS).

Hyperbaric oxygen therapy

The patients entered into the study received HBO treat-
ments while in a monoplace HBO chamber (Sechrist
Industries, Anaheim, CA, USA). During the entire HBO
treatment, oxygen (100% O2, compression to 2.7 atm
absolute) was delivered to patients in a hyperbaric chamber
for 60 min every 24 h (total five treatments/patient).

Monitoring

Cerebral circulation monitoring (mean flow velocity: mFV,
and pulsatility index: PI) and cerebral metabolism monitor-
ing (arterio-jugular venous difference of oxygen: AJDO2

and jugular venous lactate: lac-JV) before and after a series
of treatments was evaluated. A transcranial Doppler system
(Neuroguard, Medasonics, Fremont, CA, USA) was used to
insonate the horizontal portion of the middle cerebral artery
via the transtemporal window. The mFV was registered,
and the PI was determined according to the formula [PI=
(systolic velocity−diastolic velocity)/mean velocity]. Arte-
rial and jugular venous blood samples were obtained at the
same time for determination of oxygen saturation and
lactate level. The AJDO2 was calculated by multiplying the
difference between arterial (SaO2) and jugular venous
(SjO2) by the hemoglobin concentration (Hb) and 1.34,
divided by 100: [AJDO2=1.34Hb(SaO2−SjO2)/100].

Statistical analysis

Differences between the levels of each monitoring param-
eter (mFV, PI, AJDO2 and lac-JV) before and after the set
of HBO treatments were analysed by unpaired t-test. The
relationship between values of PI and levels of lac-JV was
examined using linear regression. Differences were consid-
ered statistically significant at P<0.05.

Results

Cerebral circulation monitoring

To assess the effects of hyperbaric oxygen therapy on the
cerebral circulation, mFV and PI were measured before
and after therapy (Fig. 1a,b). After HBO treatment, there
was a significant decrease in PI (1.07±0.26 vs. 0.73±
0.19, P<0.05), whilst there were no significant changes in
mFV.

Cerebral metabolism monitoring

To assess the effects of HBO therapy on cerebral
metabolism, AJDO2 and lac-JV were measured before and
after therapy (Fig. 1c,d). The levels of lac-JV were
significant decreased after HBO treatment (9.5±3.1 mg/dl
vs. 6.3±2.5 mg/dl, P<0.05). There were no significant
changes in AJDO2.

Relation of cerebral circulation and metabolism

Figure 2 shows a linear regression of PI (cerebral
circulation) versus lac-JV (cerebral metabolism), including

Table 1 Summary of patients

Age Gender Injury Cons level
of pre-HBO

Outcome (GOS)
at leaving hospital

Case 1 66 M ASDH GCS 9 Unfavorable (SD)
Case 2 76 F DAI GCS 11 Unfavorable (SD)
Case 3 33 M DAI GCS 11 Favorable (MD)
Case 4 32 F ASDH GCS 8 Unfavorable (SD)
Case 5 19 M DAI GCS 10 Favorable (MD)
Case 6 24 F DAI GCS 13 Favorable (GR)
Case 7 9 F ASDH GCS 9 Favorable (MD)

HBO Hyperbaric oxygen, F female, M male, ASDH acute subdural
hematoma, DAI diffuse axonal injury, GCS Glasgow Coma Scale,
GOS Glasgow Outcome Scale, SD severe disability, MD moderate
disability, GR good recovery
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values both before and after HBO treatments. The PI and
lac-JV were significantly related (r=0.768, P<0.01).

Discussion

The precise mechanisms by which HBO therapy may affect
severe head injury have not been fully elucidated. Cerebral
monitoring is one means to clarify the mechanism and
pathophysiology [7, 8]. In the present study, mFV and PI
were performed to monitor cerebral circulation, while
AJDO2 and lac-JV were measured to monitor cerebral
metabolism.

Effect of HBO on cerebral circulation

A previous study showed that HBO treatment leads to
improvements in cerebral blood flow (CBF) as measured by
SPECT [2]. Another study, using the nitrous oxide
saturation method, demonstrated that the effects of HBO
therapy on CBF is complicated, with low CBF increasing

and high CBF decreasing [10]. Instead of these measure-
ments of CBF, the current study performed cerebral
circulation monitoring using TCD. In general, TCD is
easily performed at the patient’s bedside allowing for
determination of mFV and PI. Moreno et al. showed that
PI may be predictive of outcome and correlates significant-
ly with intracranial pressure and cerebral perfusion pressure
in patients with severe head injury [6]. In the present study,
there was significant correlation of PI and lac-JV. This
result might suggest that HBO treatment couples cerebral
circulation and metabolism.

Effect of HBO on cerebral metabolism

When cerebral metabolic rate of oxygen (CMRO2) and
CBF are normally coupled, the ratio between them
(AJDO2=CMRO2/CBF) does not change [9]. In the
present study, there were no significant changes in
AJDO2 before and after HBO treatment. Rockswold et al.
[10] also showed that AJDO2 was unaffected by HBO
therapy in patients with severe head injury. These findings
suggest that HBO might normalize the coupling of cerebral
circulation and metabolism in severe head injury. This is
also supported by the correlation between PI and lac-JV in
the present study.

Most patients with severe head injury have increased
lactate production, as measured by microdialysis [3]. In
our study, high levels of lac-JV were observed before
HBO treatment. Increased lactate production indicates an
anaerobic metabolic status caused by a lack of oxygen
and mitochondria damage [1]. Cerebrospinal fluid lactate
levels were consistently decreased by HBO treatment [10].
Mean brain tissue lactate levels decreased by 40% in
oxygen-treated patients who suffered from head injury [5].
The present study demonstrates that HBO treatments
significantly reduced lac-JV levels, regardless of the

Fig. 2 Linear regression of pulsatility index versus levels of jugular
venous lactate, including values both before and after hyperbaric
oxygen therapy

Fig. 1 Evaluation of the effects of hyperbaric oxygen therapy on the
cerebral circulation and metabolism. Mean flow velocity (a) and
pulsatility index (b) at horizontal portion of the middle cerebral artery
using transcranial Doppler before and after HBO treatment. Arterio-
jugular venous difference of oxygen (AJDO2, c) and jugular venous
lactate (d) before and after HBO treatment

HBO therapy after head injury in subacute phase 23



patient outcome. The decreased lactate levels after HBO
treatment might indicate that HBO could improve aerobic
metabolism.

Conclusions

The decreased PI and lac-JV after HBO therapy might
indicate that this treatment couples cerebral circulation and
metabolism. The measurement of cerebral circulation and
metabolism parameters, especially PI and lac-JV, may be
useful for estimation of the effects of HBO therapy in
patients with disturbed consciousness after head injury in
subacute phase.
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Gender-related differences in intracranial hypertension
and outcome after traumatic brain injury
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John D. Pickard

Abstract
Background We have previously studied possible gender-
related differences in intracranial hypertension and outcome
following head injury. The results were always close to the
limit of significance so that to achieve greater statistical power
we have continued recruitment of patients for further 5 years.
Methods Head injury patients (612) who were sedated and
ventilated were studied from 1992–2007. All had intracra-
nial pressure (ICP), arterial blood pressure (ABP) and
cerebral perfusion pressure (CPP) monitored continuously.
Patients’ outcome was assessed at 6 months post-injury
(469 were available for follow-up).
Results This retrospective analysis enrolled 98 females and
371 males. Males and females were well matched for age
(mean±standard deviation: 33±17 and 33±16 years re-
spectively) and the initial median Glasgow Coma Score
(GCS) [females and males 6]. The difference in mortality
rate between sexes was age-related. In the subgroup of
patients younger than 50 years mortality was 17% in males
and 29% in females (p=0.026), whereas there was no

difference above 50 years (around 40% both males and
females). Mean ICP, CPP and ABP were not different
between males and females. However, cerebrovascular
pressure reactivity was found to be significantly worse in
females than in males in the age group below 50 years
(PRx; males: 0.044±0.031; females 0.11±0.047; p<0.05).
Conclusion Following head injury females younger than 50
have a significantly worse pressure reactivity and greater
mortality rate than males of the same age.

Keywords Traumatic brain injury . Outcome .

Intracranial pressure . Gender . Head injury . Pressure
reactivity

Recent clinical studies investigating gender-related differ-
ences in patients following traumatic brain injury (TBI) have
been inconsistent [5, 8], particularly in reference to the
relatively simple question: do women have the same, better, or
worse outcome compared to men? Should such a difference
exist and be attributable to a specific cause, this might
translate into gender-dependant management strategies.

The possible neuroprotective effect of oestrogen and
progesterone have been highlighted in the past [10] with
numerous experimental studies conducted in the 1990’s in
rodent models of stroke [1], and head injury [4]. However,
in clinical practice, studies show conflicting results [5, 8].
Although it has been recently demonstrated that hormonally
active women have a better physiologic and haemodynamic
response to shock and trauma than do their male counter-
parts [7], other factors such as the peculiar predisposition to
brain swelling of young females [8] might outweigh the
theoretical neuroprotective effects of oestrogen.

We have recently published a short letter [3] commenting
on the paper by Farin et al. [8] who demonstrated gender-
related differences in head-injured patients. We have now
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explored the effect of gender in a larger group of 612 head
injured patients monitored over the past 15 years in a UK
regional neurosurgical unit with special attention paid to
intracranial pressure (ICP), cerebral perfusion pressure
(CPP), cerebrovascular pressure-reactivity (PRx) and out-
come following TBI.

Materials and methods

This retrospective analysis is based on 612 TBI patients
admitted to the Neurosciences Critical Care Annexe and
Neurosciences Critical Care Unit (NCCU) at Addenbrooke’s
Hospital, Cambridge, UK between January 1992 and
April 2007. Only patients with invasive monitoring of
ICP and ABP for more than 12 h and connected to a
bedside computerized system were included in the study.
It is important to emphasize that the studied group is not
representative of all NCCU head injured patients but
includes approximately 44% of all head trauma admis-
sions. Patients who were admitted and discharged
promptly, who died soon after admission or in whom
ICP was not monitored were not included in the analysis.

Patients were sedated, paralysed and mechanically
ventilated in order to maintain the ICP below 20–25 mmHg.
Systemic hypotension was treated with fluids and inotropes.
CPP was maintained above 70 mmHg to avoid secondary
ischaemic injury. Episodes of intracranial hypertension
were treated with mild hyperventilation (PaCO2 4.0–
4.5 kPa), boluses of mannitol, moderate hypothermia,
thiopentone and CSF drainage depending on the size of
ventricles. A CPP-oriented therapy protocol for head injury
introduced in 1997 included a more aggressive manage-
ment of intracranial hypertension and a stricter control of
ABP aiming to minimize the detrimental effect of hypo-
perfusion on brain tissue [9].

ICP was monitored using an intraparenchymal probe
(Camino ICP transducer: 12 patients or Codman ICP
MicroSensors: 566 patients) or through a ventricular
drain and an external pressure transducer (Baxter: 34
patients, pre-1994). ABP was monitored invasively (in-
dwelling arterial catheter in the radial artery). Signals
were sampled from the analogue output of the monitors,
digitised and subsequently analysed as 8-s time averages
[11]. From each 40 samples of mean ICP and ABP, the
moving correlation coefficient was calculated (named
PRx-pressure-reactivity index). A positive correlation
between ABP and ICP reveals a passive, non-reactive
cerebrovascular bed. A negative correlation is specific for
a well reactive bed. A positive value of PRx has been
previously demonstrated to be a strong predictor of fatal
outcome following head injury [2].

Time trends were analysed and global averaged ICP,
ABP, CPP and PRx for each patient were recorded. Post-
resuscitation Glasgow Coma Scale Score (GCS) was used for
analysis. The Glasgow Outcome Score (GOS) was deter-
mined at 6 months (either by follow-up clinic or by telephonic
questionnaire). Patients (469) were available for follow up.
For the data analysis, subjects were subdivided into two age
categories with a cut-off point of 50 years. This follows
recently published work [8] which suggested that gender-
related differences disappear after the onset of menopause.

Routine clinical and brain monitoring data, collected and
approved by the multidisciplinary local Neuro Critical Care
Users Group, were retrospectively analysed as a part of a
routine clinical audit.

Results

Ninety-eight females and 371 males with known outcome
were included in this analysis. Gender subgroups were
matched for age (mean age±SD females: 34±16.5 years;
males: 34±17 years) and GCS at admission (median GCS
was 6 both in males and females).

In patients younger than 50 years, the mortality rate (at
6 months) was 17% in males and 29% in females (N=344;
p=0.026). In patients above 50 mortality rate was around
43% for both males and females.

There was no obvious difference in males and females
above and below 50 years of age in mean ICP, ABP and
CPP. However, cerebrovascular pressure-reactivity was
found to be worse in females than in males (PRx; males:
0.044±0.031; females 0.11±0.047; p<0.05) in the age
group <50 years. No such difference was observed in
patients older than 50.

In younger patients with disturbed reactivity (PRx>0.3)
gross intracranial hypertension (mean ICP>25 mmHg)
was observed in 60% of females and only in 20% of
males (p<0.05).

Discussion

In the group of TBI patients younger than 50 years of age,
females had a significantly greater rate of fatal outcome than
males. This was associated with a worse pressure reactivity in
females compared to males. These differences disappeared in
older patients. One practical implication may be that any
possible management oriented on restoration of pressure
reactivity should be administered more readily in young
females than in males, as disturbed reactivity may lead to
refractory intracranial hypertension and implicate fatal out-
come in pre-menopausal females.
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Fig. 1 Typical monitoring of ICP, ABP, CPP and pressure-reactivity
(PRX) in a young girl with severe head injury (GCS 3) who was
admitted with initial ICP close to 30 mm Hg, CPP around 60 mmHg.
Pressure reactivity was from the very beginning disturbed (PRx>0.2).
Although CPP was stabilized at 70 mm Hg soon after admission, PRx

did not improve and patient died 15 h later. In the bottom part of the
figure, so called ‘optimal CPP’ [12] graph was plotted. It consists of a
histogram of CPP and distribution of PRx versus CPP. In this
particular case ‘optimal’ CPP did not exist. PRx plotted against mean
CPP shows almost flat distribution with all values greater than 0.2
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In spite of the postulated neuroprotective role of
oestrogen in experimental studies, the susceptibility to
brain swelling reported in the recently published clinical
audit [8] is very likely to be the predominant factor in
determining outcome following traumatic brain injury.
This study also confirms that, after the successful
introduction of a CPP-oriented therapy, cerebrovascular
reactivity may be an important target in the management
of head injured patients.

Our data support the previously proposed hypothesis [6]
that mortality rate is age-related both in males and females.
Worse cerebrovascular reactivity in younger females seems
to be the only pathophysiological factor which may explain
the differences between younger males and females.

Apart from statistical analysis, close monitoring of ICP,
CPP and PRx in individual cases is helpful in identifying
patients prone to secondary brain insults. Real time
monitoring of cerebrovascular reactivity allows individu-
alised cerebral haemodynamic management in the majority
of cases, and it triggers prompt correction of the physio-
logical variables determining cerebral blood flow (Fig. 1).

Limitations

Unfortunately, our series included only 27 females older
than 50 so that our study is less powerful than the data
presented by the San Diego group [8]. Also, we have
considered only patients included in our multimodal
monitoring program whose data were available. These
patients do not represent the entire group of severely head
injured patients admitted to our neurocritical care unit.
Missing in this group are the patients who either died or
who displayed a favourable clinical course shortly after
admission. It is important to note that not all patients in
our group can be classified as ‘severe head injury’ since
21% of males and 17% females had a GCS above 8.
However their clinical condition required sedation, paralysis
and mechanical ventilation for at least 24 h. We did not
check menopausal state in females. Therefore the age of
50 years cannot be understood as definitely pre- and
post-menopausal threshold. Despite these limitations the
main finding of a gender-related difference in post-head
injury intracranial hypertension and outcome seems to be
statistically robust.

Conclusion

Among patients younger than 50, in comparison to males,
females tend to develop worse pressure-reactivity following
TBI and this is associated with a higher mortality.
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Long term outcomes following decompressive
craniectomy for severe head injury

U. Meier & S. Ahmadi & T. Killeen & F. T. Al-Zain &

J. Lemcke

Abstract
Background Severe head injury is one of the commonest
indications for neurosurgical intervention. For the neurosur-
geon, the operative last resort in cases of generalised brain
oedema of traumatic origin is the decompressive craniectomy.
Is it possible to use predictive factors to ascertain what degree
of success, in terms of both the acute and long-term outcome,
is to be expected in patients who undergo this treatment?
Methods The clinical records of 131 patients treated with
decompressive craniectomy for severe head injury were
evaluated. All patients were operated on between Septem-
ber 1997 and September 2005 in the neurosurgical
department of the Unfallkrankenhaus Berlin. A follow-up
examination was carried out 49±25 months after the initial
trauma. The clinical outcome was compared with several
patient and radiographic factors to establish if any of these
showed a relationship to the long-term outcome.
Findings A significant relationship was demonstrated between
quality of outcome and the Glasgow Coma Scale score on
admission. Quality of outcome was similarly related to the age
of the patient, the condition of the basal cisterns and the degree
of midline shift in the initial cranial computed tomography.
Factors which correlated with poor outcome included pupil
reactivity on admission, established clotting disorders and post-
traumatic hydrocephalus internus. Hyperglycaemia and initial
acidosis were also associated with a poor outcome.
Conclusions The clinical outcome in patients with a severe
head injury is to a great degree determined by the extent
and type of the primary injury. When considering decom-
pressive hemicraniectomy as a treatment for raised intra-
cranial pressure following traumatic brain injury, the
predictive factors detailed here should be taken into
consideration.

Keywords Severe head injury . Decompressive
craniectomy . Outcomes . Predictive factors

Introduction

Primary brain injury in severe head trauma occurs at the
moment of the mechanical insult. With this in mind, the
neurosurgeon must decide how to intervene therapeutically
in order to at least minimize secondary brain injury.
Decompressive craniectomy represents the neurosurgeon’s
ultima ratio—the last resort—in terms of operative therapy.
The decision for or against this measure depends largely on
the prognostic indications of the individual patient. Do
factors exist that can more reliably predict the quality of
outcome in such patients?

Patients and methods

All 131 patients who underwent decompressive craniec-
tomy for severe head injury in our department between
September 1997 and September 2005 were included for
study. Their clinical records were evaluated and a number
of preoperative factors recorded. These included basic
epidemiological information as well as Glasgow Coma
Scale (GCS) score on admission, the initial computed
tomography (CT) scan results, pupil reactivity on admission
and the position of the midline shift on cranial CT (cCT) on
admission. Visibility of basil cisterns was also assessed and
cisterns were scored as absent if there was no CSF present
in the cisterns at the level of the midbrain. Follow-up
examination was conducted at least 12 months after
discharge from the Unfallkrankenhaus Berlin. The condi-
tion of the patient was determined, retrospectively from the
clinic records, using the Glasgow Outcome Scale (GOS).
Poor GOS was defined as grades 1 (dead) and 2 (persistent
vegetative) and good GOS as grades 3 (severely disabled),
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4 (moderately disabled), and 5 (good recovery). Statistical
comparisons between patients good and poor GOS scores were
made using student T-test, spearman, and Mann–Whitney
analyses. Statistical significance considered for p≤0.05.

Results

The mean age of the 99 men (76%) and 32 women (24%)
was 36±20 years at the time of the operation. The
commonest causes of head injury were as follows; road
traffic accident (53%; n=69), falls (26%; n=34) and
physical violence (including suicide attempts; 14%; n=
18). Other causes accounted for the remaining ten (7%)
patients’ injuries. It was possible to follow-up 95% of
patients (n=124). The mean period between initial trauma
and follow-up was 49±25 months. At the time of follow-
up, 75 patients (57%) had died (GOS 1) and nine patients
(7%) remained in a persistent vegetative state (GOS 2).
Fourteen patients (11%) were severely disabled (GOS 3),
while 13 patients (10%) were moderately disabled and a
further 13 patients (11%) had made a good recovery (GOS 5).

When the specific indicators and the GOS score at
follow-up were compared, a number of significant relation-
ships were demonstrated (Table 1). Patients with an initial
GCS of less than eight were significantly more likely to go
on to have a GOS of 1–3 at follow-up. Pathological pupil
reactivity on admission similarly led to a significantly
higher chance of a poor outcome. A marked midline shift at
the time of admission was also highly predictive of an
unsatisfactory GOS (1–3) at follow-up. Pre-existing and
perioperatively apparent clotting disorders as well as post
traumatic hydrocephalus internus also revealed themselves
as predictors of a poor outcome. Hyperglycaemia and/or
initial acidosis were likewise associated with undesirable
outcomes at follow-up.

Discussion

At the present time, no large prospective studies of
decompressive craniectomy for severe head injury are to
be found in the literature. The neurosurgeon therefore,
when faced with deciding for or against decompressive

Table 1 Correlation analysis and determination of single-factor statistically significant potential predictors of the Glasgow Outcome Scale (GOS)
score at the time of discharge to rehabilitation services

Factor Test Significance (p) Comments

Age Spearman 0.017 Older patients had poorer GOS scores
SpC=−0.208
n=131

GCS T-test and MWT 0.032 and 0.041 An initial GCS value of less than 8 showed a significant
association with worse GOS scoresn=123

Cisterns discernible on cCT T-test and MWT 0.001 Obliterated cisterns preoperatively were associated with
significantly worse GOS scoresn=118

Pupil status (initial) T-Test and MWT 0.002 Initial pathological findings on pupil examination were
associated with significantly worse GOS scoresn=128

Midline Shift Spearman 0.041 Patients with a large midline shift had significantly poorer
GOS scoresSpC=−0.186

n=121
Clotting disorders T-test and MWT 0.000 Clotting disorders were associated with significantly

poorer outcomesn=131
Glucose (from 2001) Spearman 0.001 Preoperative hyperglycaemia (>6 mmol/L) was associated

with significantly worse GOS scoresSpC=−0.382
n=74
T-test and MWT 0.000
Cut off=(>6.10 mmol/L)

pH (from 2000) Spearman 0.015 Low pH values were associated with significantly poorer
GOS scores, while alkalosis appeared
to have a protective effect.

SpC=0.285
n=75
T-test and MWT 0.000 and 0.002
Cut off=(<7.34 mmol/L)

Post-traumatic hydrocephalus internus Χ2 0.001 Significantly poorer outcomes were observed in cases of
post-traumatic hydrocephalus internusn=2

Spearman correlation analysis was used for non-parametric values and the T-test and Mann–Whitney test were used for parametric data.
GCS Glasgow Coma Scale, cCT cranial computer tomography, SpC Spearman coefficient, χ2 Chi-square test, MWT Mann–Whitney test

30 U. Meier et al.



craniectomy, has only a combination of generally accepted
opinion and his/her own personal experience to draw upon.
The demographics of the population in the current study is
comparable to those reported in the international literature
[3–6]. The results of the Rescue ICP Study, which began in
2006 with a target population of 500 patients, are not
expected until 2008 or 2009.

The findings of this study add to the consensus in the
international literature regarding predictors of outcome in
craniectomy. In this study, the demonstration of a relationship
between a low GCS score at the scene of the injury or on
admission and a poor prognosis—the principal finding of
various other studies [1, 3]—is replicated. Pathological pupil
reactivity in terms of an initial anisocoria or an absent reaction
to light correlated with poor outcome. This has also been
proposed as a negative predictor of outcome by other authors
[2]. In this study, shift of the midline on cCTwas significantly
correlated with the quality of outcome. Patients with a poor
outcome (GOS 1–3) had a mean midline shift of 9.76±
6.7 mm whereas patients with a good outcome (GOS 4–5)
showed mean midline shift of 6.69±5.0 mm. The important
predictive value of this factor has been confirmed by Marshall
et al. [7], among others. The visibility of the basal cisterns is
also shown in this study to be very significantly connected to
the quality of outcome at follow-up.

Conclusion

The initial GCS score, pupil reactivity, visibility of the basal
cisterns and the degree of midline shift on cCT are highly
significant predictors of outcome in patients undergoing
decompressive craniectomy for severe head injury. Clotting

disorders and hyperglycaemia are similarly significant as
predictors of outcome. These predictive factors should
be taken into account when deciding for or against
craniectomy.
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Relationship of a cerebral autoregulatory index
with outcome in head injured patients

Martin Shaw & Ian Piper & Michael Daley

# Springer-Verlag 2008

Abstract
Background Cerebral autoregulation is the process by
which cerebral blood flow (CBF) is maintained constant
over a specific cerebral perfusion pressure (CPP) range. We
have reworked a version of the Ursino and Lodi auto-
regulation model to derive an index of autoregulation (G),
and compared it to a number of other autoregulatory
models as well as a gold standard measure of autoregulation
obtained from an animal model study (6 piglets with a
cranial window preparation and ICP, ABP sampled at
250 Hz). The results of that study have shown that this
index G correlates well with the “Bouma” index of
autoregulation.
Methods In this study this new autoregulatory index has
been calculated for a sample of 12 head injury patient’s data
over multiple time points and then used to firstly investigate
if this index in conjunction with other clinical prognostic
factors may give a better indication of outcome and then
analyse its trend with time to quantify how the level of
autoregulation changes post-injury.
Findings The index correlates well with dichotomised
GOSe outcome (p=0.03) and the trend in the result
between middle and late time periods shows early signs
of being predictive of outcome as well.

Conclusions Though more work is needed these results
warrant further investigation with larger numbers of
patients

Keywords Cerebral autoregulation .

Mathematical modelling . Outcome prediction

Introduction

Cerebral autoregulation is the process by which cerebral
blood flow (CBF) is maintained relatively constant over a
specific cerebral perfusion pressure (CPP) range. There are
a number of models of cerebral autoregulation of which the
Ursino Lodi model is an example of a mathematical
modelling approach [6]. We used a reworked version of
the Ursino and Lodi autoregulation model to derive an
index of autoregulation (G) and compared it with a number
of other autoregulatory models as well as a gold standard
measure of autoregulation obtained from an animal model
dataset. This dataset was obtained from 6 piglets with a
cranial window preparation with intracranial pressure
(ICP) and arterial blood pressure (ABP) monitoring
sampled at 250 Hz. The results of that study have shown
that this modified Ursino index correlates well with the
“Bouma” index [1] of autoregulation computed as the ratio
of the % change in CPP divided by the % change in CVR.
In this study this new autoregulatory index has been
calculated for a sample of patient data obtained from the
BrainIT dataset [2] over multiple time points and then
used to:

1) Investigate if this index in conjunction with other
clinical prognostic factors may give a better indication
of outcome as assessed by 6 month dichotomised
extended Glasgow outcome scale (GOSe).

2) Analyse its trend with time to quantify how the level of
autoregulation changes post-injury.
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Materials

We used data from 12 patients extracted from the BrainIT
database [2] and the algorithms developed in the stats
package R [3].

Methods

Reworked predictor from Ursino and Lodi’s model

Autoregulation in the original Ursino–Lodi model can be
thought of as a combination of three processes affecting
arterial-arteriolar compliance for a given percentage change
in CBF. (Fig. 1)

It is from this continuous index for cerebral autoregula-
tion G that the new model is derived. With this in mind the
mathematical representation of Ursino’s original physical
model has been rearranged to output G instead of using it as
an input. In the validation of the new model it has been
found that the variance of the G parameter is a closer
predictor of autoregulation [5].

As with previous testing of the model, the relative
change in arterial arteriolar volume has to be considered.
This has been done in the past with the measurement of the
arterial diameters and estimation of the volume using the
physics of a venturi flow meter [4]. In the current study, as
there was no arterial diameter parameters available that
would trend in the correct direction a scaled version of

intracranial pressure (ICP) pulse amplitude was used as an
estimate for this parameter.

Analysis

12 patients were sampled from the BrainIT database [2]
with measurable ICP pulse amplitude and had a good
spread of clinical outcome as measured by the GOSe. Using
the new model, the absolute value of G was calculated for
the full patients monitoring time course. The data for each
of the patients was then split into 3 equal time periods
(early, middle and late) and the variance of G in each period
calculated (Table 1). Patients were then grouped by a
dichotomised GOSe (“good outcome” GOSe 4–8). The
outcome sets for the late time period were then compared to
each other time period using a one-sided student’s t-test.
This analysis was used to test if impaired autoregulation
was associated with bad outcome i.e. the mean variance
was greater for bad outcome than good.

We also looked at the time course of autoregulation over
the duration of stay in 2 patients, one sampled from the bad
clinical outcome set (GOSe=1), the other from the good
(GOSe=5).

Results

The 12 patients are evenly dichotomised on GOSe (7 bad, 5
good). The results of the one sided t-test, presented in

Fig. 1 Block diagram describ-
ing action of autoregulatory
mechanisms on arterial-arteriolar
compliance in response to a
given percent change in CBF

Table 1 Initial results from the
reworked Ursino model Patient ID Early Middle Late GOSe Outcome

04027262 2183.343 10.404 142.808 1 bad
04816150 8.493 0.002 1.039 8 good
16137372 20.398 152.872 2.558 7 good
26248362 2.827 163.958 304.209 4 bad
27240484 0.003 0.001 0.003 1 bad
38351504 21.641 80.444 82.968 1 bad
48355050 5.680 0.015 208.945 1 bad
51573727 11538.370 1060.402 19.082 1 bad
61683383 22.941 19.093 0.000 8 good
73684838 0.017 10.719 1.220 1 bad
83815161 84.795 232.755 46.522 5 good
84861515 1.928 1.659 0.282 8 good
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Fig. 2, have shown that there was a significantly greater
mean variance in G in the bad outcome set compared with
the good (p=0.033).

Figure 3 shows the pilot data trending var(G) for a
patient with good outcome and one with bad outcome,

these are representative of the other patients dichotomised
in their respective groups. Of course these autoregulatory
time courses are not conclusive but it is interesting to
note that the overall trending may also be predictive of
outcome.

Discussion

As the results of the t-tests were statistically significant
there is a good correlation of the reworked Ursino model
output G with clinical outcome over the later stages of stay
in the ICU. In the pilot analysis considering the trend in G
over time between patients with good and bad outcome the
patients in the “good” group the trend from “middle” to
“late” is intuitively what would be expected for a patient
that is recovering; going from non functional autoregulation
to functional, and the exact opposite can be seen in the
patient with bad outcome.

Limitations

As it stands there are three main limitations to this study
which we hope to address in a future analysis. Firstly as
previously mentioned the study numbers need to be larger.
Secondly to make the study more clinically relevant we
should redefine the time periods “early”, “middle” and
“late” as a standardised measure of days post injury instead

Fig. 2 Box plot representation of var(G) comparing both outcome
groups

Fig. 3 Representation of autoregulation over time in one patient (left) Bad group (right) Good group
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of the proportional of time monitored. Lastly we need to
look for a more accessible measure of arterial volume or
arterial compliance so that ICP wave amplitude shouldn’t
be needed.

Conclusion

Though the numbers of patients analysed were small it is
felt that these results warrant further investigation with
larger numbers of patients.
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Assessment of cerebrovascular resistance with model
of cerebrovascular pressure transmission

Nithya Narayanan & Charles W. Leffler &

Marek Czosnyka & Michael L. Daley

Abstract
Background A two step modeling method of cerebrovas-
cular pressure transmission, the dynamic relationship
between arterial blood pressure (ABP) and intracranial
pressure (ICP) has been developed as a means to
continuously assess cerebrovascular regulation and resis-
tance. Initially, system identification modeling was used to
construct a numerical model of cerebrovascular pressure
transmission. Next, the modal frequencies of the numerical
model and the actual ABP recording were used to
manipulate the parameters of a physiologically-based
biomechanical model such that: (1) the actual and simulated
ICP; and (2) the numerical and biomechanical model modal
frequencies match.
Materials and methods This study was designed to compare
changes of cerebrovascular resistance of the biomechanical

model with the expected changes of cerebrovascular resis-
tance associated with the occurrence of either a plateau wave
or refractory intracranial hypertension. Pressure recordings
from five patients with plateau waves and five patients with
intracranial hypertension were used.
Findings Vascular resistance decreased significantly during
the plateau wave and was inversely related to CPP,
indicating active vasoreactivity. In contrast, vascular resis-
tance increased significantly during intractable intracranial
hypertension and was directly related to CPP, indicating
impaired cerebrovascular regulation.
Conclusions Such results support the use of the modeling
method as a means to continuously assess changes of
cerebrovascular regulation and resistance.

Introduction

Clinical methods designed to provide continuous assess-
ment of regulation of cerebral blood flow (CBF) and further
insight into evolving pathophysiological processes during
the intensive care management of patients with brain injury
are needed. The approach of this study to address these
needs is based on serial modeling of cerebrovascular
pressure transmission as defined by the dynamic relation-
ship between arterial blood pressure (ABP) and intracranial
pressure (ICP). Biomechanical models of intracranial
pressure dynamics based on the Monroe–Kellie doctrine
(which assumes the total volume within the craniospinal sac
remains constant) have been developed to simulate ICP
dynamics and hemodynamic alterations [1, 9, 10]. In
contrast to these biomechanical models which require
physiological compatibility, the use of numerical system
identification modeling has been proposed recently as a
method to continuously assess regulation of cerebral blood
flow [4]. This procedure is a strictly numerical one in which
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the digitized paired input/output values are coupled to a
generalized dynamic description of a process to produce a
simulated output that matches the actual output by
minimization of the least squares difference between the
actual and simulated digitized output series [6]. The two
step modeling method of cerebrovascular pressure trans-
mission has been developed to continuously assess cere-
brovascular regulation and resistance. Initially, system
identification modeling is used to construct a numerical
black-box model of cerebrovascular pressure transmission.
Next, the modal frequencies of the numerical model and
the actual ABP recording are used to manipulate the
parameters of a physiologically-based biomechanical mod-
el such that: (1) the actual and simulated ICP; and (2) the
numerical and biomechanical model modal frequencies are
matched.

In this study two distinct clinical conditions associated
with traumatic brain-injured patients, the plateau wave and
intractable intracranial hypertension were studied. The
plateau wave is a pathophysiological event that is charac-
terized by a sudden rapid elevation of ICP followed by a
sustained period of elevation that is terminated by a rapid
decrease in ICP [2, 7, 8]. The onset of the wave has been
described by a vasodilatory cascade phase which links
active vasodilation, increased cerebral blood volume,
elevated ICP and decreased cerebral perfusion pressure
(CPP) [8]. The relatively rapid termination of the wave has
been described by a vasoconstriction cascade phase in
which active vasoconstrictive events lead to decreases in
cerebral blood volume and ICP and an increase of CPP [8].
Intractable intracranial hypertension is a pathophysiological
condition that is characterized by an uncontrollable increase
of ICP and a decrease in CPP which leads to compression
of the vascular bed and ischemic levels of cerebral blood
flow (CBF). The aim of this study was to use the two-step
modeling method on pressure recordings obtained during
plateau waves and during intractable intracranial hyperten-
sion as a means to derive values of simulated arterial/
arteriolar bed resistance (SimR) and determine whether
changes in this resistance were consistent with those
expected to occur for each pathophysiological condition.

Materials and methods

Pressure recordings sampled at a rate of 30 or 50 Hz from
two groups of five patients each were used in this study.
One group demonstrated plateau waves; while the other
group demonstrated a prolonged increase of ICP character-
istic of intractable intracranial hypertension. Neurocritical
Care Users Committee, Addenbrooke’s Hospital, Cam-
bridge, UK approved the fact that physiological signals
were recorded numerically and since this did not introduce

any additional risk or burden to routine patients care,
individual consent was not required at the time of
recording. Each set of recordings was labeled in such a
manner that the patients could not be identified by the
Memphis group. The Institutional Review Board at The
University of Memphis approved the data analysis protocol.

The first step of the two step modeling procedure,
system identification modeling, has been previously
reported in detail [4, 5]. Briefly a modified biomechanical
model proposed by Czosynka et al. [1] was used to provide
a generalized dynamic differential equation of cerebrovas-
cular pressure transmission. A system identification tech-
nique was applied to each 500 paired samples of digitized
pressure recordings to obtain the modal frequencies of
cerebrovascular pressure transmission. For the brief period
on which each numerical model is based, perturbations of
ABP and ICP are assumed to be small and cerebrovascular
pressure transmission is considered to be linear and time-
invariant. In the second step, mean values of the modal
frequencies derived by the first step numerical model for
each three consecutive 500 sample modeling intervals of
ABP recording are applied to the physiologically-based
biomechanical model to simulate an ICP recording for the
recording interval based on 1500 samples. Using the
physiologically-based biomechanical model, a computa-
tional method was constructed to simulate ICP for the ABP
recording and the corresponding numerically derived modal
frequencies for each modeling interval. The computation
was designed to manipulate the resistance and compliance
elements of the biomechanical model such that the
minimum square error for the 1,500 sample interval
between: (1) the actual and simulated ICP recordings; (2)
the numerical model value of the highest modal frequency
(HMF) and the biomechanical value of HMF; and (3) the
numerical model value of a dampening factor (DF) of the
lower modal frequencies and the DF of the biomechanical
model were minimized. Compliance and resistance ele-
ments were allowed to range over values consistent with
those reported in previously published modeling studies of
intracranial pressure dynamics [1, 9, 10]. The parameters of
the biomechanical model were estimated by recursive
computation to obtain a best fit set which produced a
minimum least square error and maximum correlation value
for each segment of the pressure recording.

Results

ICP recordings obtained from a patient during the demonstra-
tion of a plateau wave and of a patient with intractable
intracranial hypertension are shown (see Fig. 1). Throughout
the three phases of the plateau wave ABP did not change
significantly while ICP increased and CPP decreased relative
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to baseline during the wave; at the termination of the wave,
ICP decreased and CPP increased (see Table 1). Throughout
intracranial hypertension ABP did not change while ICP
increased and CPP decreased (see Table 1).

For the ICP recordings of a plateau wave and intractable
intracranial hypertension, changes in the values of HMF of
both models and the corresponding changes in simulated
arterial–arteriolar bed resistance are shown in Fig. 2. The
derived HMF values of the numerical system identification
model and the corresponding HMF values of the biome-
chanical model increased at the onset of the plateau wave
during vasodilation and decreased at termination during the
constrictive phase of the wave (see Fig. 2a). Consistent with
the active changes in the cerebrovasculature during the
wave, the corresponding simulated values of arterial–
arteriolar bed resistance decreased at the onset of the wave
and increased at the termination of the wave (see Fig. 2b).
Correlations between simulated bed resistance and CPP
overall, prior to, during, and after the plateau wave were
0.97 (±0.01), 0.97 (±0.01), 0.98 (±0.02), and 0.97 (±0.02)
respectively with a level of significance for each individual
correlation at p<0.001. The HMF values derived by the
first step numerical model and the corresponding HMF
values of the biomechanical model decreased during
intractable intracranial hypertension (see Fig. 2c). Consis-
tent with vasocompression at the periphery of the arterial
tree during intractable intracranial hypertension, simulated
resistance of the arterial–arteriolar bed progressively in-
creased (see Fig. 2d). Mean correlations (±SD) between
simulated bed resistance and CPP overall, at the start, and
end of the intractable intracranial hypertension recording
were −0.98 (±0.02), −0.98 (±0.04) and −0.98 (±0.04)
respectively with a level of significance for each individual
correlation of p<0.001.

Overall mean values and corresponding standard devia-
tions of ABP, ICP, CPP, HMF, and simulated resistance of

Table 1 Overall mean values (±SD) values of ABP, ICP, CPP, HMF, simulated resistance of the arterial–arteriolar bed and correlation of HMF
value with bed resistance

Condition Number ABP
(±SD, mmHg)

ICP
(±SD, mmHg)

CPP
(±SD, mmHg)

HMF
(±SD, Hz)

Sim. resist.
(±SD, mmHg ml−1 s−1)

SimR vs CPP r value (±SD)

Plateau wave
Prior 5 100.7 (±13.9) 27.1 (±2.4) 73.6 (±2.5) 7.5 (±1.1) 8.6 (±1.1) 0.97 (±0.01)c

During 5 108.5 (±9.6) 44.4 (±4.4)a 67.1 (±3.1)b 15.3 (±3.0)a 4.1 (±1.3)a 0.98 (±0.02)c

After 5 100.4 (±7.1) 25.7 (±3.1)a 76.1 (±3.2)a 6.9 (±2.1)a 9.8 (±1.3)a 0.97 (±0.02)c

Intractable ICP
Start 5 129.2 (±6.3) 65.6 (±3.8) 64.1 (±3.1) 16.4 (±0.3) 5.1 (±0.62) −0.98 (±0.01)c

End 5 135.3 (±5.2) 98.1 (±2.5)a 43.9 (±3.8)a 5.4 (±0.8) 12.4 (±1.4)1 −0.98 (±0.04)c

a Level of significance between mean values at p<0.001
b Level of significance between mean values at p<0.005
c Level of significance of each individual correlation (n=5) at p<0.001

Fig. 1 ICP recordings o f plateau wave and intractable intracranial
hypertension and brief interval of actual and simulated ICP. a ICP
recording during plateau wave. Arrow indicates the location of wave
used for extracting 16.7 s interval of ICP recording shown below. b
Extracted ICP recording at arrow located in recording of plateau wave.
c Simulated ICP recording of biomechanical model. d ICP recording
during intractable intracranial hypertension. Arrow indicates location
used to extract 10.0 s interval of ICP recording. e Extracted ICP
recording at arrow located on recording of intractable intracranial
hypertension. f Simulated ICP recording by two step modeling method
of 10 s extracted ICP recording
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the arterial–arteriolar bed and correlation of HMF with
simulated cerebrovascular resistance of both groups of
patients demonstrated results similar to those described by
the above individual examples. For the five patients with
plateau waves, mean ABP did not change during the
recording period. However during the plateau wave, ICP
increased and CPP decreased. Also during the plateau
wave, HMF increased while simulated vascular resistance
decreased. Prior to, during, and after the plateau wave,
simulated resistance of the arterial–arteriolar bed was

strongly correlated to CPP, which is indicative of active
cerebrovascular regulation. In contrast, for the group of
patients with intractable intracranial hypertension, mean
ICP at the end of the recording period was higher than at
the start of recording; while mean CPP decreased over the
period. Furthermore, mean HMF decreased while simulated
bed resistance increased. Finally, the correlations between
simulated vascular resistance and CPP at the start and the
end of the recording were strongly inverse, indicating
impaired cerebrovascular regulation of cerebral blood flow.

Discussion

The major finding of study is that a novel two step
modeling method based on ICP and ABP recordings
available in the intensive care setting can be used to
continuously assess changes in cerebrovascular resistance.
For the five patients in the plateau wave group, simulated
arterial–arteriolar vascular resistance decreased during the
vasodilatory phase of the wave and increased during the
vasoconstrictive phase of the wave. Two findings based on
the recordings obtained from these patients indicate that
regulation of CBF was intact during the recording period.
First, simulated vascular resistance was directly correlated
with CPP. And second, HMF was inversely related to CPP
which is also consistent with intact cerebrovascular regula-
tion as reported in laboratory study of percussive brain
injury [4]. In contrast the group of five patients with
intractable intracranial hypertension had findings indicative
of impaired cerebrovascular regulation. For all patients in
this group, simulated arterial–arteriolar bed resistance
steadily increased as CPP decreased. The correlation
between simulated arterial–arteriolar bed resistance and
CPP was strongly inverse and the HMF was directly
correlated with CPP. While the change in the resistance of
arterial–arteriolar bed is different for these distinct patho-
physiological events, the correlation between HMF and
simulated arterial–arteriolar bed resistance was strongly
inverse for all patients.

Previous black-box numerical modeling of cerebrovas-
cular pressure transmission based on clinical pressure
recordings obtained during the occurrence of a plateau
wave or during intractable intracranial hypertension have
demonstrated that values of HMF are inversely related to
CPP when cerebrovascular regulation is thought to be intact
and directly related when cerebrovascular regulation is
likely lost [3]. In this study of clinical recordings of ABP
and ICP obtained during the two distinct pathophysiolog-
ical conditions, the described two-step modeling method of
cerebrovascular pressure transmission was used to obtain
simulated values of arterial–arteriolar bed resistance.
Indicative of active vasoreactivity, in addition to demon-

Fig. 2 Changes of HMF values of numerical and biomechanical
models and simulated arterial–arteriolar bed resistance during plateau
wave and intractable intracranial hypertension. a Derived HMF values
for ICP recording with plateau wave. For each three consecutive
values of HMF, the mean value and standard deviation was computed
and are plotted as closed squares with corresponding error bars. The
corresponding HMF values of the biomechanical model are plotted as
closed circles. Correlation between model HMF values was strong and
significant at 0.98. and p<0.001. b Simulated values of arterial–
arteriolar bed resistance for ICP recording with plateau wave. HMF
values and simulated arterial–arteriolar bed resistance were inversely
related with a slope of the regression line relationship of 1.38 mmHg
ml−1 s−1. c Derived HMF values for ICP recording of intractable
intracranial hypertension. Mean and standard deviation of three
consecutive values of HMF of numerical model (closed squares) with
corresponding error bars and corresponding HMF values of the
biomechanical model (closed circles) with error bars are plotted.
Correlation between model HMF values was strong and significant at
0.97 and p<0.0001. d Simulated values of arterial–arteriolar bed
resistance for ICP recording with intractable intracranial hypertension.
HMF values and simulated arterial–arteriolar bed resistance were
inversely related with a slope of the regression line relationship of
−2.08 mmHg ml−1 s−1
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strating the inverse relationship between HMF and CPP,
simulated bed resistance was shown to increase with CPP
during the plateau wave. In contrast, during intractable
intracranial hypertension a direct relationship between
HMF and CPP existed and simulated bed resistance was
shown to decrease with increasing CPP, indicative of
impaired cerebrovascular regulation.

Possible limitations of the proposed methodology with
respect to the development of a clinical application should
be considered. First, the modal frequencies of cerebrovas-
cular pressure transmission are not solely dependent on
arterial–arteriolar bed resistance, but on all the resistance
and compliance elements of the model. However, except for
extremely high values of ICP, because arteriolar resistance
is nearly ten times the magnitude of venous resistance, the
simulated bed resistance has a dominant influence on the
modal frequencies of cerebrovascular pressure transmis-
sion. A second limitation is that the method requires artifact
free continuous dynamic recordings of ICP and ABP.
Alteration of the dynamic pulsatile pressure recordings
either by the inherent design of the recording instrumenta-
tion or by sensor alteration during monitoring will corrupt
the modeling process. In such cases an otherwise highly
pulsatile ICP recording with sharp peaks might be recorded
as a rounded pulse and the computations based on
cerebrovascular pressure transmission would be erroneous.

In conclusion, independent of whether the two step
process modeling method of cerebrovascular pressure
transmission was based on pressure recordings obtained
either during a plateau wave or during intractable hyper-
tension, the relationship between HMF and simulated
resistance of the arterial–arteriolar bed was an inverse
one. Pressure recordings obtained during the plateau wave
demonstrated: (1) a positive correlation between CPP and
simulated arterial–arteriolar vascular resistance; and (2) an
inverse relationship between HMF and CPP, indicative of
intact cerebrovascular regulation [4]. In contrast, pressure
recordings obtained during intracranial hypertension dem-
onstrated: (1) a negative correlation between simulated
vascular resistance and CPP; and (2) a direct relationship
between HMF and CPP, indicative of impaired cerebrovas-
cular regulation [4]. The results of this study provide a
preliminary basis for the use of the proposed modeling
method of cerebrovascular pressure transmission as a

means to continuously assess cerebrovascular regulation
and interpret changes of cerebrovascular resistance of the
arterial–arteriolar bed.
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Generation of very low frequency cerebral blood flow
fluctuations in humans

Malgorzata Turalska & Miroslaw Latka &

Marek Czosnyka & Krystyna Pierzchala & Bruce J. West

Abstract
Background Slow oscillations of cerebral blood flow
induced by synchronous variations of arterial blood
pressure (ABP) are often used for clinical assessment of
cerebral autoregulation. In the alternative scenario, sponta-
neous cerebral vasocycling may produce waves in cerebral
blood flow that are, to a large extent, independent of ABP
fluctuations. We use wavelet analysis to test the latter
hypothesis.
Methods The wavelet variability V(f), defined as the time
averaged moduli of frequency dependent wavelet coeffi-
cients, is employed to analyze the relation between
dynamics of arterial blood pressure and that of cerebral
blood flow velocity in middle cerebral artery (MCA).

Findings In the very low frequency (VLF, 0.02–0.07 Hz)
band the variability in traumatic brain injury (TBI) patients
with low intracranial pressure (VABP=0.36±0.28) is signif-
icantly smaller than that of the volunteers (VABP=0.70±
0.25) with p=7×10–5. Interestingly, the corresponding
variabilities of MCA flow velocity for both cohorts are
comparable. VMCA=0.83±0.65 of the brain injury patients is
not statistically different from that of the volunteers VMCA=
1.06±0.41 (p=0.11).
Conclusions In TBI patients without cerebral hypertension,
the VLF oscillations must have been spontaneously
generated within intracranial volume to compensate for
the reduced ABP variability. Vasomotion is identified as a
plausible physiological mechanism underlying such oscil-
lations. We argue that vasomotion may be beneficial for
brain tissue oxygenation especially during periods of
critically low perfusion.

Keywords Cerebral autoregulation . Brain injury .

Vasomotion . Brain tissue oxygenation

Introduction

Under normal physiological conditions changes in cerebral
perfusion pressure can be compensated by local adjust-
ments of the tone of the cerebrovascular bed – the
mechanism known as cerebral autoregulation [13]. Adjust-
ment of the tone of cerebral arteriolas underlies not only
pressure autoregulation but also vasomotor reactivity and
metabolic regulation. Diverse physiologic stimuli such as
varying partial pressures of oxygen and CO2 exert their
influence on vascular smooth muscle cells either through
elevated production of nitric oxide, resulting in vasodila-
tion, or through an overproduction of the vasoconstrictor
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endothelin. Until recently, autoregulation, metabolic regu-
lation, and vasomotor reactivity seemed to be closely inter-
related [14]. However, Lavi et al [8] recently demonstrated
that patients with endothelial dysfunction preserve pressure
dependent autoregulation despite having impaired CO2

vasomotor reactivity.
The application of transcranial Doppler ultrasonogra-

phy (TCD) [2] has enabled study of the dynamic aspects of
cerebral autoregulation. Cerebral autoregulation is a vital
protective mechanism that has come to be perceived as a
physiological high-pass filter transmitting rapid changes in
arterial blood pressure (ABP), but dampening low-frequency
perturbations [5]. However, some studies raised the possi-
bility of spontaneous generation of very low frequency
cerebral blood flow oscillations [4]. Herein, we use TCD to
explore the nature of very low frequency variability of
cerebral blood flow.

Methods

Patients

The study comprised 38 brain injury patients treated at
the Department of Neurosurgery of Addenbrooke’s
Hospital whose intracranial pressure during the monitor-
ing interval did not exceed 15 mmHg (mean ICP in the
group was 10.9±3.6 mmHg). The median GCS was 5
(range 3–8). The control group was made up of 17
volunteers (7 men and 10 women, mean age of 24±3
years) free of cardiovascular, pulmonary, and cerebrovas-
cular disorders. Flow velocity in middle cerebral artery
(MCAfv) was recorded by transcranial Doppler ultraso-
nography (TCD). The arterial blood pressure was
concurrently measured by either the radial artery
cannulation (patients) or noninvasively by finger photo-
plethysmography (volunteers). It is worth pointing out
that the differences between aortic and finger blood
pressure fluctuations can lead to erroneous results for
very short segments of data [11]. Herein we average the
calculated hemodynamic parameters over relatively long
recordings which minimizes a potentially significant
source of error.

Data analysis

For each patient or volunteer a single 15 min monitoring
interval was chosen for analysis. Beat-to-beat average
values of arterial blood pressure and flow velocity in
middle cerebral artery were calculated via waveform
integration of the corresponding signals. In numerical
calculations non-uniformly spaced time series were
resampled at 2 Hz by cubic spline interpolation.

We use time averaged moduli of complex Morlet
wavelet coefficients Ws( f, t0) as a frequency-dependent
measure of variability of the signal s(t):

Vs fð Þ ¼ Ws f ; t0ð Þj jh it0
hereafter the angular brackets denote averaging over time
[6]. The interdependence of ABP and MCAfv spontaneous
fluctuations may be quantified by the frequency dependent
synchronization index:

g MCA
ABP fð Þ ¼ sinΔfh i2þ cosΔfh i2;

where Δf ¼ f1 � f2 is the instantaneous phase difference
between the two time series calculated using the complex
Morlet continuous wavelet transform [7]. The synchroniza-
tion index lies in the interval 0 � g � 1. A vanishing index
γ=0 corresponds to a uniform distribution of the phase
differences (no synchronization) while γ=1 corresponds to
perfect synchronization (phase locking of the two processes).

To quantify the amplification or attenuation of arterial
blood pressure fluctuations we introduce the scale-dependent
wavelet gain η defined as the ratio of time averaged wavelet
coefficients of the corresponding signals:

hMCA
ABP fð Þ � WMCA f ; t0ð Þj jh i

WABP f ; t0ð Þj jh i :

Results

Figure 1 shows the group averaged wavelet variability of
both ABP (Fig. 1a) and MCAfv (Fig. 1b) plotted as a
function of frequency. The prominent peak in Fig. 1a,
centered at approximately 0.23 Hz is associated with the
strong periodic component in ABP generated by the
mechanical ventilation in brain injured patients. The respira-
tion peak of the control cohort is less pronounced indicating
that spontaneous breathing has much weaker influence on
ABP dynamics. In fact, the mean arterial blood pressure
variability for brain injury patients in the RF band (0.17–
0.38 Hz) VABP=0.72±0.31 is more than a factor of two larger
than that of healthy individuals (0.30±0.10). For lower
frequencies the relation between ABP variability for the TBI
patients and controls is reversed. In the very low frequency
(VLF, 0.02–0.07 Hz) band the variability of the brain injured
patients (VABP=0.36±0.28) is a factor of two smaller than
that of the volunteers (VABP=0.70±0.25). Surprisingly, the
differences in the patient’s ABP variability are not transferred
to the dynamics of flow velocity in middle cerebral artery. In
fact, in both the RF and VLF intervals the mean values of the
MCAfv wavelet variability between patients and controls are
not statistically significant. For example the VLF wavelet
variability of the brain injury patients VMCA=0.83±0.65 is
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not statistically different from that of the volunteers 1.06±
0.41 (p=0.11).

The frequency dependence of the wavelet gain hMCA
ABP

and synchronization parameter gMCA
ABP is depicted in Fig. 2.

One can see that in the brain injury patients the strong ABP
fluctuations related to respiration are attenuated below that
of the healthy cohort (Fig. 2a). Consequently, the patient
group average RF wavelet gain hMCA

ABP ¼ 0:99� 0:43 is
more than a factor of two smaller than that of the controls
(gMCA

ABP ¼ 0:18� 0:14). The opposite effect is observed for
the VLF frequencies. The low ABP variability of the
patients does not lead to reduced fluctuations of MCAfv.
This is distinctly manifested in the values of the wavelet
gain for the TBI patients: hMCA

ABP ¼ 3:09� 2:41and the
controls: h MCA

ABP ¼ 1:61� 0:70. It is worth pointing out that
in the VLF part of the spectrum the fluctuations of ABP are
essentially statistically independent of MCAfv fluctuations
as indicated by the low values of the synchronization
index (Fig. 2b) for both the brain injury patients gMCA

ABP ¼
0:18� 0:14 and the healthy individuals gMCA

ABP ¼ 0:20�
0:13.

Discussion

In the VLF range, the mean wavelet ABP variability of
brain injury patients is half of that of the control group.
Nevertheless, as clearly seen in Fig. 1b, the corresponding
cohort averaged variabilities of cerebral flow velocity are
not statistically different. Thus, the VLF MCAfv oscillations
must have been generated within the intracranial volume.
This active generation of cerebral flow oscillations in turn
explains the lack of synchronization with ABP fluctuations
(reflected by the low value of synchronization index
gMCA
ABP ¼ 0:20� 0:13). It goes without saying that spontane-

ous generation of VLF flow oscillations cannot be
reconciled with a passive control function of cerebral
autoregulation.

The suppressed ABP variability of the patients in the
VLF part of the spectrum was instrumental in demonstrat-
ing the spontaneous generation of cerebral flow velocity
oscillations. However, an intravenous infusion of trimetha-
phan can block both sympathetic and parasympathetic
nerve activity effectively inhibiting regulatory mechanisms
controlled by autonomous nervous systems, e.g. the
baroreflex. In a pioneering experiment [16] such a ganglion
blockade was used to decrease mean arterial blood pressure
variability of healthy volunteers in the 0.02–0.07 Hz
frequency range by as much as 82% (measured as a
fraction of the baseline Fourier spectrum). Despite this
significant decrease, the MCAfv variability persisted
leading to the 81% increase of the VLF transfer function
gain. Zhang et al point out “Interestingly, although transfer
function gain increased and phase decreased at the very low
frequencies, they remained unchanged at higher frequen-
cies. Thus, the frequency-dependent nature of dynamic
autoregulation was abolished by ganglion blockade, sug-
gesting that the cerebral circulation was unable to buffer
even slow changes in arterial pressure.” Finally, these
authors conclude that autonomic neural control of the
cerebral circulation is tonically active and plays a signifi-
cant role in the regulation of beat-to-beat cerebral blood
flow in humans.

Two aspects of the ganglion experiment lead us to
suggest an alternative interpretation. Zhang et al demon-
strated that the application of oscillating lower body
negative pressure (LBNP) did restore low-frequency ABP
variability but it did not significantly modify the hemody-
namic effects of the blockade. This is a strong argument
supporting the autonomic neuronal control hypothesis.
However, the analysis of the representative spectra of mean
blood pressure and MCAfv during LBNP (Fig. 4 of
reference [16]) shows that the cerebral blood flow velocity
spectrum is dominated by a distinct peak centered at a
frequency different than that of the LBNP oscillations. The
appearance of such a peak is a clear manifestation of
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spontaneous generation of oscillations – precisely the same
effect observed in our brain injury cohort. We suggest that
the generation of oscillations observed both in the ganglion
blockade and in our current study does not imply
impairment of pressure autoregulation. In fact in a closely
related recent study Lavi et al [8] confirmed the integrity of
pressure dependent autoregulation in a group of patients
with impaired autonomic cardiovascular control caused by
diabetes mellitus and/or hypertension. Lavi et al conclude
that their research precludes the involvement of autonomic
nervous system in mechanoregulation of cerebral blood
flow. They point out the work of Brevan et al [3] showing
that isolated sections of human pial arteries have poor
innervations and attenuated responsiveness to adrenergic
vasoconstrictors. Taking into account both the experimental
results and the controversy concerning the influence of the
autonomous nervous system on cerebral circulation we
sought to identify a plausible physiological mechanism,
which could account for the observed generation of
spontaneous VLF oscillations.

Vasomotion is an oscillation of vascular tone that is
generated from within the vascular wall and is not a
consequence of heartbeat, respiration, or neuronal input.
The frequency of these oscillations, observed in vivo and in
vitro in all vascular beds, span the broad range from
0.02 Hz to 0.3 Hz [1, 10]. Even though this phenomenon
was first observed more than 150 years ago, its physiolog-
ical significance still remains elusive. From the viewpoint
of cerebral hemodynamics, one of the most interesting
theoretical hypothesis is that vasomotion is beneficial for
tissue oxygenation. The results of modeling [15] suggest
that low-frequency vasomotion characteristic of proximal
arterioles enhances long-range diffusion of oxygen to the
capillaries. Consequently, during periods of critically low
perfusion oxygen becomes more homogeneously distribut-
ed reducing the amount of surrounding tissue exposed to
hypoxia. Certainly, vasomotion may play a pivotal protec-
tive role in tissues with low oxygen buffering capacity.
Brain tissue is one of them.

The high value of the synchronization parameter gMCA
ABP in

the RF band is a strong indication that for these frequencies
the variability of cerebral blood flow may, to large extent,
be attributed to the ABP dynamics (cf. Fig. 2b). This
interpretation is consistent with previous studies [9, 12].
With decreasing frequency the connection between the
statistical properties of the ABP and MCAfv time series
becomes less obvious. We can see that for healthy
volunteers the synchronization parameter gMCA

ABP has a
distinct peak at 0.12 Hz which coincides with the operating
frequency of baroreflex. This peak is conspicuously
missing in the traumatic brain injury patients. We consider
this evidence that autonomic cardiovascular control is
impaired in TBI patients. On the other hand, the low
synchronization in the VLF part of the spectrum, observed
in both TBI patients and controls, may result from either the
lack of causal relation between ABP and MCAfv fluctua-
tions or more intricate nonlinear interdependence. Using
different methodologies, other investigators [9, 12] have
found that the VLF end-tidal CO2 fluctuations significantly
influences MCAfv dynamics. In addition, the work of
Mitsis et al [9] emphasizes the considerable effect of
nonlinear interactions between ABP and CO2 on cerebral
blood flow variability.

Spontaneous vasomotion, which could naturally account
for weak synchronization between ABP and MCA velocity
at low frequency, is physiologically a second order effect.
However, when the ABP variability is abolished, either by
pharmacological intervention or as a result of brain injury,
this second order mechanism may in fact determine cerebral
hemodynamics. We can see in Fig. 2a that for the brain
injury cohort the wavelet gain begins to rapidly increase at
0.2 Hz. We hypothesize that this frequency delineates a
frequency region, in which active spontaneous generation
of oscillations due to vasomotion is significant. The broad
range of vasomotion frequencies (from 0.02 Hz to 0.3 Hz)
is compatible with such an interpretation.

We conclude that spontaneous vasomotion may be
beneficial for brain tissue oxygenation especially during
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periods of critically low perfusion and consequently may
play a significant role in cerebral hemodynamics of TBI
patients.
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Accuracy of non-invasive ICP assessment can be increased
by an initial individual calibration

B. Schmidt & M. Weinhold & M. Czosnyka & S. A. May &

R. Steinmeier & J. Klingelhöfer

Abstract
Objective In a formerly introduced mathematical model, in-
tracranial pressure (ICP) could be non-invasively assessed
using cerebral blood flow velocity (FV) and arterial blood
pressure (ABP). The current study attempts to check whether
the accuracy of the non-invasive ICP assessment (nICP)
improves after an initial individual calibration by implanted
ICP probes.
Methods Thirteen patients with brain lesions (35–77 years,
mean: 58±13 years) were studied. FV, ABP and ICP
signals were recorded at days 1, 2, 4 and 7. nICP was
calculated and compared to ICP. In the first recording of
each patient the (invasively assessed) ICP signal was used
to calibrate the nICP calculation procedure, while the
follow-up recordings were used for its validation.
Findings In 11 patients 22 follow-up recordings were
performed. The mean deviation between ICP and the original
nICP (±SD) was 8.3±7.9 mmHg. Using the calibrated method
this deviation was reduced to 6.7±6.7 mmHg (P<0.005).
Conclusions Initial individual calibration of nICP assess-
ment method significantly improves the accuracy of nICP
estimation on subsequent days. This hybrid method of ICP
assessment may be used in intensive care units in patients

with initially implanted ICP probes. After removal of the
probes, ICP monitoring can be continued using the
calibrated nICP assessment procedure

Keywords Intracranial pressure . Cerebral blood flow .

Transcranial Doppler ultrasonography .

Arterial blood pressure

Introduction

Various approaches have been made in the past to analyse
the relationship between ICP and parameters derived from
cerebral blood flow velocity (FV) and arterial blood
pressure (ABP) [1–5]. The authors formerly introduced a
mathematical model in which selected hemodynamic
parameters (TCD characteristics) were used for a transfor-
mation of the ABP into the ICP signal. [8, 9]. Since the
introduction of this method of non-invasive ICP (nICP)
assessment its accuracy and potential benefit for clinical
application have been demonstrated in various clinical
studies [10–12]. It could be shown that the procedure was
generally able to assess ICP pulse waves, B waves, plateau
waves [6, 7] and ICP trends, while the mean deviation
between non-invasively and invasively assessed ICP was
between 4 and 8 mmHg depending on the studied
population. Although being generally valid, some results
suggested that this model might show individual deviations.
Several attempts have been made by the authors in order to
contribute to this fact and reduce the error in nICP
assessment even in heterogeneous patient groups. One
approach was the introduction of an nICP assessment
model which was self-adaptive to dynamic changes of
cerebral autoregulatory state [12], another was the use of
fuzzy pattern classification method for model construction
[13], a non-linear method that allowed the integration of a
large amount of influential parameters. The objective of the
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current study was to verify whether the accuracy of the
nICP assessment procedure could be improved if the
procedure was individually calibrated by an implanted
ICP probe.

Materials and methods

Patient population Thirteen acute neurocritical care patients
(35–77 years, mean age: 58±13 years, 8 male, 5 female)
were included. They suffered either from traumatic brain
injury (N=5), subarachnoidal hemorrhage (N=2), MCA
infarction (N=2), intracranial hemorrhage, sinus venous
thrombosis, hypoxic encephalopathy or encephalitis.
Patients were sedated and ventilated.

Monitoring FV measurements were taken using 2 MHz
pulsed Doppler devices (TC 2-64B, EME, Überlingen,
Germany). Flow patterns of the MCA were continuously
recorded in the hemisphere ipsilateral to the ICP measure-
ment. Blood pressure was measured with a standard manom-
eter line inserted into the radial artery. ICP was measured
using either implanted intraventricular or intraparenchymal
microsensors (Raumedic AG, Rehau, Germany).

Monitoring was a routine clinical practice and did not
require separate Local Ethical Committee approvals. Data
were processed anonymously as a part of internal clinical audit.

Computer-assisted recording A personal computer fitted
with data acquisition system (Daq 112B, Iotech, Inc.,
Cleveland, OH, USA) was used for recording and analyzing
FV, ABP and ICP signals. The sampling frequency was
25 Hz. Signal data consisting of FV, ABP and (invasively
assessed) ICP were initially recorded at day 1, and if possible
repeatedly recorded at days 2, 4 and 7, for the duration of
one hour each. The day 1 recording of each patient was
taken to calibrate the nICP calculation procedure while the
follow-up recordings were used for its validation. Patients
with day 1 recording only could not be evaluated. Data
recording software written for this purpose was used [9].

Non-invasive ICP assessment In the procedure of non-
invasive ICP assessment the ABP signal is transformed into
the ICP signal by means of a signal transformation called
Impulse Response, a function closely related to the more
familiar transfer function. During nICP assessment the
ABP→ICP impulse response is controlled and continuously
updated by parameters called TCD characteristics. The TCD
characteristics again are continuously recalculated from the
currently measured FV and ABP signals. They substantially
consist of coefficients of an ABP→FV impulse response and
additional ICP related parameters such as pulsatility index.
The model assumes linear relationship between TCD charac-

teristics and the ABP→ICP impulse response. This relation-
ship has been computed by means of multiple regression
analysis on data recordings of FV, ABP and (invasively
assessed) ICP from a well-defined group of reference patients.
In Fig. 1 a flow chart of the nICP assessment is presented.

Calibration of non-invasive ICP assessment

In order to individually calibrate non-invasive ICP assessment
to a certain patient the signal data of this patient was added to
the above-mentioned reference patient data. Using this
enriched data the nICP assessment procedure was recon-
structed (Fig. 2). In this way the peculiarity of this patient
with regard to the relationship between TCD characteristics
and ABP→ICP impulse response was integrated into the
model.

After calibration of nICP assessment using the patient’s
day 1 recording, nICP signals were calculated in the
subsequent days using both the calibrated method as well
as the standard method.

Results

In two of 13 patients follow-up data could not be assessed
because the patients died. In 11 patients 22 follow-up
recordings were performed (in three patients: one, in five
patients two, and in three patients: three follow-up record-
ings). On average of the follow-up days 2, 4 and 7 the
invasively assessed ICP (±SD) was 15.3±17.2 mmHg, the
standard nICP was 19.6±9.6 mmHg, and the calibrated
nICP assessed was 15.8±11.3 mmHg. The mean deviation

nICP
Impulse response

ABP → ICP
{ wi } i = 0, ..., n

FVABP

TCD characteristics
{ tcdj } j = 0, ..., m

Linear transformation
matrix A

Fig. 1 nICP assessment procedure. From FV and ABP signals, TCD
characteristics are computed. Applying a linear transformation matrix
A to the TCD characteristics yields the ABP→ICP impulse response
function, which transforms ABP into the nICP signal. The matrix A
have been formerly calculated by a multiple regression analysis on
patients reference data
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between ICP and in the standard way assessed nICP (±SD)
was 8.3±7.9 mmHg, the nICP median was 6.5 mmHg.
Using the calibrated method this deviation was significantly
(P<0.005) reduced to 6.7±6.7 mmHg, the nICP median
was 4.4 mmHg (Fig. 3).

Discussion

The results showed that initial individual calibration of
nICP assessment method could significantly improve the
accuracy of follow-up nICP assessments. The patients

included so far suffered from a great variety of cerebral
diseases. This was in contrast to former studies of the
authors [11, 12] where homogeneity of the patient
population was an important point for accurate nICP
assessment results. This heterogeneity of population in the
current study may be seen as one of the reasons for
relatively high deviations between measured and calculated
ICP values. However, being able to broaden its applicabil-
ity was another intention for the introduction of initial
calibration of nICP assessment procedure. In fact, stenosis
of intra- or extracranial vessels needs no longer be an
exclusion criterion [8, 12] because of the initial adaptation

Linear transformation

matrix A

FV ABP ICP

TCD characteristics Impulse response

Multiple regression
analysis

w = A * tcd

Signal data of reference patients Day 1 recording of
calibration patient

Individual

calibration

w = (w , w , ..., w  )0 1 ntcd = (tcd , tcd , ..., tcd )0 1 m

Fig. 2 Construction of nICP assessment procedure. Signal data of
reference patients is used for the calculation of transformation matrix
A. Samples of TCD characteristics are computed at different time
points from FV and ABP recordings. Simultaneously ABP→ICP
impulse response parameters are calculated from ABP and ICP

recordings. Both parameter groups are then related by multiple
regression analysis in terms of matrix A. Individual calibration to a
certain patient is achieved by previous inclusion of this patient’s signal
data to the reference data

ICP
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Fig. 3 Comparison between
ICP, standard nICP and cali-
brated nICP in a patient with
subarachnoidal hemorrhage dur-
ing day 2 (left) and day 4 (right)
recordings. In both recordings
similarity in terms of mean
values as well as shapes of pulse
waves was visibly higher be-
tween calibrated nICP and ICP
than it was between standard
nICP and ICP. In the day 4
recording mean FV has been
increased above 110 cm/s indi-
cating the development of vaso-
spasm in this patient. Vasospasm
was an exclusion criterion for
the application of the standard
nICP method in former studies
[8, 12]. This might explain the
high deviation between standard
nICP and ICP in this recording
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of the nICP procedure to the possibly occurring individual
differences in hemodynamics. A slightly different point is
the inclusion of patients with vasospasm. The degree of
vasospasm may rapidly change in time and abolish the
validity of former procedure adaptations. Although in the
presented patient with vasospasm (Fig. 3) clearly improved
results could be achieved by calibration, this question
remains a subject for further investigations.

Strictly speaking, the introduced method cannot be
called non-invasive, it rather provides a hybrid procedure
and includes the usage of invasive ICP assessment.
However, in many cases, i.e. in patients with acute severe
traumatic brain injuries, implantation of pressure probes is
currently an act of clinical routine and will probably remain
in future. Such a situation may be used for a calibration of
the nICP procedure in order to increase its accuracy or even
to enable its applicability. The intention of this study was
not to replace nICP assessment by the hybrid method rather
than to search for improvements of accuracy whenever it is
possible. Other studies to improve the accuracy of the
“pure” nICP assessment are in progress. There are still open
questions: It is not clear how the benefit depends on the
time of follow-up assessment. It seems plausible that this
benefit might decrease with increment of time passed since
the calibration. However. the population is yet to small to
quantify or even to confirm this effect.

Conclusion and outlook

Initial individual calibration of nICP assessment method
significantly improves the accuracy of follow-up nICP
assessment and provides a broader applicability of this
method. Such a hybrid method of ICP assessment may
be used in intensive care units in patients with tempo-
rarily implanted ICP probes. After removal of the probes,
whether planned or as a result of any technical/clinical
complication ICP monitoring can be continued using
the calibrated nICP assessment procedure. The study
is ongoing and a minimum of 30 included patients is
intended.

Conflict of interest statement We declare that we have no conflict
of interest.
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The impact of ventricular catheter impregnated
with antimicrobial agents on infections in patients
with ventricular catheter: interim report

George K. C. Wong & W. S. Poon & Stephanie C. P. Ng &

Margaret Ip

Abstract
Introduction Previous prospective study in our unit had
shown that the use of dual antibiotic prophylaxis in patients
with external ventricular drain was associated with de-
creased incidence of cerebrospinal fluid infection but
complicated with opportunistic extracranial infection. In
recent years, cerebrospinal fluid shunt catheters impregnat-
ed with antimicrobial agents have become available.
Theoretically, these catheters provide antibiotic prophylaxis
locally without the associated complications of systemic
opportunistic infection.
Methods We carried out a prospective randomized, con-
trolled clinical trial in a regional neurosurgical center in
Hong Kong. We recruited patients admitted for emergency
neurosurgical operation after informed consent was
obtained from next-of-kin. Eligible patients were random-
ized to receive an antibiotic-impregnated ventricular cath-
eter or plain ventricular catheter Dual prophylactic
antibiotic coverage was given to the patients randomized
for plain ventricular catheter only. Patients who received
antibiotic impregnanted catheters were not treated with
systematic prophylactic antibiotics. Here we present the
analysis of 110 patients, recruited over a 2-year period, to
receive antibiotic-impregnanted ventricular catheters versus
non-impregnated ventricular cathethers with prophylactic
antibiotic coverage.

Findings Fifty-two patients were randomized to antibiotic-
impregnated ventricular catheter with no systemic antibiotic
prophylaxis (Group A) and 58 patients were randomized to
plain ventricular catheters with prophylactic dual antibiotics
(Group B). There was no ventriculostomy-related infection
in either groups of patients. There was also no statistical
significant difference in incidences of extracranial infec-
tions between the two groups, p=0.617.
Conclusions In this analysis, antibiotic-impregnation of
ventricular catheters was as effective as systemic antibiotics
in the prevention of ventriculostomy infections, with the
potential advantage of avoiding the systemic side-effects of
prophylactic antibiotics.

Keywords Ventriculostomy. Infection .

Cerebrospinal fluid . Antibiotic

Introduction

External ventricular catheters are used for intracranial
pressure monitoring and temporary cerebrospinal fluid
drainage in neurosurgery. An incidence of ventriculos-
tomy-related cerebrospinal fluid infection has been quoted
to be between 2.2% and 10.4% [3–6, 10–12] in the more
recent literature. A previous prospective study in our unit
[7] had shown that the use of dual antibiotics prophylaxis in
patients with external ventricular drainage was associated
with decreased incidence of cerebrospinal fluid (CSF)
infection but was complicated by opportunistic extracranial
infections. The current practice is to cover all patients with
external ventricular drains with prophylactic dual anti-
biotics, unless microbiology results guide more selective
antibiotic regimens. In recent years, cerebrospinal fluid
shunt catheters impregnated with antimicrobial agents have
become available. The antibiotic-impregnated catheter is a
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silicone catheter impregnated with 0.15% clindamycin and
0.054% rifampicin. Experimental studies [2, 7] have shown
that these antibiotic impregnanted catheters provide protec-
tion against Staphylococcus aureus and coagulase-negative
staphylococci strains for at least 42 days. Theoretically, this
provides antibiotic prophylaxis locally without the associ-
ated complications of systemic antibiotics. The beneficial
effect in reducing CSF infection was shown with reduction
in positive CSF cultures by Zabramski [14], in which they
were not employing the effective policy of systemic dual
antibiotics for prophylaxis as long as the ventricular
catheter was in situ, and no data was available in terms of
nosocomial infection was available in the literature.

Method

We carried out a prospective randomized controlled clinical
trial in a regional neurosurgical center in Hong Kong to
investigate whether antibiotics-impregnated ventricular
catheters could replace prophylactic systemic antibiotics
prophylaxis.

The pre- and post-operative care was in accordance with
standard protocols currently used in the center. The
ventricular catheter might be inserted as a separate
procedure or in the setting of craniotomy as determined
clinically. Prophylactic antibiotic coverage was used during
the period of external ventricular drain placement. This was
based on the results of a randomized controlled trial
performed in our unit [8], which demonstrated a reduction
in CSF infections with peri-procedural prophylactic antibi-
otic therapy. Subsequent analyses by Rebuck et al. [9] and
Alleyne et al. [1] have questioned this effect, but the
retrospective nature of their studies and the choice of
antibiotics used makes comparison difficult. We performed
all our ventricular drain insertion under stringent aseptic
techniques in the operating theatre with a subgaleal
tunneling of 5 cm. We had a standard guideline and
standard instrument sets. Cerebrospinal fluid was collected
under aseptic technique from the three-way connector just
distal to the ventricular catheter every 5 days or on
evidence of clinical sepsis. We did not perform regular
exchanges of external ventricular drain catheters according
to the published randomized controlled clinical trial of our
unit [13].

Patients who were likely to have ventricular catheter in-
situ for 5 days or more would be recruited before
emergency or elective neurosurgical operation. They in-
cluded patients with head injury, haemorrhagic stroke or
hydrocephalus. Randomization would be taken care of by

the research assistant through a computer-generated ran-
domization number. Consent was obtained from a guardian
or next-of-kin if the patient was mentally unfit for consent.
Patients were randomized into one of the two groups:

1. Periprocedural antibiotics only ie Unasyn and Roce-
phin and insertion of the antibiotics-impregnated
(0.15% Clindamycin and 0.05% Rifampicin) ventric-
ular catheter;

2. Periprocedural antibiotics and prophylactic dual anti-
biotics ie Unasyn and Rocephin and insertion of
ventricular catheter without impregnation of antibiotics.

“Prophylactic” means to use the antibiotics named
above, as long as the ventricular catheter was in-situ.
Changes in antibiotic treatment were directed by the clinical
status of the patient, as for example, by the presence of
concurrent, extracranial infection.

Primary outcomes include ventriculostomy-related infec-
tion and extracranial infection. Statistical analysis was
carried out with SPSS for Window Version 14.0. Categor-
ical outcome measures, such as CSF infection, were
compared between groups using Fisher Exact Test. Contin-
uous outcome measures, such as hospital stay, were
compared between groups using unpaired t-test.

Results

Here we presented the interim analysis of the 110 patients,
which were recruited over a 2 year period. 52 patients were
randomized to antibiotic-impregnated ventricular catheter
(Group A) and 58 patients were randomized to plain
ventricular catheters with prophylactic dual antibiotics
(Group B). Age (mean ± SD) was 50.1±14.1 years. Male
to female ratio was 1:1. The neurosurgical indications were
stroke (74%), trauma (17%) and others such as tumor and
hydrocephalus (9%). Risk factors for ventriculsotomy-
related infection included diabetes (11%), steroid consump-
tion (4%), skull base fracture (10%) and craniotomy/
craniectomy (57%). The duration of ventricular catheter
in-situ (mean ± SD) was not different between the two groups,
9.9±5.4 days for Group A and 10.1±5.4 for Group B, p=
0.823. There were no ventriculostomy-related infections in
either group of patients. There was also no statistical
significant difference in the incidence of extracranial
infections between the two groups, 51% for Group A and
46% for Group B, p=0.617. The incidence of resistant
organisms (MRSA or fungi) in cases of extracerebral
infection was also not different between the two groups.
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Discussion

External ventricular catheter insertion through burr hole and
ventriculostomy represented an advance in the management
of neurosurgical patients. Through a simple procedure,
neurosurgeons could have a simple way to (a) monitor
change in intracranial pressure, which per sec would be a
good indicator for new intracranial events such as oedema or
rebleed; (b) provide a reliable mean for drainage of
cerebrospinal fluid for hydrocephalus or intracranial pressure
control. In patients with severe head injury, the application of
a threshold intracranial pressure leads to an improvement of
management outcome. The downside is that as a foreign
body and conduit to the cerebrospinal fluid compartment, it
carries a risk of infection, which may result in neurological
morbidity and mortality. Systemic antibiotic prophylaxis has
been prescribed, following a variety of different protocols, to
reduce the incidence of catheter-induced CSF infection.
Being systemic in nature, this has the risk of systemic side-
effects such as allergic reactions and pseudomembranous
colitis. Moreover, prophylactic antibiotic treatment has been
associated with nosocomial infections with resistant strains.7

The other way to give antibiotics prophylaxis would be
topical. One simple way would be to give the antibiotics
locally through the ventricular catheter. With the advance of
technology, antibiotics impregnation of ventricular catheter
became feasible. These catheters have the advantage of
sustained release throughout the catheter-in-situ period. In
our interim analysis, our results showed that the strategy of
antibiotics-impregnated catheter insertion is as effective as
systemic dual antibiotics prophylaxis in terms of cerebrospi-
nal fluid infection and clinical outcome.

Conclusion

In this analysis, antibiotic-impregnated ventricular catheter was
as effective as systemic antibiotics in prevention of ventricu-
lostomy infection, with the potential advantage of avoiding the
systemic side-effects of prophylactic antibiotic treatment.
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Assessment of mitochondrial impairment and cerebral blood
flow in severe brain injured patients

Gunes A. Aygok & Anthony Marmarou &

Panos P. Fatouros & Birgit Kettenmann &

Ross M. Bullock

Abstract
Background We believe that in traumatic brain injury
(TBI), the reduction of N-acetyl aspartate (NAA) occurs
in the presence of adequate cerebral blood flow (CBF)
which would lend support to the concept of mitochondrial
impairment. The objective of this study was to test this

hypothesis in severely injured patients (GCS 8 or less) by
obtaining simultaneous measures of CBF and NAA.
Methods Fourteen patients were studied of which six
patients presented as diffuse injury at admission CT, while
focal lesions were present in eight patients. CBF using
stable xenon method was measured at the same time that
NAA was measured by magnetic resonance proton spec-
troscopy (1HMRS) in the MR suite. Additionally, diffusion
weighted imaging (DWI) and maps of the apparent
diffusion coefficient (ADC) were assessed.
Findings In diffuse injury, NAA/Cr reduction occurred
uniformly throughout the brain where the values of CBF
in all patients were well above ischemic threshold. In focal
injury, we observed ischemic CBF values in the core of the
lesions. However, in areas other than the core, CBF was
above ischemic levels and NAA/Cr levels were decreased.
Conclusions Considering the direct link between energy
metabolism and NAA synthesis in the mitochondria, this
study showed that in the absence of an ischemic insult,
reductions in NAA concentration reflects mitochondrial
dysfunction.

Keywords N-acetyl aspartate (NAA) .

Cerebral blood flow (CBF) .

Apparent diffusion coefficient (ADC) .

Mitochondrial impairment

Introduction

Traumatic brain injury (TBI) remains a significant clinical
entity that may result in death and severe disability among a
predominantly young population. Investigators have found
that in addition to the structural damage to the brain tissue,
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a series of complex pathophysiological mechanisms are
initiated by the trauma [9]. These results in less ATP
production and disturbance of the ion gradients essential for
functional neurons which lead to changes at cellular levels
such as swelling in astrocytes and neurons described as
cytotoxic edema [8]. Furthermore, glutamate is released and
causes a state of excitotoxicity [9] and changes at sub
cellular levels such as mitochondrial impairment [7].
Neuronal function ceases, although the neurons may remain
viable and recover.

These complex processes involved in energy crisis are
not visualized by conventional imaging and one measure of
energy crisis secondary to mitochondrial impairment is the
amount of NAA reduction which can be measured
quantitatively by 1HMRS. NAA is synthesized in mito-
chondria and found to be almost exclusively located within
the nervous system with a concentration which is only
second to glutamate [9].Therefore, NAA reduction is a
reflection of mitochondrial impairment and/or neuronal
death. However, studies indicate that while 33% of severely
head injured patients suffer an ischemic insult in the first
4 h, the proportion of patients with ischemia drops to 5% in
the first 24 h [3]. Therefore, we hypothesize that, with an
exception of the very first few hours following injury, there
is a profound energy crisis even in the presence of adequate
CBF. Our objective was to measure NAA and CBF
simultaneously and establish the degree to which CBF
confounds the interpretation of NAA. To better understand
the mechanisms responsible for water movement into the
brain, in vivo DWI and ADC were also utilized.

Materials and methods

Patient population and management

After obtaining informed consent, severely head-injured
patients with an admission GCS of 8 or less were enrolled.
All patients were treated with a standard TBI protocol and
received ICP monitoring. Patients were transported to the
CT scanner for measurement of CBF by Xenon technique
and to the MR suites (Sigma 3.0 T, GE Medical Systems)
for measurement of 1HMRS, DWI and ADC and returned
to the NICU without complication. All studies were
performed within the first two weeks post injury (mean
9 days, range 3–18 days). CBF examinations reported here
were performed sequentially on the same day of the
1HMRS and ADC studies.

MRI-1HMRS acquisition technique and data analysis

After stabilization into the magnet, T1 and T2 weighted
pulse sequences were used to produce images in the axial

and sagittal planes and semi-quantitative analysis of NAA,
creatine containing compounds (Cr/PCr), and choline (Cho)
was performed using the point resolved spectroscopy
(PRESS) pulse sequence (TE=135 ms TR=1500 ms)
Following localized shimming and water suppression, a
spectrum from 8 cm3 single voxel (SV) was obtained. The
NAA, Cho and Cr peak areas were measured and results
were reported as ratios. For diffuse injury, six different
regions of interest (ROI) were selected including frontal,
parietal and occipital lobes. White matter (WM) and gray
matter (GM) were identified separately. For focal injury,
regions of interest were core, perilesional and the symmet-
rically corresponding area in the contralateral hemisphere.
All these voxels were placed on the white matter regardless
of the ROI. Spectroscopy with 3-T magnet has an increased
signal to noise ratio that allowed us to obtain spectra with
higher resolution. In addition, 3-T magnet reduced the shim
time which reduces the time that the patient is away from
the neuroscience ICU.

Stable xenon-enhanced CT CBF technique and data
analysis

CBF studies were performed using a CT scanner (Siemens,
Erlangen, Germany) equipped with Xe-CT CBF imaging
(Xe/TC system-2TM, Diversified Diagnostic Products, Inc.,
Houston, TX). Our technique required the acquisition of
four head CT slices, each 10 mm thickness and separated
from one another by 5 mm. Two baseline scans were
performed at each level followed by multiple enhanced
scans during inhalation of 30% xenon and 70% oxygen.
CBF maps were calculated by means of the Kety–Schmidt
equation using a commercially available package (Diversi-
fied Diagnostic Products, Inc., Houston, Texas). ROI’s were
positioned on CBF maps which were corresponding to the
location and volume of spectral voxel. For purposes of
analysis, CBF values below 18 ml/100 g/min were
considered ischemic [2].

ADC acquisition technique and data analysis

DWI was performed using SE-EPI sequences. These pulse
sequences generated an ADC trace image using a single
shot technique with b value of 1,000 s/mm2. Twenty five
slices were generated with 5 mm slice thickness, 2 mm gap,
26×26 cm FOV, 96×132 matrix.

Statistical analysis

The NAA/Cr, CBF and ADC values were compared
with controls for each ROI with an independent t test.
Differences were regarded as statistically significant at
p<0.05.
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Results

Patient characteristics

This prospective study was composed of 14 patients (13
males and one female) that sustained serious head injury
resulting from motor vehicle accidents (MVA; n=8), assault
(n=4) and falls (n=2). The mean age of the entire study
population was 30±10 years and ranged from 18 to
54 years. Six patients were presented as diffuse injury at
admission CT, while eight evidenced a lesion, in which six
patients had either surgical evacuation or decompressive
craniectomy.

1HMRS, CBF and ADC in healthy controls

After obtaining informed consent, 1HMRS studies car-
ried out in 12 healthy, age-matched controls previously
screened to exclude prior head injuries. Figure 1 shows
an axial MR image used to identify the spectroscopic
voxel location and a normal spectra. The ratio of NAA/Cr
from controls were calculated and averaged, equaling,
1.40±0.12 in gray matter and 1.75±0.17 in white matter.
In mid 1990’s, while stable xenon studies were first con-
ducted in our institution, Bouma et al. [2] obtained CBF
values in healthy volunteers using the imaging modalities
and CBF protocols identical to those utilized in our head
injured patients. Therefore, we referenced their result for
the normal values which was about 50–55 ml/100 g of
brain tissue/min in the adult. However, these values
represent the global CBF and did not specify the gray
and white matter separately. The ADC computed from
hemispheric white matter ROI’s in normal volunteers
averaged 0.96±0.045 S.D.

1HMRS in TBI patients

Of the 14 patients studied with SV technique, six patients
were classified as diffuse injury and they had significantly
lower white matter NAA/Cr ratios (1.46±0.24) than normal
(p=0.0001). Gray matter NAA/Cr ratios were also signif-
icantly reduced (1.28±0.16; p=0.04). In focal injury, brain
tissue was distorted in the core of the lesion, and therefore
we did not measure the NAA/Cr ratios in this affected area.
Perilesional NAA/Cr levels were decreased (1.20±0.38) as
well as contra lateral NAA/Cr (1.32±0.15; p=0.0001 and p=
0.0001, respectively).

CBF in TBI patients

Despite the uniform NAA/Cr reduction in diffuse injury, the
CBF values corresponding to each SV were above ischemic
levels averaging 37.07±14 ml/min/100 g in white matter and
51±16 ml/min/100 g in gray matter. In diffuse injury, the
global CBF of the left hemisphere was 46.3±10 ml/min/100 g
and the right hemisphere was 45.3±10 ml/min/100 g which
were normal for comatose patients. However, in focal injury,
CBF levels in the core were ischemic (11.82±3.68 ml/min/
100 g). The remaining brain tissue including perilesional and
contralateral regions has non-ischemic CBF values (40.15±
17.63 ml/min/100 g and 37.85±14.01 ml/min/100 g respec-
tively). In focal injury, the global CBF of the injured
hemisphere was 47.3±12 ml/min/100 g and the non-injured
hemisphere averaged.51.2±10 ml/min/100 g s.

ADC in TBI patients

In diffuse injury, ADC values corresponding to each SV
equaled to 0.66±0.07 (p=0.0001) for white matter indicating

Single voxel 1H MR Spectroscopy 

(SVS)

MCV Neurosurgery

Cho

Cr

NAA

Fig. 1 Axial and sagittal MR
image of a normal volunteer
showing SV located in the right
frontal lobe along with the
corresponding proton spectrum.
The tallest peak on the right
represents NAA, the middle
peak Cr and the leftmost peak is
Cho
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that in the presence of NAA/Cr depletion, ADC values were
below normal indicating a cellular swelling. For focal injury,
we did measure the ADC in the core and as expected ADC
levels were high signifying vasogenic edema (1.05±0.03;
p=0.08). Contrary, in the perilesional and contralateral
areas, the ADC was below normal and averaged 0.71±0.05
(p=0.0001) and 0.69±0.05 (p=0.0001), respectively.

Discussion

This report provides supportive evidence that at time of
study, when CBF measures were made in conjunction with
1HMRS and ADC studies, the blood flow was well above
ischemic thresholds. In six diffuse injury patients, NAA/Cr
reduction occurred uniformly throughout the brain where
the values of CBF in all patients were well above ischemic
threshold. In focal injury, we observed ischemic CBF
values in the core of the lesions which is a result of a
direct damage to the neurons after trauma. In areas other
than the core, CBF was above ischemic levels. An ischemic
event at the time of injury or prior to our studies which
recovered at the time of the study cannot be excluded.
However we have to consider, based on previous work [3],
that majority of these patients do not survive after a severe
ischemic insult. For the patients who do survive, our data
provide simultaneous NAA/Cr depletion and reduced ADC
values coupled with non-ischemic CBF levels in patients.
The results suggest a mitochondrial injury rather than a
neuronal death.

The importance of N-acetylaspartate reduction in TBI

1HMRS, if performed in the acute phase of the trauma
would give an insight for the long term outcome which
remains uncertain during the coma status. Garnet et al. [6]
presented 26 patients, in which the frontal white matter, that
appeared normal on conventional MRI, showed significant
NAA/Cr and NAA/Cho reduction, significantly correlating
with poor clinical outcome. Therefore the survival chance
of impaired neurons and patient outcome would improve if
we identify the underlying reason for the NAA loss.

The concept of neuronal loss resulting in reduced NAA

To date, studies have indicated that one third of severe head
injured patients suffer from an ischemic insult in the very
early hours after injury [3] which leads to a deprivation of
oxygen and nutrients thereby causing a reduction in NAA
and subsequent neuronal death. This hypothesis is also
supported by the stroke literature where they found a close
correlation between the decline in NAA and total number of
neurons following permanent focal ischemia in mice [10].

However, there are several limitations with these studies
and ischemia induced neuronal death may not be the only
explanation accounting for NAA alteration. Firstly, the
reported NAA values in stroke studies were mostly selected
from a necrotic region thereby reflecting an obvious
neuronal death and decline in NAA. Secondly, 1HMRS
and CBF studies were not performed sequentially; making
correlation between metabolic and perfusion findings in
addition, permanent decline or a possible recovery in NAA
levels were not assessed with follow up studies.

The concept of mitochondrial impairment resulting
in reduced NAA

Our laboratory findings indicated that [11] following
moderate experimental injury, NAA reduced gradually and
eventually recovered to reach baseline levels. Recovery of
ATP was coupled with NAA recovery in moderately injured
animals, while in severe injuries, with sustained ATP
depletion, the NAA reduction was prolonged and did not
recover. Our clinical studies as well as work by others are
consistent with these experimental findings [5]. The
association between mitochondrial impairment and subse-
quent decline in ATP and NAA can be explained by the
pathological cascades triggered following TBI, initiated by
activation of NMDA glutamate receptors and resulting in
mitochondrial dysfunction and impaired ATP production [1,
4]. Considering the direct link between energy metabolism
and NAA synthesis in the mitochondria, we conclude that
NAA reduction found in head injured patients, in the
absence of ischemia as confirmed by our measures, may
reflect this energy crisis due to TBI-induced mitochondrial
impairment.
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Mathematical models of cerebral hemodynamics
for detection of vasospasm in major cerebral arteries

Federico S. Cattivelli & Ali H. Sayed & Xiao Hu &

Darrin Lee & Paul Vespa

Abstract
Background Vasospasm is a common complication of
aneurismal subarachnoid hemorrhage (SAH) that may lead
to cerebral ischemia and death. The standard method for
detection of vasospasm is conventional cerebral angiogra-
phy, which is invasive and does not allow continuous
monitoring of arterial radius. Monitoring of vasospasm is
typically performed by measuring Cerebral Blood Flow
Velocity (CBFV) in the major cerebral arteries and
calculating the Lindegaard ratio. We describe an alternative
approach to estimate intracranial arterial radius, which is
based on modeling and state-estimation techniques. The
objective is to obtain a better estimation than that offered by

the Lindegaard ratio, that might allow for continuous
monitoring and possibly vasospam prediction without the
need for angiography.
Methods We propose two new models of cerebral hemo-
dynamics. Model 1 is a more general version of Ursino’s
1991 model that includes the effects of vasospasm, and
Model 2 is a simplified version of Model 1. We use Model
1 to generate Intracranial Pressure (ICP) and CBFV signals
for different vasospasm conditions, where CBFV is mea-
sured at the middle cerebral artery (MCA). Then we use
Model 2 to estimate the arterial radii from these signals.
Findings Simulations show that Model 2 is capable of
providing good estimates for the radius of theMCA, allowing
the detection of the vasospasm. These changes in arterial
radius are being estimated from measurements of CBFV, and
CBF is never being measured directly. This is the main
advantage of the model-based approach where several inter-
relations between CBFV, ABP and ICP are taken into account
by the differential equations of the model.
Conclusions Our results indicate that arterial radius may be
estimated using measurements of ABP, ICP and CBFV,
allowing the detection of vasospasm.

Keywords Vasospasm . State estimation .

System identification . Cerebral hemodynamics

Introduction

Vasospasm is a common complication of aneurysmal
subarachnoid hemorrhage (SAH) that may lead to cerebral
ischemia and death. Vasospasm may have a predictable
time course and several treatment interventions exist [5].
The “gold standard” method for detection of vasospasm is
conventional cerebral angiography. Angiography is inva-
sive and continuous monitoring of arterial radius is not
possible through this technique.
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A physiological quantity that is closely related to
vasospasm is Cerebral Blood Flow Velocity (CBFV).
CBFV through a vessel of (inner) radius r is equal to the
ratio of Cerebral Blood Flow (CBF) through the vessel, and
its area, as follows:

CBFV ¼ CBF

pr2
ð1Þ

CBFV may be measured non-invasively and continu-
ously using the Transcranial Doppler ultrasonography
(TCD). CBFV is typically measured at the Middle Cerebral
Artery (MCA) and Internal Carotid Artery (ICA), though
measurements at the Anterior Cerebral Artery (ACA), and
various posterior circulation vessels are also possible.
However, knowledge of CBFV is not sufficient for the
correct prediction of arterial radius r. An alternative method
that is used in clinical practice is calculation of the
Lindegaard ratio [3] which is a ratio of the CBFV of an
intracranial artery to an extracranial artery (usually the
ICA). While arterial radius may be measured from
conventional angiography, current TCD methods do not
allow this determination.

We describe an alternative approach to estimation of
intracranial arterial radius. It constitutes a model-based
approach where state-estimation is applied to estimate
physiological variables of interest such as arterial radii.
The objective is to obtain a better estimation than that
offered by the Lindegaard ratio, that might allow for
continuous monitoring and possibly vasospam prediction
without the need for angiography. In its current form, this
work represents a simulation-based approach whose aim is
to assess the possibility of using model-based state
estimation to estimate arterial radii, since in general a
model will likely never be able to replicate the actual
complex physiological system of cerebral hemodynamics.

Methodology

The methodology used for arterial radii estimation is a
model-based State-Estimation approach [1]. We use a two-
step approach, consisting of Model Training and State
Estimation. All the variables used correspond to time
domain signals, sampled at 1 Hz. The mathematical models
used in this work have inputs, outputs, state variables and
parameters. The input in this case is Arterial Blood Pressure
(ABP), and the outputs are Intracranial Pressure (ICP) and
Cerebral Blood Flow Velocity (CBFV). We assume
measurements of all inputs and outputs are available. The
models have several parameters which are in general
unknown. An example of a parameter is the nominal value
of vessel resistance (see Section 3). Since these parameters
are unknown, it is necessary to estimate them using

available measurements. This is the first step of the
methodology, and is called Model Training.

Figure 1a shows the Model Training scenario. A model
is used to generate artificial outputs (ICP and CBFV), and
the measurements of these outputs are subtracted to
generate an error signal. An optimization block is used to
select the set of parameters that minimizes some cost
function that depends on the error. For instance, in our case
we use the cost function

J qð Þ ¼
XL

l¼1

XN

i¼1

wl ið Þ yl ið Þ � byl i; qð Þ½ �2 ð2Þ

where N is the total number of measurements, L is the total
number of outputs, θ is the unknown parameter vector, yl(i)
is the ith measurement of output l, bylði; qÞ is the ith output
l generated by the model using parameter θ, and wl(i) is
some weighting function. In our case, we use the weighting
function that weights every variable yl inversely propor-
tional to the energy of the signal yl(i).

The models considered in this work are nonlinear, and
hence Eq. 2 will in general be a non-convex function of θ.
As such, algorithms based on gradient descent are not
guaranteed to converge to a global optimum. Hence, the
optimization is done in two steps as proposed in [1]. First, a
global search is performed using a genetic algorithm known
as Differential Evolution (DE) [7], which has low complex-
ity and good convergence. After the global search, a local
search is performed using a standard gradient descent
algorithm through the MATLAB Optimization Toolbox.

The second step of the methodology is called State
Estimation. The states typically represent some physiolog-
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Hemodynamics Model
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Input
(ABP)
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Fig. 1 Model training and state estimation
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ical variables which may not be measured directly, such as
arterial radii of the vessels, compartment compliances, etc,
and therefore need to be estimated. After the model has
been trained, and a good value of L is known, the estimation
is performed, as shown in Fig. 1b. This stage relies on
models of the form shown in Eq. 3 where x(t) and x(t) are
vectors corresponding to the state of the system at time t
and its derivative with respect to time, respectively, y(t) is
its output vector, u(t) is the input, v(t) and w(t) are process
noise and measurement noise, respectively, and f and g are
some nonlinear functions that may change with time.

x
�
tð Þ ¼ f x tð Þ; u tð Þ; v tð Þ; tð Þ

y tð Þ ¼ g x tð Þ;w tð Þ; tð Þ ð3Þ

Let bx tjtð Þ denote the minimum mean-square error
(MMSE) estimate of x(t) given all observations y(t) up to
time t. It is well known that for linear systems in white
Gaussian noise, the MMSE estimate can be obtained
recursively using the Kalman Filter [2]. For non-linear
systems, however, this is not the case, and a typical
approach to solve the problem is to use the Extended
Kalman Filter (EKF), which has the disadvantage of
requiring the Jacobian matrix of the system, its calculation
being error prone. Derivative-free state estimation
approaches in non-linear systems have also been proposed,
for example, the Unscented Kalman Filter [11] and the DD1
and DD2 filters [6], which have been shown to provide
better performance than the EKF. In this work we use DD1
and DD2 filters.

Mathematical models

In Section 2 we introduced a methodology for the
estimation of arterial radii based on continuous time
measurements of CBFV, ABP and ICP. This methodology
relies heavily on mathematical models that relate these
quantities, together with the desired arterial radii. For our
purpose, a good mathematical model should provide good
correlation with observed quantities, and at the same time
have low complexity to allow fast training and state
estimation, and avoid possible instability. In general, these
two characteristics will contradict each other, i.e., a less
complex model will be less able to capture the interrelations
between all the variables.

Another limitation of the approach is that even if we
have a good model that closely matches the observed
variables, it is virtually impossible to obtain continuous
measurements of the actual arterial radii to compare them
with the estimates. Hence, in this work we propose a
simulation-based approach as follows: we develop a
mathematical model of cerebral hemodynamics that is more
general than previous models, and takes into account
mechanisms such as autoregulation and vasospasm. We

will denote this model as Model 1. Then, we will use
Model 1 to generate artificial data for different values of
spasm severity. Next, we will develop a second model,
denoted as Model 2, to estimate the arterial radii from
Model 1 based on its outputs. As mentioned before, we
want Model 2 to be simple, in order to reduce the
complexity of the parameter and state estimation. This
simulation-based approach will give us good insight into
how capable simple models are in predicting states from
more complex ones, and is the first step towards the
application of the state estimation on actual patient data.

The mathematical models derived in this work are
based on the models proposed by Ursino et al. These
models were first introduced in [8, 9] and [10]. Our work
is based on the model of [8]. One inconvenience of the
model in [8] is that it does not model vasospasm, which
makes it inappropriate for the generation of data at
different levels of spasm. Vasospasm was modeled in the
work by Lodi and Ursino [4], but several simplifications
were introduced to the original Ursino model, such as a
much simpler autoregulation mechanism, and collapsing
of the small and large arterial sections into one single
section. Hence, we combined the two aforementioned
models into one more general model that takes into
account vasospasm, has a detailed autoregulation mecha-
nism, and has four sections: namely those corresponding
to the large arteries (MCA, ACA, PCA), followed by the
large pial arteries, small pial arteries and capillaries, and
finally the venous compartment. We refer to this model as
Model 1, and present it in the form of an electrical circuit
in Fig. 2 (left circuit).

Next we introduced several simplifications to Model 1,
namely collapsing small and large pial arterial sections into
one, a simpler autoregulation mechanism, and assuming
Pv=Pic. We also added one capacitance at the large arteries
to obtain a state variable that allowed us to obtain the
desired MCA radius. We refer to this model as Model 2,
and present it in the form of an electrical circuit in Fig. 2
(right circuit).

Details of model 1

Model 1 has one input (ABP), two outputs (CBFV at the
MCA and ICP) and 10 state variables. The state rjk
represents the radii of the arteries at compartment i, and
branch k. The index i=1 represents the proximal (medium
arteries) and i=2 represents the distal (small arteries and
capillaries). The index k=v represents the top branch of the
compartment, which is in spastic state, and k=n is the
bottom branch, which is in normal state (see Fig. 2).

According to the Hagen-Poiseuille law, the hydraulic
resistance of several parallel tubes of equal caliber is
inversely proportional to the fourth power of the inner
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radius. The four states rjk are related to the corresponding
resistances via

Rjk ¼ Rjk;0

r4jnom
r4jk

; j 2 f1; 2g; k 2 v; nf g

where the sub-index “zero” indicates nominal values. The
resistances between the nominal and vasospastic branches
have an equivalent resistance of Rj,tot in the absence of
vasospasm. This is modeled through the following equations

Rjv;0 ¼ Rj;tot

kpv
; Rjn;0 ¼ Rj;tot

1� kpv
; j 2 1; 2f g

where kpv is a parameter that depends on the artery where the
vasospasm is present (MCA, PCA or ACA).

In the absence of vasospasm, the resistances at the large
arteries are given by

Rla;n ¼ Rla;tot

1� kpv
Rla;v ¼ Rla;tot

kp;v
¼ 8h

pr4v
lv

where lv and rv are the length and radius of the vessel,
respectively. These values are shown in Table 1 for
different arteries, and will depend on the artery that has
vasospasm, which also corresponds to the one where CBFV
is being measured. When vasospasm is present, the
vasospastic radius is erv over a length kdlv, where kd is the
coefficient of diffusion of the vasospasm (a number
between 0 and 1, 0 being no spasm). In this case, the
resistance at the large arteries is given by

Rla;v ¼ 8h
pr4v

1� kdð Þlv þ 8h
per 4

v

kdlv þ kt
2

rqv
p2r4v

r2v
er 2
v

� 1

� �2

where qv is the flow through the vasospastic arteries
(through Rla,v). The CBFV at the affected arteries is
CBFVv ¼ qv

�
per 2

v

� �
.

The vasospastic radius erv is assumed to fluctuate over its
nominal value according to the following equation

erv ¼ erv0
1

kf
ln

Pa � Pic

Pan � Picn

� �
þ 1

� �

In order to calculate state equations for the inner radius
rjk and calculating Pjk, from Laplace’s law we obtain

Pjkrjk � Pic rjk þ hjk
� � ¼ Tejk þ Tmkj þ Tvjk

j 2 1; 2f g; k 2 v; nf g

where hjk is the thickness of the vessel and is given by

hjk ¼ �rjk þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2jk þ 2rj0hj0 þ h2j0

q
j 2 1; 2f g; k 2 v; nf g

and rj0, hj0 are the corresponding values in unstressed
conditions. The elastic, muscle and viscous tensions,
respectively, are

Tejk ¼ hjk s0j exp kej
rjk � rj0

rj0

� �
� 1

� �
� scollj

	 


Tvjk ¼
hj
rj0

drjk
dt

hjk

Tmjk ¼ Tmax;j 1þMjk

� �
exp � rjk � rmj

rtj � rmj

����

����

nmj� �
; with

Mjk ¼
Mmin þMmax exp xjk

�
km

� �

1þ exp xjk
�
km

� �

Volume is related to radius according to the following
equation

Vjk ¼ Kvjkr
2
jk j 2 1; 2f gz; j 2 1; 2f g
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Fig. 2 The more general model 1 (left) and the simpler model 2 (right)
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where Kvjv=kpvKvj and Kvjn=(1−kpv)Kvj, for j∈{1,2}, from
which we obtain

dVjk

dt
¼ 2Kvjk rjk

drjk
dt

Since dVjk/dt represents the current (or flow) from node
Pjk to node Pic, we readily obtain four equations for dVjk/dt
through conservation of flow at the four nodes Pjk.

In order to compute state equations drjk/dt, we need to
compute first the value of Rla,v, which at the same time
depends on P1v, which can be computed from dr1v/dt.
Solving for dr1v/dt, we obtain a third order equation in Rla,v

from which we can compute its value. Then we can
compute all the state equations of the system, and also the
intermediate pressures Pjk.

The remaining states are the pressure on the venous bed
Pv, the intracranial pressure Pic, and the four Autoregulation
variables xjk, j∈{1,2}, k∈{v,n}. The state equations for these
variables are

t1k
dx1k
dt

þ x1k ¼ G1 Pa � Pic � Pan � Picnð Þð Þ; k 2 v; nf g

t2k
dx2k
dt

þ x2k ¼ G2 q2k � q2knð Þ=q2kn; k 2 v; nf g

where q2k is the flow through R2k, k∈{v,n}, and q2kn is the
nominal value of q2k, and is given by q2vn=kpvqn and q2nn=
(1−kpv)qn. Finally, state equations for Pic and Pv may be
computed from the conservation of flow at their cor-
responding nodes, and noting that the diode in the circuit
only allows current to flow from Pc to Pic and from Pic to
Pvs. We also need the resistance Rvs ¼ R0

vs Pv � Pvsð Þ=
Pv � Picð Þ and the capacitances Cvi=1/kven(Pv−Pic−Pv1)
and Cic=1/kEPic.

The fixed parameters, trained parameters (nominal
values) and initial values of states (nominal values) for
Model 1 are shown in Table 1. For both the trained
parameters, and initial values of states, the nominal values
are provided, though the model training of Section 2 selects
a better set of parameters which are close to the nominal
ones.

Details of model 2

Model 2 has one input (ABP), and two outputs (ICP and
CBFV at the MCA). It has four states, namely, pressure at
the large arteries, Pla, pressure at pial arteries, Ppa, intra-
cranial pressure, Pic, and capacitance at pial arteries, Cpa.

One simplification of the model is that it assumes a
linear relation between volume and pressure at the large and
pial arteries (recall from Model 1 that this relation is of
exponential nature). Thus, we have for the volumes (Vka

and Vka,0, k ∈{1,p})

Vka ¼ Cka Pka � Picð Þ k 2 l; pf g ð4Þ

From these volumes we can readily compute the
resistances at the large and pial arteries as follows

Rka ¼ Rka;0V
2
ka;0

.
V 2
ka k 2 l; pf g

Another simplification of the model is the assumption
that Pv=Pic, which eliminates one state variable. This

Table 1 Parameters for model 1

Parameters

Fixed parameters
Pvs=6.07437 mmHg rm1=0.027 cm
Pan=100 mmHg rm2=0.0128 cm
qn=12.5 ml s−1 rt1=0.018 cm
Picn=9.5 mmHg rt2=0.0174 cm
Plan=92.5 mmHg nm1=1.83
P1normal=85 mmHg nm2=1.75
Pcn=25 mmHg η1=232 mmHg s
Rlatot=(Pan-Plan)/qn mmHg s ml−1 η2=47.8 mmHg s
R1,tot=2(Plan−P1normal)/qn mmHg s ml−1 σ01=0.1425 mmHg
R2,tot=(Plan-Pcn)/qn-R1tot mmHg s ml−1 σ02=11.19 mmHg
ρ =7.87563e-4 mmHg s2/cm2 kσ1=10
kt=1 kσ2=4.5
kf=12 σcoll1=62.79 mmHg
km=0.5 σcoll2=41.32 mmHg
Rpv=0.875 mmHg s ml−1 G1=0.02 mmHg−1

R’vs=0.3656 mmHg s ml−1 τ1=10 s
Pv1=−2.5 mmHg G2=5.2 mmHg−1

Rf=2.38e3 mmHg s ml−1 τ2=20 s
R0=0.526e3 mmHg s ml−1 r10=1.5e−2 cm
Mmin=−1 r20=7.5e−3 cm
Mmax=1 h10=3e−3 cm
Tmax,1=2.16 mmHg cm h20=2.5e−3 cm
Tmax,2=1.50 mmHg cm r1nom=0.023435 cm
kv1=4640 cm r2nom=0.007346 cm
kv2=154320 cm
Vessel parameters for different arteries
MCA: kp=0.3, rv=0.14 cm, lv=10.87 cm
ACA: kp=0.1, rv=0.09 cm, lv=5.57 cm
PCA: kp=0.1, rv=0.095 cm, lv=6.92 cm
Trained parameters (nominal)
ke=0.11 ml−1 kven=0.31 ml−1

Cmax=0.2 ml mmHg−1 Rcoll1=56 mmHg s ml−1

kd=0.368 Rcoll2=56 mmHg s ml−1

Initial values of states (nominal)
r1v=0.023435 cm Pic=9.5 mmHg
r1n=r1v cm x1v=x1n=x2v=x2n=0
r2v=0.007346 cm Pv=14.0682 mmHg
r2n=r2v cm
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assumption was introduced in [9]. State equations for Pla,
and Ppa, can now be obtained by differentiating (4). Care
must be exercised while differentiating (4) since Cpa also
depends on time due to autoregulation. Using Cic=1/kEPic,
a state equation for state Pic may be obtained through the
conservation of flow at node Pic.

A third approximation of the model is a much simpler
autoregulation mechanism at the pial arteries as in [4]. This
is accomplished using a state variable for the compliance at
the pial arteries

taut
dCpa

dt
þ Cpa ¼ Cpa0sðxÞ; x ¼ Gaut qpa � q0

� ��
q0

s xð Þ ¼ 1þΔs=2ð Þ þ 1�Δs=2ð Þ: exp 4x=Δsð Þ
1þ exp 4x=Δsð Þ

where qpa is the flow through Rpa, and Δσ=Δσmax if x<0
and Δσmax if x>0. Finally, the radius at the large arteries is
given by rla=(krla/Rla)

4. The total CBFV at the large arteries
is given by vla=qla/πrla

2, where qla is the flow through Rla.
CBFV at the MCA is approximated by a sixth of the total, i.
e., CBFVMCA=vla/6. The fixed parameters, trained param-
eters (nominal values) and initial values of states (nominal
values) for Model 2 are shown in Table 2.

Simulation results and discussion

The two models (Model 1 and Model 2) were implemented
in C code and the Differential Equation solver CVODE was
used for the simulations. The parameter and state-estima-
tion algorithms were implemented in MATLAB. Figure 3
shows the radius at the MCA versus time in seconds. The
dashed curve corresponds to the actual MCA radius of
Model 1. This radius was gradually decreased during
simulation from about 0.14 cm to 0.11 cm. The solid curve
shows the Estimate obtained using Model 2. It can be noted
that even though the estimated radius is slightly off by
about 0.01 cm, it correctly tracks the dashed curve and
allows estimation of the variation in radius.

It is interesting to note that the changes in arterial radius
are being tracked based on measurements of CBFV only.
From Eq. 1, we recall that these two variables are related
also to Cerebral Blood Flow (CBF), but CBF is never being
measured directly. Although this may seem counterintui-
tive, this is the main advantage of the model-based
approach. This approach takes into account several inter-
relations between CBF, CBFV, ABP and ICP, which are
captured by the differential equations of the model.

We also note that the simpler Model 2 is able to estimate
the MCA radius from Model 1, even though these two
models have several differences. This is a first step towards
the application of the estimation framework using Model 2,
to the much more relevant problem of estimating vaso-
spasm from real patient data.
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Table 2 Parameters for model 2

Parameters

Fixed parameters
Pvs=6.07437 mmHg Δσmax=6
qn=12.5 ml s−1 Δσmin=0.6
Pic0=9.5 mmHg Rpv=0.875 mmHg s ml−1

Ppa0=58.75 mmHg R′vs=0.3656 mmHg s ml−1

Gaut=2 mmHg−1 Rf=2.38e3 mmHg s ml−1

τaut=20 s R0=0.526e3 mmHg s ml−1

krla=3.04e–4 mmHg s cm
Trained parameters (nominal)
ke=0.11 ml−1 Vla0=2.5 cm3

Cla=2.5/(Pla–Pic) ml mmHg−1 Rla0=0.6 mmHg s ml−1

Cpa0=0.202 ml mmHg−1 Rpa0=5.4 mmHg s ml−1

Initial values of states (nominal)
Pla=92.5 mmHg Pic=9.5 mmHg
Ppa=58.75 mmHg Cpa=0.202 ml mmHg−1
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Fig. 3 Actual (dashed) and estimated (solid) MCA arterial radius
versus time
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Intracranial pressure in patients with sepsis

D. Pfister & B. Schmidt & P. Smielewski & M. Siegemund &

S. P. Strebel & S. Rüegg & S. C. U. Marsch & H. Pargger &

L. A. Steiner

Abstract
Introduction In sepsis the brain is frequently affected
although there is no infection of the CNS (septic encephalop-
athy). One possible cause of septic encephalopathy is failure
of the blood-brain barrier. Brain edema has been documented
in animal models of sepsis. Aggressive fluid resuscitation in
the early course of sepsis improves survival and is standard
practice. We hypothesized that aggressive fluid administration
will increase intracranial pressure (ICP) and may cause critical
reductions in cerebral perfusion pressure (CPP).
Materials and methods Patients with sepsis were investigat-
ed daily on up to four consecutive days in the intensive care
unit. Mean arterial blood pressure (MAP) and blood flow

velocity in the middle cerebral artery were monitored for one
hour each day. ICP was calculated non-invasively from MAP
and flow velocity data. S-100β was determined daily.
Findings Fifty-two measurements were performed in 16
patients. ICP could be determined in 45 measurements in
15 patients. Seven patients had an ICP>15 mmHg and 11
patients had a CPP<60 mmHg on at least 1 day. We found
no significant correlation between ICP and fluid adminis-
tration, but low CPP was significantly correlated with
elevated S-100β (r=−0.47, p=0.001).
Conclusions Further research is needed to determine the
role of ICP/CPP monitoring in patients with sepsis.

Keywords Intracranial pressure .

Cerebral perfusion pressure . Sepsis . S-100β

Introduction

In sepsis the brain is frequently affected although there is
no infection of the central nervous system, a condition
referred to as septic encephalopathy. Reported incidences
vary widely from 8% to 70%. This wide range is most
probably due to differences in diagnostic criteria. Never-
theless, septic encephalopathy is a common organ dysfunc-
tion in sepsis. The importance of septic encephalopathy is
reflected by the fact that it is associated with an increase
in mortality [17]. Yet, the pathophysiology of septic
encephalopathy remains poorly understood. Among sev-
eral proposed mechanisms, a disturbance of the blood-
brain barrier is thought to play a major role [11].
Disruption of astrocytic end-feet and perimicrovascular
edema could be demonstrated in animal models of sepsis
[3, 10], but have not been demonstrated in humans.
However, a recent magnetic resonance imaging (MRI)
study of the brain in patients with septic shock contributes
to the concept of brain oedema in septic encephalopathy
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[15]. Early aggressive fluid resuscitation has been shown
to improve outcome in sepsis [12] and has become an
integral part of treatment guidelines for septic patients [6].
In severe disease large amounts of fluid are often required
in order to stabilize hemodynamics. We hypothesized that
aggressive fluid administration in conjunction with a
disturbed blood-brain barrier will lead to cerebral edema
and to an increase in intracranial pressure (ICP), causing a
critical reduction in cerebral perfusion pressure (CPP) as
mean arterial pressure (MAP) levels are typically low in
sepsis.

Materials and methods

This study was approved by the regional ethics committee.
Informed consent was obtained from all patients or their
closest relatives. Patients admitted to the intensive care unit
were eligible if they were aged 18 years or older and had
sepsis, severe sepsis or septic shock according to the criteria
of the ACCP/SCCM consensus conference [1]. Patients
with an intracranial focus of infection, with a relevant
preexisting central neurological disorder or with delirium
attributable to another cause than sepsis were excluded.
Patients were included within 24 to 36 h of admission to the
intensive care unit.

Patients were investigated daily on up to four consecu-
tive days. Routine monitoring included electrocardiogra-
phy, pulse oximetry and MAP measured directly in the
radial or femoral artery. S-100β was determined at each
monitoring session (Roche Diagnostics GmbH, D-68298
Mannheim, Germany). The manufacturer proposes a cutoff
of 0.105 μg/l for patients with possible cerebral damage.
Fluid balance was calculated for the time interval between
two measurements, including every type of fluid given and
all fluid losses. During the examination, patients were in the
supine position with head elevation of no more than 30°.
Using transcranial Doppler sonography (TCD) with a 2-
MHz probe (Multidop T, DWL, Germany), blood flow
velocity in the middle cerebral artery on both sides was
monitored for one hour. Values from the right and left side
were averaged for analysis. Analogue outputs from
arterial pressure monitoring and TCD were transferred
to a laptop computer via an analogue-to-digital converter
and stored by using the ‘ICM+ software’, version 6.1,
from the University of Cambridge, UK [16]. ICP was
assessed non-invasively offline by an observer (BS)
blinded to the clinical course of the patients. The TCD
characteristics were used to calculate a dynamic transfor-
mation formula connecting ICP and MAP as described
previously [13]. CPP was then calculated as MAP–ICP.
All presented ICP and CPP data are therefore non-invasive
estimates. All parameters were averaged over the 60 min

recording period for analysis. Statistical analysis was
performed with SPSS 14.0 for Windows (SPSS Inc.
Chicago, Illinois, USA). Data are shown as mean ±
standard deviation unless otherwise specified. A p value
<0.05 was considered significant.

Results

Fifty-two measurements were performed in 16 patients.
Due to signal quality ICP could not be calculated from five
recordings in four patients. In one patient nitroglycerine
was administered during two measurements. These two
measurements were excluded because of the cerebrovascu-
lar effects of this drug. Analysis is therefore based on 45
datasets of 15 patients. Mean patient age was 67±17 years,
44% were female, mean APACHE II score was 21±7, and
30-day mortality was 25%. Source of sepsis was pneumo-
nia in 11, abdominal in three, necrotizing myositis, and
prosthetic joint infection in one patient each. ICP>
15 mmHg was measured on at least 1 day in seven of the
15 patients (47%). However, the increases in ICP were
moderate and never exceeded 20 mmHg (Fig. 1a). ICP
correlated strongly with MAP (r=0.63, p<0.0001).
Patients who died did not have higher peak ICP than
patients who survived: (16±3 and 16±3 mmHg, respec-
tively, p=0.89, Mann–Whitney U test). Reductions in CPP
below 60 mmHg and below 50 mmHg on at least 1 day
were found in 11 (73%) and three (20%) patients
respectively (Fig. 1b). Low CPP correlated significantly
with high S-100β levels (r=−0.47, p=0.001; Fig. 2). The
lowest recorded CPP values in patients who died were
lower than in survivors: 50±8 vs. 58±6 mmHg, respec-
tively. However, this difference did not reach statistical
significance (p=0.07, Mann–Whitney U test). There was
no significant relationship between ICP and S-100β. The
maximal S-100β levels were higher in non-survivors
(0.21±0.11 μg/l) than in survivors (0.12±0.06 μg/l) but
again this difference did not reach statistical significance
(p=0.12 Mann–Whitney U test).

Fluid administration between measurements (i.e. over
approximately 24 h) ranged from 370 to 11,840 ml (mean,
4,600±2,500 ml). Daily fluid balances ranged from −2,000
to 8,400 ml (mean, 2,400±2,500 ml). We found no
significant correlations between ICP, daily change in ICP
or relative change in ICP and overall or daily fluid
administration or balance (Fig. 3).

Discussion

Although moderate elevations in ICP seem to occur in a
relevant number of patients with sepsis, we were not able to
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find a significant correlation between ICP and fluid
administration. In contrast, we found a strong correlation
between low CPP and elevated S-100β. There are several
possible interpretations of our data.

First, our methods have several limitations. The accuracy
of the non-invasive method used may be insufficient, as
calculation of ICP with the procedure described has a mean
deviation of 7.1 mmHg in patients with traumatic brain
injury and 4.3 mmHg in patients with stroke [13]. Hence,
the values shown should be regarded as estimations rather
than exact measurements. However, in the study cited [13]
a relevant proportion of patients with ICP>30 mmHg

caused an increase in the difference between measured and
calculated ICP. As such high ICP did not occur in this
study, the estimation in our patients can be expected to be
more accurate than in head injured patients. Furthermore, as
the methodological error in our calculations would be two-
tailed, it is, in our opinion, unlikely that the elevated ICP
values are merely a product of chance. It is unknown
whether ICP waves occur in patients with sepsis. As we
performed measurements once daily rather than continu-
ously, we cannot exclude that we missed ICP peaks or
waves. However, there were only small differences between
day-to-day results within patients, with measurements

Fig. 2 Cerebral perfusion (CPP) plotted against S-100β. Dotted line
indicates upper normal limit for S-100β at our institution (0.105 μg/l).
Solid lines: regression line and 95% confidence intervals Fig. 3 Intracranial pressure (ICP) and cumulative fluid balance

Fig. 1 a Distribution of daily values of intracranial pressure (ICP). b Distribution of daily values of cerebral perfusion pressure (CPP)
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performed randomly regarding time of day, and ICP was
very stable during the measurements (mean SD±3.0). We
therefore think it is unlikely that we missed relevant ICP
peaks or waves.

Since we did not find a correlation between fluid
administration and ICP—and in view of the blood flow
data [4]—it could be speculated that, if brain edema occurs
in sepsis, it may be cytotoxic rather than vasogenic oedema.
In contrast to animal models, brain oedema has not yet been
demonstrated in humans with sepsis. A recent MRI study
found evidence of blood-brain barrier breakdown in
patients with septic shock [15], but in an autopsy study of
two patients who died of septic shock no brain edema was
found [19]. In another pathologic study of 23 patients who
died of septic shock, neither existence of cerebral edema
nor brain weight were reported [14]. A recent case report
described necrosis but not edema in a patient with septic
encephalopathy who died [5].

We found a significant correlation between low CPP and
high S-100β. This suggests that brain injury in sepsis may
at least partly be caused by inadequate cerebral perfusion.
Earlier work using the 133Xe clearance technique showed
reduced cerebral blood flow in patients with sepsis [4],
supporting this concept. An increase in S-100β, a calcium-
binding protein that is found predominately in astrocytes
and in Schwann cells, is not absolutely specific for brain
damage [18], but can also occur from a disturbance of the
blood-brain barrier [7]. It has been suggested that low
values reflect blood–brain barrier dysfunction whereas
higher values reflect brain damage. A cut-off value has
been suggested based on a pharmacokinetic model [8].
However, S-100β cutoff values depend on the used kit and
comparisons can only be made when identical kits have
been used. In our patients we found moderate elevations of
S-100β but we cannot differentiate between blood–brain
barrier dysfunction and glial damage. We did not measure
neuron-specific enolase (NSE), another possible marker of
brain damage. However, in a large study including 170
patients with severe sepsis and septic shock a similar
proportion of patients showed increased S-100β and NSE
levels, with S-100β being a better predictor of disease
severity [9]. Extracranial sources of S-100β including
heart, skeletal muscle, and kidneys have been described
[2]. In the cited study [9] there was no increase in S-100β
in a group of postoperative control patients, and acute renal
failure which often accompanies sepsis did not significantly
influence S-100β levels.

A significant association between mortality and low
CPP, high ICP, or elevated S-100β would have strength-
ened our data. However, the investigated group of patients
is very small. Furthermore, ICP/CPP data are only available
in three of the four patients who died. A larger group of
patients would be needed to investigate the relationship

between CPP and outcome in sepsis. In a group of 170
patients with severe sepsis or septic shock a significant
association between elevated S-100β and mortality has
been reported [9]. It would also be very interesting to
investigate not only mortality but also functional outcomes
such as late cognitive dysfunction.

In conclusion, moderate elevations in ICP seem to occur
quite frequently in patients with sepsis, independent of the
amount of fluid administered. As MAP levels are typically
low in sepsis, even small increases in ICP may negatively
affect cerebral perfusion pressure. This hypothesis may be
supported by our finding of a significant correlation
between CPP and S-100β. However, the interpretation of
S-100β values is difficult and as this was a strictly
observational study it remains speculative whether thera-
peutic manipulation of CPP would lead to a benefit.
Cerebral pathophysiology in sepsis is a field that has not
been intensively investigated so far and further research is
required to determine the role of ICP and CPP monitoring
in patients with sepsis and septic encephalopathy.
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Intracranial pressure and cerebral oxygenation changes
after decompressive craniectomy in children
with severe traumatic brain injury

A. A. Figaji & A. G. Fieggen & A. C. Argent &
P. D. Le Roux & J. C. Peter

Abstract
Introduction There has been a resurgence of interest in
decompressive craniectomy for traumatic brain injury
(TBI), but the impact of craniectomy on intracranial pres-
sure (ICP) and cerebral oxygenation has not been well
described for diffuse injury in children.
Methods ICP and brain tissue oxygenation (PbtO2)
changes after decompressive craniectomy for diffuse brain
swelling after TBI in children were analysed.
Findings Decompressive craniectomy was performed for
diffuse brain swelling in 18 children under 15 years old.
For 8 patients, craniectomy was performed as an emergency
for malignant brain swelling, and in 10, for sustained ICP
>25 mmHg refractory to conventional medical treatment. In

6 of these patients, PbtO2 was also monitored. Median ICP
was reduced from 40 mmHg before craniectomy to
16 mmHg for 24 hours thereafter, and PbtO2 improved
from a median of 17.4 to 43.4 mmHg. Clinical outcome
was favourable in 78%.
Conclusions In selected pediatric patients with TBI, cra-
niectomy for diffuse brain swelling can significantly
improve ICP and cerebral oxygenation control. The use of
the procedure in appropriate settings does not appear to
increase the proportion of disabled survivors.

Keywords Decompressive craniectomy .

Intracranial pressure . Cerebral oxygenation . Brain injury

Introduction

There has been renewed interest in decompressive cra-
niectomy for the treatment of elevated intracranial pressure
(ICP) in traumatic brain injury (TBI). Although many
large studies have been reported in adults [4], there are
few reports limited to children, and these reports are
generally small studies [3, 6, 7, 11, 16, 17, 20]. Some
pediatric studies also include patients up to 21 years of age
in their definition of children and combine craniectomy
performed for diffuse brain swelling and for the removal of
mass lesions. Changes in cerebral oxygenation after
decompressive craniectomy have been described in adult
patients [9, 15, 18], but only in one case report for
pediatric TBI [8].

Currently there are 2 multi-centred randomised trials of
decompressive craniectomy being conducted in adults
(RESCUE-ICP and DECRAN). There has however been a
single-centre randomised study of decompressive craniec-
tomy versus medical treatment reported as a pilot study in
children [20]. The surgical procedure in this trial was
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relatively conservative: small bitemporal (3-4 cm) craniec-
tomies without durotomy were performed. As would be
expected from the size of the craniectomy, the difference in
ICP reduction after craniectomy, although significant, was
relatively small: 8.98 mmHg in the operative group versus
3.69 mm Hg in the medically treated group. Fewer episodes
of intracranial hypertension and a trend towards better
outcome were observed in the craniectomy group. Their
operative approach, though, is very different to the large
bifrontal or hemi-craniectomy with dural expansion that is
more frequently used in adults. In this study, we report the
ICP and cerebral oxygenation changes in children with
diffuse traumatic brain swelling after decompressive cra-
niectomy using a large craniectomy and dural expansion.

Materials and methods

Data for consecutive patients less than 15 years old who
underwent decompressive craniectomy for TBI at Red
Cross Childrens Hospital, a University-affiliated dedicated
Pediatric Hospital were analysed. Only craniectomy for
diffuse swelling was considered; procedures where mass
lesions were simultaneously removed were excluded.
Craniectomy was performed in 2 circumstances: 1) for
elevated ICP refractory to medical treatment, or 2) as an
initial emergency intervention before any ICP monitoring in
a patient who has experienced an early secondary neuro-
logical deterioration accompanied by clinical and radio-
graphic signs of cerebral herniation.

All patients were treated in a standard manner and
intracranial hypertension was managed in accordance with
established practice [2]. Brain tissue oxygen tension
(PbtO2) was monitored with Licox catheters (Integra
Neurosciences, Plainsboro, NJ) placed in relatively unin-
jured frontal white matter, based on computed tomography
(CT) findings, usually on the right side, but occasionally on
the side demonstrating greater swelling or focal contusions.
PbtO2 <20 mmHg was considered compromised oxygen-
ation and <10 mmHg, critical hypoxia [19]. PbtO2
<20 mmHg was treated using a stepwise approach to
optimise ICP, CPP, haemoglobin (Hb) and arterial carbon
dioxide tension (PCO2). The inspired fraction of oxygen
(FiO2) was increased only as an emergency temporary
measure or if PbtO2 remained low despite optimisation of
the above parameters.

Data analysis

Comparisons were made between values for ICP, MAP and
PbtO2 (where available) for the 4 hour period before
craniectomy (or part thereof) and the 24 hour period after
surgery. FiO2 before surgery and 24 hours after were also

compared. Data are presented as means ± standard
deviation (SD) or median and range. Differences were
defined as statistically significant if p<0.05. The non-
parametric Wilcoxon signed-rank test was used to compare
pre- and post-intervention readings. Outcome was assessed
with the Glasgow Outcome Score (GOS), dichotomised
into favourable (GOS 4-5) and unfavourable (GOS 1-3)
outcome.

Results

Mean age was 7.8±3.4 years (range 11 months to 14 years
old). Median GCS before craniectomy was 5 (range 3-8).
At the time of craniectomy, a unilateral unreactive pupil
was documented in 7 patients and bilaterally unreactive
pupils in 5. Craniectomy was performed in 8 patients as an
emergency intervention for secondary acute neurological
deterioration (secondary drop in GCS with development of
pupillary abnormalities and obliterated cisterns on CT) and
in 10 children for medically refractory ICP. Of the latter 10
patients: individual median ICP values for the 4-hour
period before craniectomy were between 20 and 30 mmHg
in 1 patient, between 30 and 40 mmHg in 5 patients, and
≥40 mmHg in 4. Six patients also had PbtO2 monitoring
before and after craniectomy. PbtO2 before craniectomy
deteriorated to between 10-20 mmHg in 1 patient, and to
<10 mmHg in 4 patients, requiring increased FiO2. Pooled
data for ICP and PbtO2 before and after craniectomy are
summarised in Table 1. Median ICP for all patients was
40 mmHg before craniectomy and 16 mmHg after craniec-
tomy. Only one patient required the addition of barbiturate
therapy after craniectomy to control ICP. Pooled PbtO2
improved from a median of 17.4 mmHg before surgery to
43.4 mmHg after surgery. Graphic comparisons of data are
presented in Figs. 1 and 2. Statistically significant differ-
ences were found for ICP before and after craniectomy (z=
2.803, p=0.005) and for PbtO2 before and after craniectomy
(z=-2.201, p=0.03). There was also a trend towards lower
MAP (91±13 mmHg versus 78±11 mmHg) and FiO2 (73±
21 versus 48±6) after craniectomy.

Table 1 ICP and PbtO2 data for 4 hours before and 24 hours after
decompressive craniectomy

Before DC After DC p-value

ICP (10 patients) 40±14.9 17±9.02 0.0051
PbtO2 (6 patients) 18±12.8 43±15.4 0.027

Data are presented as means ± standard deviation.
ICP, intracranial pressure; PbtO2, partial pressure of brain tissue
oxygen. Before DC, data over the 4 hours, or part thereof recorded,
preceding craniectomy. After DC, data for the 24 hour period after the
procedure.
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Clinical outcome

Mean time of follow-up was 36±25 months (range 3-84).
Outcome was favourable in 14 (78%) and unfavourable in 4
(22%); there were no vegetative survivours. There was one
death (5.6%); all survivors were eventually discharged
home. One patient required bone flap removal for sepsis
after it had been replaced. Two patients had ventriculoper-
itoneal shunts placed for hydrocephalus.

Discussion

There is resurgent interest in decompressive craniectomy to
treat elevated ICP or brain swelling today. This has come
about because the limitations of earlier reports have been
identified [6] and rather than wait for deterioration more
recent reports emphasize ICP monitoring and early control
of ICP [1, 3, 5–7, 10, 11, 20, 21]. The use of decompressive
craniectomy is well described in adults but studies that
describe children with diffuse TBI generally include few
patients (on average 2-12), and ICP changes often are not
reported [3, 6, 7, 11, 16, 17, 20]. Jagannathan et al [10]
described a larger group of 23 patients but since patients up
to the age of 19 were included, the mean age of almost
12 years is relatively high. At the time of surgery 4 of their
patients had extra-axial mass lesions removed (subdural or
extradural haematomas). Kan et al [12] described a
mortality of 31% in pediatric patients after decompressive
craniectomy. However, non-accidental trauma accounted
for 23.5% of the cases and only 6 cases underwent surgery
for elevated ICP with diffuse swelling; the rest underwent
craniectomy in conjunction with removal of a mass lesion.
In contrast, the present study represents a relatively

homogenous population of children less than 15 years old
with diffuse brain swelling.

There is a single case report that describes PbtO2 after
craniectomy in children [8]. In our study, PbtO2 was
compromised (PbtO2 <20 mmHg) prior to craniectomy in 5
of 6 patients who underwent PbtO2 monitoring. These
patients also required a higher inspired fraction of oxygen
(FiO2) to augment brain oxygenation. Four had critical
hypoxia, with PbtO2 readings below 10 mmHg. There was
an immediate and significant change in PbtO2 in these
patients after craniectomy. This increase was sustained, and
allowed a reduction of FiO2 settings.

In this report, craniectomy significantly reduced ICP in
all but one of the patients, in whom barbiturate therapy also
failed. Group median ICP in the 4 hours before craniectomy
was 40 mmHg whereas for the 24 hour period after
craniectomy it was 16 mmHg. PbtO2 was also significantly
improved after craniectomy: median PbtO2 improved from
17.4 to 43.4 mmHg. Outcome was favourable in 78% of
patients, despite a relatively high incidence of preoperative
pupillary abnormalities and low median GCS. In a number
of patients these clinical features occurred as a secondary
insult from elevated ICP, which was then effectively
treated, rather than as a manifestation of irreversible
primary brain injury. The fact that these insults were
secondary not primary and that they were promptly treated
may have contributed to the good outcome.

The pilot study of Taylor et al [20] is noteworthy
because it was the first attempt at a randomised trial of
decompressive surgery versus medical treatment. However,
it has not provided a definitive answer about the role of
craniectomy in pediatric TBI. The effectiveness of craniec-
tomy for the management of ICP and brain tissue

Fig. 1 Box-and-whisker plot of ICP averaged over 4 hours before
craniectomy (first column – before DC; n=10) compared with ICP
averaged over 24 hours after craniectomy for the 10 patients with pre-
and postoperative ICP data (second column – 24 hrs; n=10). The third
column (24 hours; n=18) shows the 24-hour period ICP data for all 18
patients who underwent craniectomy

Fig. 2 Box-and-whisker plot demonstrating PbtO2 for 4 hours before
craniectomy (first column: Before DC) compared with PbtO2
immediately after craniectomy (second column: After DC 1st Hr)
and over the 24 hour period after craniectomy (third column: After DC
24 hrs)
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oxygenation compared with continued medical manage-
ment, therefore, is not established yet. If outcome is
improved in the randomised trials in adults, it may be
reasonable to extrapolate these results to children, as many
investigators feel that craniectomy is more likely to be of
benefit in children [13, 14, 20]. If not, a multi-centred
randomised controlled trial should be conducted to finally
provide class 1 evidence for the role of decompressive
craniectomy versus medical management in the treatment
of elevated ICP refractory to first tier medical therapy in
children with diffuse brain swelling after TBI. The data
from this study provide useful information about the
cerebral physiologic effects of decompressive craniectomy
in pediatric patients.

Conflict of interest statement We declare that we have no conflict
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Are head injury guidelines changing the outcome of head
injured children? A regional investigation

P. A. Jones & I. R. Chambers & R. A. Minns &

T. Y. M. Lo & L. M. Myles & A. J. W. Steers

Abstract
Background Secondary pathophysiological CPP insult is
related to outcome after head injury, and improved
management would be expected to reduce secondary brain
insult. Paediatric head injury management guidelines have
been published in recent years, by SIGN (2000), RCPCH
(2001), NICE (June 2003), and jointly by Critical/Intensive
Care Societies (C/ICS July 2003). We investigated whether
outcome of children’s head injury (and total burden of
secondary CPP insult) has changed (1) annually; (2) before
and after the introduction of any HI guidelines, and (3)
following other service changes.
Methods Seventy-six children (aged 1–14 years with severe
HI) were admitted to the Edinburgh Regional Head Injury
Service between 1989 and 2006, and dichotomised at
various time points and compared in terms of: demographic
factors, intracranial pressure (ICP), cerebral perfusion
pressure (CPP) insults [e.g. age-banded pressure–time
index (PTI)], and Glasgow Outcome Scale (GOS) score
(assessed at 6 months post injury).
Findings When dichotomised around the SIGN guidelines,
there were no statistically significant differences between
the two group’s demography or in primary brain injury, but

the outcomes were different (p=0.03), with 6 vs 4 GOS1
(died), 2 vs 4 GOS3 (severely disabled), 5 vs 16 GOS4
(moderately disabled) and 23 vs 14 GOS5 (good recovery),
when comparing before and after year 2000. GOS4 was
significantly different (chi-square=7.99, p<0.007). There
was a (non-significant) trend for the later years to have
longer insult durations of ICP, hypertension, CPP, hypoxia,
pyrexia, tachycardia and bradycardia, greater PTI for both
CPP and ICP, and more CPP insults (p=0.003). There was,
however, significantly less CPP insult (p=0.030) after the
introduction of the more management-oriented C/ICS
guidelines.
Conclusions The most recent paediatric HI guidelines
appear to have reduced the burden of secondary insult,
but more time is required to determine if this will be
reflected in improved outcomes.

Keywords Paediatric head injury . Secondary brain insult .

Outcome . Guidelines

Introduction

Secondary pathophysiological CPP insult has been consis-
tently shown to be related to outcome after head injury in
both adults [4–6, 9, 11, 13, 16] and children [3, 2, 7, 8], and
improved management would be expected to reduce
secondary brain insult in both duration and intensity.
Pediatric head injury management guidelines have been
published in recent years, by the Scottish Intercollegiate
Guidelines Network (SIGN; 2000) [15], the Royal College
of Paediatrics and Child Health (RCPCH; 2001) [14], the
NHS National Institute for Clinical Excellence (NICE; June
2003) [12], and jointly by the Society of Critical Care
Medicine, the World Federation of Pediatric Intensive and
Critical Care Societies, and the Paediatric intensive Care
Society UK (C/ICS; July 2003) [1]. We investigated whether
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outcome after children’s head injury and total burden of
secondary brain insult, (particularly CPP insult) has changed
(1) annually; (2) before and after the introduction of any HI
guidelines, and (3) following other service changes.

Materials and methods

Seventy-six children (aged 1–14 years with severe HI) were
admitted to the Edinburgh Regional Head Injury Service for
adults and children between 1989 and 1996 (Western
General Hospital), and between 2000 and 2006 to a new
Paediatric ICU (Royal Hospital for Sick Children). Demo-
graphic (age, gender, cause of injury, GCS, ISS, Marshall
CT score, pupil response etc.) and physiological data from
the ICU bedside monitors were collected prospectively and
analysed.

Outcome at 6-months post injury was assigned from
responses to a questionnaire sent to all parent/carers. The
groups were dichotomised at various time points, and
compared in terms of: (1) demographic factors, (2) secondary
brain insults including intracranial pressure (ICP) and
cerebral perfusion pressure (CPP) insults, and (3) Glasgow
Outcome Scale (GOS—paediatric modification) score. We
used a previously developed age-banded pressure–time index
(PTI) [10] to give a measure of the amount of ‘brain insult’
which occurred during the ICU management period.

The pressure–time index is a two-dimensional cumula-
tive measure combining intensity and duration of secondary
insult found in both ICP and CPP, calculated from data
recorded every minute from the bed-side monitors in the
Intensive Care Unit, using the example formula below for
the cPTI for CPP: cPTI ¼ P

CPPthreshold � CPPð Þ � tsample

mmHg min, where cPTI is the cumulative pressure time
index, and t is the time over which the data was sampled.

The data set was divided so that cases admitted before
any of the mentioned guidelines were published, were
compared with those of later years (i.e. division point
immediately pre SIGN guidelines—2000). Data was also
analysed on an annual basis to look for trends over time,
and finally, the data set was split by admission date before
and after July 2003, when the treatment specific guidelines
of the C/ICS became widely available.

The statistical package of SPSS© for Windows 14.0
(SPSS Inc. USA), was used for the analysis.

Results

Pre- and post-SIGN guidelines

When dichotomised around the SIGN guidelines, the
groups were comparable with no statistically significant

differences between the demographic features (age, sex, cause
of injury, GCS, ISS, ICP monitoring characteristics etc) or in
primary brain injury. The outcomes however, were different
(chi-square 9.11, p=0.028), with 6, 2, 5 and 23 having GOS
1 (died), GOS 3 (severely disabled), GOS 4 (moderately
disabled) and GOS 5 (good recovery) before, compared to 4,
4, 17 and 15 respectively post-2000. In particular, the
change in relative positions of the GOS 4 and 5 outcomes
was highly significant (chi-square=7.99, p<0.007) (Fig. 1)

There was a (non-significant) trend for the later years to
have longer mean insult durations of ICP, hypertension, CPP,
hypoxia, pyrexia, tachycardia and bradycardia, greater mean
cPTI for ICP, and a significantly greater mean number of
episodes of CPP insults (p=0.005). i.e. a less optimal trend.

Fluctuations annually

When these head injury cases were analysed year-by-year,
there were no overall significant differences found but a
closer look at the referral pattern (Fig. 2) indicated that a
change had taken place, with more children being referred
from tertiary centres from 2001 onwards. There were 17, 1,
and 18 admitted from the hospital Accident and Emergency
department, a GP, and from tertiary referral centre before
2000, compared to 6,1, and 33 respectively after 2000 (chi-
square=9.49, p=0.009).

The PTIicp and PTIcpp by year (see Fig. 3) for all 76
patients from 1989 to 2006, and the median amount of

Fig. 1 Outcome at 6 months post-injury, illustrating that there were
more GOS4 outcomes in later years compared to earlier years of the
study. GOS Glasgow Outcome Score, where GOS1 dead, GOS3
severe disability, GOS4 moderate disability, and GOS5 good recovery
(note there were no cases of GOS2 vegetative state)
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measured secondary insult (cPTI) per patient, independent
of outcome, was similar.

Pre- and post C/ICS guidelines

When dichotomised around the time point of July 2003, when
the paediatric C/ICS Head Injury guidelines were published,

the outcomes were 9, 5, 14 and 29, compared to 1, 1, 8 and 9,
for GOS1, 3, 4, and 5 respectively, for the pre- and post-July
2003 groups.While overall this was not a significant difference,
there was a trend for fewer deaths and poor (GOS 3) outcomes.

The mean cPTI for CPP was 10,000.53 mmHg min
(the product of duration and intensity) compared to
4,218.37 mmHg min respectively when the cohort was
split pre-and post-July 2003. Although this gave an unequal
distribution of cases (57 vs. 19), there was still significantly
less CPP insult overall (p=0.030) after the introduction of
the more management-oriented C/ICS guidelines, with a
decrease of almost 60%. The mean cPTI for ICP was
35,186.95 mmHg min after July 2003, having fallen from
58,355.07 mmHg min, a decrease of about 40%. While this
shows a trend in the desired direction, it was not significant.

Discussion

Pre- and post-SIGN guidelines

One of the notable guidelines advocated in the SIGN
guidelines publication was for the transfer of head injured
patients to a Neurosurgical Centre. We showed there was a
significant change in referral pattern, with almost twice as
many cases coming from other hospitals, largely in the
eastern half of Scotland. However, an unexpected finding
was an increase in the burden of ICP insult, as measured by
the cPTI. We speculate that this could have been due to
more insult occurring before admission to our unit, or

Fig. 3 Box plots of the yearly distribution of secondary brain insult assessed by the cumulative pressure time index (for both CPP and ICP), with
all outcomes included in each year group

Fig. 2 Referral pattern year by year. Since 2001 the referral pattern has
changed, with more children being admitted from peripheral hospitals
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different treatment routines employed before patient trans-
fer. The difference however, was not due to the time
interval from injury to the instigation of intracranial
pressure monitoring in these two groups and the later
group were actually monitored on average, slightly more
speedily (17.9 h, compared to 13.8 h). The mean duration
of monitoring once at the PICU was 86.6 h compared to
92.0 h, but again this was not statistically significant.

As there were no demographic factors or GCS differ-
ences, it is difficult to explain the subsequent increase in
numbers achieving only a moderate (GOS 4) recovery,
compared to GOS5 (good recovery). The same question-
naire was used throughout the whole study period, and the
same personnel were responsible for assigning the GOS
score at 6 months, so internal bias is unlikely. We explored
the change in the outcome pattern of those with GOS4 and
GOS 5 more closely, and found that after 2000, the mean
cPTI for CPP increased 3 fold, with a 4 fold increase in
mean cPTI ICP in the same period, while those with GOS5
outcome had a 10% and 17% reduction in cPTI CPP and
ICP respectively.

Annual evaluation

The amount of cPTI for both ICP and CPP on a year-to-
year basis, independent of outcome, was found to be not
significantly different for the year groups as a whole. There
were however relatively small number of cases per year.

Unsurprisingly, those with the poorest outcome had the
greatest burden of secondary brain insult, whether consid-
ered annually, before and after 2000, or before and after the
July 2003 dividing point.

Pre-and post-C/ICS guidelines

After the publication of the more management directed head
injury C/ICS guidelines in July 2003, and despite the declining
prevalence of paediatric head injury cases there was signifi-
cantly less secondary ‘pressure’ insult: cPTI, for CPP (p=
0.030) and a trend to less ICP. This was accompanied by a
trend to fewer deaths and GOS3 outcomes.

Clearly guidelines may be implemented completely or
partially and will require some time to show an effect.
Additional time will also ensure larger study numbers,
however the trend is for a definite improvement in outcome
and less secondary brain insult which may reach signifi-
cance in the future.
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Low frequency pressure waves of possible autonomic origin
in severely head-injured children

R. A. Minns & P. A. Jones & I. R. Chambers

Abstract
Background Useful information (both clinical and patho-
physiological) which may be extracted from intracranial
pressure (ICP) recordings include: (1) the mean level of
ICP (and CPP), (2) cerebrovascular autoregulation status,
(3) the intracranial pulse pressure (the pulse wave index,
ICPpp/ICPm) or the pressure-volume compensatory reserve
index (RAP) and (4) the presence of any abnormal ICP
waveform. This paper describes a slow frequency ICP
waveform in children with TBI and postulates the patho-
physiological basis and whether it contains clinically useful
detail.
Methods Children admitted to the Regional Head Injury
Service in Edinburgh with TBI have continuously moni-
tored ICP, MAP, CPP, and other physiological data (stored
at a 1-min resolution). Slow frequency waveforms were
noted, prompting a review of the stored monitoring from all
cases over a 10 year period.
Findings Episodic slow pressure waves were detected in 11
of 122 severely head-injured (HI) children The waveforms
were detected in children of all ages (1.6–15 years) in the

ICP signal, which were in phase with similar fluctuations in
the MAP, CPP, and HR signals Their mean periodicity was
1 per 7 min (range 1 per 5–10 min), with a mean ICP pulse
wave amplitude of 5.45 mmHg (range 4–7.5), and mean
MAP pulse wave amplitude (pulse pressure) of 10.4 mmHg
(range 4–15 mmHg). The duration was variable (range
approx 2 h to 4.5 days). They were detected in the pre-
terminal phase after serious HI, as well as in those children
who made an independent recovery (GOS 4/5). The waves
were not related to the mean levels of ICP, CPP, MAP,
temperature or the state of cerebrovascular autoregulation.
Conclusions We postulate that these previously unreported
slow waveforms may reflect the very low frequency (VLF)
and ultra low frequency (ULF; ≤1 per 5 min) components
of heart rate and arterial blood pressure variability.

Keywords Pressure waves . ICP. Ultra low frequency .

Head injury

Introduction

Various ICP waveforms superimposed on the ICP signal
have been described, such as the well recognised A
(plateau), B and C waves. We have detected very slow
episodic pressure waves, which to our knowledge have not
been previously reported in the paediatric head-injured
population.

In Edinburgh and Newcastle, when children with serious
head injuries are admitted to the Intensive Care Units,
continuous physiological data from the bedside monitors
including intracranial pressure (ICP), mean arterial pressure
(MAP), cerebral perfusion pressure (CPP), heart rate (HR),
and oxygen saturations etc., are stored and analysed (with
consent) as part of various ethically approved studies on
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“secondary brain insults”. This time series data can be
viewed in various ways, using the Edinburgh Monitor/
Browser© Software [5], including a graphical display,
where several variables can be viewed concurrently on the
computer screen (Fig. 1).

Materials and methods

Having noticed an unusual ICP wave pattern in a number of
cases, we reviewed all the electronically stored physiologi-
cal data from a 10 year period from 122 seriously head
injured (HI) children who had had ICP monitoring. Each
record was scanned manually to identify episodes of the
slow waves, and the characteristics of each episode
recorded.

Results

Slow ICP pressure waves were detected in 11 of 122
children, and occurred in children of all ages (1.6–15 years)
in the ICP signal. These appeared in phase with similar

fluctuations in the MAP, CPP and HR signals. Several
children had a number of episodes of slow wave activity
while in the acute treatment phase. Five of the 11 children
died. The mean periodicity of the ICP wave, the ICP pulse
wave amplitude, the MAP pulse pressure, duration of slow
wave activity and mean background ICP level during these
slow wave episodes are seen in Table 1.

An example of these slow waves over a 2 h period is
seen in Fig. 2. This record is from a seriously head injured
14 year old child who died in intensive care 2 weeks
following a road traffic accident. It can be seen that the ICP

Fig. 1 illustrates two episodes of ‘slow waves’ seen in ICP, CPP,
MAP and heart rate, in a 9 year old child with severe head injury, as
viewed using the Odin Browser Software. ICPm mean intracranial

pressure; CPP cerebral perfusion pressure; BPm mean arterial
pressure; HRT heart rate. The arrows indicate two episodes of slow
wave phenomena

Table 1

Features Value Range

Mean periodicity 1 per 7.39 min 1 per 5–10 min
Mean ICP amplitude 5.45 mmHg 4–7.5 mmHg
Mean MAP amplitude 10.4 5–15 mmHg
Duration Variable 2 h–4.5 days
Mean background
ICP during slow
wave episodes

22.3 mmHg 11–44 mmHg
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fluctuations are also recorded in the mean arterial pressure
and heart rate.

These slow ICP waveforms were detected in the pre-
terminal stage after serious head injury, as well as in the
recordings of children who made an independent recovery
(GOS 4 and 5). They were not confined to any particular
level of ICP, CPP, MAP and appeared independent of the
state of cerebrovascular autoregulation.

Discussion

We describe very slow waveforms in ICP, BP and HR
signals of children having physiological monitoring on
account of serious traumatic brain injury. Investigations of
the clinical circumstances surrounding these episodes
showed that there was no obvious artifactual cause for
these. In one case similar fluctuations occurring in the
respiratory signal occurred irregularly in relation to the ICP
fluctuations, and were deemed to be due to inadequate
ventilation or fluid in the ventilator tubing. It can be seen in
Fig. 2 that an interruption of these episodic wave forms
occurs during physiotherapy and airway suction although
the rhythmicity returns immediately after this activity.
There was no change in the child’s state or alteration of
treatment modalities which could be responsible.

Our networked system of monitoring intracranial pres-
sure and other physiological variables depends on a minute-
to-minute sampling of signals. For this reason we are

unable to precisely define the phase relationship of the
peaks in the ICP, BP and heart rate channels and although
the pressure pulses appear simultaneous and totally in
phase, the sampling rate of our recording system does not
allow that assumption, and hence we cannot deduce if they
originate in the intracranial compartment and are reflected
systemically or vice versa.

We postulate that the periodicity of these waveforms i.e.
mean of 1 per 7 min, with apparent synchrony in BP and
heart rate may reflect the very low frequency (VLF) and
ultra low frequency (ULF; ≤1 per 5 min, or ≤0.003 Hz)
components of heart rate and blood pressure variability
(HRV and R–R interval) assessed by frequency domain
[11]. These peaks most approximate the periodicity of the
observed intracranial pressure waveforms we describe.
HRV indicates disordered autonomic regulation of circula-
tory function and is known to be disordered in SAH [6],
Intracranial hypertension and head injury [1, 10]. HRV is
normally mediated via the negative feedback loop (barore-
flex) through Nucleus Tractus Solitarius to coupled sym-
pathetic and parasympathetic efferents from the vasomotor
centre and vagal nucleus.

Wide band spectral analysis allows reliable information
of ULF and VLF components of BP and RRI variability
and one explanation for the genesis for the VLF fluctua-
tions has included thermoregulation [7]. However, through-
out all of our 11 cases with these slow frequency
waveforms there were no temperature changes reported at
any time.

Fig. 2 illustrates these waves from a 2 h time period (in a 14 year old child who died following a RTA) showing fluctuations in both ICP and
MAP, which were also reflected in the systolic and diastolic pressure, and in the pulse, but not in the O2 saturation recording
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For the most part the origin of these fluctuations in the
circulation are not known although fluctuations in baroreceptor
sensitivity [3], brain stem activity [9] and membrane potential
in the sinus node [8] have been causally suggested. It is known
that even in steady state conditions, human vagal ‘baroreflex
sensitivity’ fluctuates in a major way at very low frequency [4].

Waveforms similar to our description above have been seen
in the blood pressure and heart rate records of neonates with
and without asphyxial brain damage [2]. The limitations of
our sampling of pressure and heart rate signals does not
allow a calculation of serial coefficients of the sequences but
manual calculation of samples of these episodes suggest a
very small variability over short time periods, e.g. the mean
peak-to-peak interval in the illustrated case of 46 peaks was
5.02 with a standard deviation of 1.15 pointing to a possible
generator (central or peripheral) in their origin.

Conflict of interest statement We declare that we have no conflict
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Controlled lumbar drainage in medically refractory increased
intracranial pressure. A safe and effective treatment

Ali Murad & Samer Ghostine & Austin R. T. Colohan

Abstract
Background A prospective study of lumbar CSF drainage
in the setting of raised intra-cranial pressure refractory to
medical management and ventriculostomy placement is
presented. There have been no controlled trials of its use
reported in the literature, to the best of our knowledge.
Method An IRB approved prospective study was con-
ducted. 8 patients with increased intracranial pressure
secondary to traumatic brain injury or aneurysm rupture
were initially managed with sedation, ventriculostomy
placement, mild hyperventilation (pCO2=30–35), and
hyperosmolar therapy (Na=150–155). A lumbar drain was
placed if ICP continued to be above 20 mmHg despite
optimization of medical therapy.
Findings After lumbar drain placement, ICP was reduced
from a mean of 27±7.8 to 9±6.3, an average decrease of
18 mm H2O (p<0.05). Requirements for hypertonic saline
and/or mannitol boluses and sedation to control ICP were
also decreased. There were no complications noted.
Conclusions We have shown that controlled lumbar drainage
is a safe, efficacious and minimally invasive method for
treatment of elevated ICP refractory to medical management.
Ventriculostomies are always placed before utilizing lumbar
drains to minimize the risk of cerebral herniation. We would
advocate making controlled lumbar drainage a standard part
of ICP control protocols.

Keywords Head injury . Intracranial pressure .

Intracranial hypertension . Lumbar drain

Introduction

After brain injury the intra-cranial pressure (ICP) may
remain normal at first, because the brain swelling can be
compensated by displacing blood and cerebrospinal fluid
(CSF). When no more blood and CSF (~100 to 150 ml of
intra-cranial volume) can be pushed out of the cranial vault,
the intra-cranial pressure starts rising, which can lead to
secondary brain injury. Ventriculostomies are commonly
used for monitoring and treating high ICP. However,
external drainage of CSF is not limited to the ventricular
route. Up to 30% of the total compliance of the CSF system
is in the spinal axis [1], and even more if basal cisterns are
taken into account. Drainage of some of this CSF by use of
lumbar drains can help reduce ICPs further than ventricu-
lostomies alone. However, lumbar CSF drainage has not
been a 1st tier tool in treatment of high ICP because of
concern about cerebral herniation. This concern mostly
stems from reports of such complications in publications
several decades ago [2, 3]. There has been renewed interest
recently in the use of lumbar drainage for treatment of high
ICP refractory to ventriculostomy placement and medical
treatment [4–6].

Methods

A prospective study was designed with the aim of enrolling
patients with brain injury—traumatic, aneurysm rupture,
brain tumor (post resection)—and high ICP refractory to
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medical management and ventriculostomy. A protocol ap-
proved by Loma Linda University Medical Center (LLUMC)
Institutional Review Board was used to enroll patients.

Inclusion criteria:

– Patient at LLUMC
– Increased intra-cranial pressure (ICP): higher than

20 mm H2O
– Ventriculostomy catheter placed
– Medical therapy has been refractory
– Patients age 18–99

Exclusion criteria:

– Presence of surgical pathology (LD could be placed
after removal of such pathology)

– Patient transferred with lumbar drains
– Patients without ventriculostomy catheters
– Patients age 0–18

Eight patients with increased intracranial pressure sec-
ondary to brain injury (six patients with traumatic injury
and two with aneurysm rupture) have so far been included
in the study. Three of the trauma patients had emergent
surgery for hematoma evacuation on arrival; one of the two
aneurysm patients had endovascular coiling of aneurysm,
while the other had clipping of aneurysm along with
evacuation of hematoma. Their management included
ventriculostomy placement and medical measures such as
hypertonic saline (Na>150), mild hyperventilation (pCO2=
30–35), and sedation. A lumbar drain was placed if ICP

Fig. 1 a, b Pattern of ICP
before and after lumbar CSF
drain (LD) placement in two
patients. Parameters such as
serum sodium (Na), pCO2,
patient temperature (F) at the
time of LD placemen are shown
(bold arrow indicates when LD
was placed)
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trended above 20 mmHg for an average of 3 h despite
optimization of parameters mentioned above. In some
patients, the lumbar drain and ventriculostomy were both
drained at the same level (0 cm H2O above the Foramen of
Monroe) and in others, the lumbar drain was kept clamped
but 10 ml of CSF were drained each hour by unclamping
the lumbar drain to gravity intermittently until 10 ml of
CSF were obtained in the reservoir chamber.

While all patients had several head CTs during their
admission, they were not done routinely immediately
before or after placement of lumbar drains. After placement
of the lumbar drain, there was no worsening of neurological
examination or ICP.

Results

Eight patients were enrolled in the study. Mean age was
36 years (range 20–51 years). After lumbar drain place-
ment, ICP was reduced from a mean of 27±7.8 to 9±6.3
(mean ICP values given are 3 h pre and post LD
placement). This was an average decrease of 18 mm H2O
(p<0.05). The reduction of ICP was seen in a clear and
sustained manner in all patients, as illustrated in two
patients shown (Fig. 1a,b). In the 24-h period preceding
lumbar drain placement, an average of 2.75 boluses of
hypertonic saline and Mannitol per patient were given to
control ICP. In the 24-h period following lumbar drain
insertion, no hypertonic saline or mannitol boluses were
needed. Sedation requirements were also decreased. There
were no intracranial complications noted due to lumbar
drain placement.

Discussion

We demonstrate the safety of lumbar CSF drainage in the
setting of high ICP. We would advocate making controlled
lumbar drainage a standard part of ICP protocols whenmedical
management and ventriculostomy placement have failed to

control ICP. In our series of eight patients, use of lumbar
drainage was used effectively to significantly lower ICP.

The risk of herniation is particularly high when the ICP
is high and the basal cisterns are already at least partially
effaced at the time of drain insertion. In the setting of high
ICPs, minimizing CSF leakage at the time of needle
insertion for lumbar drain placement is of great importance.
Once the lumbar drain is placed, CSF can be drained in a
controlled manner, with continued vital signs and neuro-
checks monitoring.

Outcome data for these patients is being deferred at this
time. In this current paper, the goal of the authors is to
evaluate the safety and effectiveness of lumbar CSF
drainage in patients suffering from raised ICPs refractory
to medical management. The study is ongoing and
analysis of patient’s outcome and changes in therapy
intensity level (TIL) [7] as a result of lumbar drain
placement is planned.

Conflict of interest statement We declare that we have no conflict
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Decompressive craniotomy: durotomy instead of duroplasty
to reduce prolonged ICP elevation

Ralf Burger & David Duncker & Naureen Uzma &

Veit Rohde

Abstract
Background Usually, decompressive craniectomy (DC) in
patients with increased intracranial pressure (ICP) is
combined with resection of the dura and large-scale
duroplasty. However, duroplasty is cumbersome, lengthens
operation time and requires heterologous or autologous
material. In addition, the swelling brain could herniate into
the duroplasty with kinking of the superficial veins at the
sharp cutting edges and subsequent ICP exacerbation.
Several longitudinal durotomies avoid these limitations,
but it remains a matter of discussion if durotomies reduce
ICP sufficiently.
Methods DC was performed in ten patients (mean age 45
years) with increased ICP after head trauma or subarach-
noid hemorrhage. After craniectomy, the dura was opened
by three to four durotomies from midline to the temporal
base. Duration of surgical procedure and ICP during each
surgical step and postoperatively were recorded.
Findings Mean duration of surgery was 90±10 min. ICP
prior to skin incision was 39±12 mmHg and dropped to 22±
9 mmHg after craniectomy. During durotomy ICP decreased
stepwise and reached stable values of 12±6 mmHg at the end

of surgery. On days 1–10 after surgery, ICP values ranged
between 12–17 mmHg.
Conclusion This study showed that durotomy is a fast and
easy, but likewise effective method to lower ICP further
after craniectomy.

Keywords Intracranial pressure . Decompressive
craniectomy . Traumatic brain injury . Durotomy

Introduction

Initially, decompressive craniectomy (DC) was introduced
to lower the intracranial pressure (ICP) in patients with
inoperable brain tumors [8]. Since the late sixties DC has
been performed in uncontrollable ICP after traumatic brain
injury [2, 5]. It was implemented in the Guidelines of the
Brain Trauma Foundation [3] as one of the “second tier
therapies” of increased ICP when first level options have
failed. The European Brain Injury Consortium considered
DC as “ultima ratio” after failure of other treatment options
[22]. In the literature a wide variety of surgical techniques
could be found either for location and extent of craniec-
tomy, dura opening and duroplasty had been reported.
Unilateral or bilateral [6, 7, 10, 11, 18, 20, 21, 24, 27, 31,
32], bifrontal [14, 15, 19, 26, 34, 35], subtemporal [8, 12,
33] or circumferential [4] bony decompressions had been
proposed. However, unilateral hemicraniectomies and
bifrontal craniectomies have gained the widest acceptance
[29]. Dura opening after bone removal is considered to be
mandatory [8]. The majority of centers prefer extensive
dura resection and subsequent duroplasty. However, dur-
oplasty is cumbersome, lengthens operation time in these
critically ill patients and requires heterologous or autolo-
gous material. Longitudinal durotomies avoid these limi-
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tations. However, it is a matter of discussion if mere
durotomy indeed lowers the ICP over time. Thus, it was the
aim of the present study to investigate the effect of simple
longitudinal durotomies on intra- and postoperative ICP.

Materials and methods

DC was performed in ten patients (traumatic brain injury
[TBI] n=8; subarachnoid hemorrhage [SAH], n=2; six
males, four females; mean age 45±5 yrs.) with ICP>30
mmHg for 30 min or longer despite ventricular drainage.
Glasgow coma scale score at admission [34], TBI classifi-
cation [3], Marshall computed tomography (CT) grade [23],
Hunt and Hess grade [13] and Fisher CT classification [9] in
SAH patients, pre- peri- and postoperative ICP and Glasgow
outcome scale (GOS) scale were assessed [17], (Table 1).

All patients were fixed in a Mayfield clamp. A question
mark shaped skin incision from the preauricular to the frontal
region was performed. Galea, periostium, and temporal
muscle were mobilised from the skull. A bone flap of a size
of 10×12 cm was removed, bone resection was extended to
the temporal base. The dura was opened by straight incisions
(n=4; lenght 6–8 cm) from parasagitally to the lower inferior
temporal gyrus (Fig. 1).

Duration of surgical procedure, mean arterial blood
pressure (MABP), endexpiratory etpCO2 and ICP were
recorded during each surgical step with possible effect on
ICP (beginning of surgery, during burrhole placement,

removal of the bone flap, each durotomy and skin closure).
In the postoperative period, ICP was recorded until day 10.
ICP, MABP, etpCO2, and duration of surgery are presented
as absolute values with mean and standard deviation. One-
Way Repeated Measures Analysis of Variance was
employed to compare intracranial pressure, MABP and

Table 1 Demographic data of study patients

Impact TBI
grading

H & H
scale

GCS Marshall
CT grading

CT Fisher
scale

Level of ICP
[indication for DC]
(mmHg)

Surgery (DC)
[days after
impact]

GOS
[3 months]

Comments

TBI fall from stairway III 4 DI 3 ~50 8 4
TBI fall from stairway III 4 DI 3 ~35 2 3
TBI car accident III 3 DI 4 ~35 1 2 Anisocoria

before DC
TBI public bus accident III 3 DI 4 ~58 1 3
TBI bicycle accident III 4 DI 3 ~70 0 2 Anisocoria

before DC
TBI fall from stairway III 3 DI 3 ~21 3 3 Early DC due

to CAT scan
TBI fall from scaffolding III 3 DI 3 ~42 0 1
TBI car accident III 4 DI 3 ~25 4 3
SAH ICA–aneurysm IV 3 IV ~38 3 3 No ischemia,

massive brain
edema

SAH PCA–aneurysm IV 3 III ~41 5 3 PCA infarction,
brain edema

TBI Traumatic brain injury, GCS Glasgow coma scale [34], DC decompressive craniectomy, DI diffuse injury, H & H Hunt and Hess grading [13],
GOS Glasgow outcome scale [17]
TBI grading by Bullock et al. [3]; Fisher grading I–IV post SAH [9]; Marshall CT grading after TBI [23].

Fig. 1 Schematic illustration of bone flap size (bold line) and contour
of sylvian fissure (scattered line). After decompressive craniectomy
intracranial pressure was significantly decreased by widening of
durotomies without bulging of edemateous brain (modified illustration
from Yarsagil M.G., Microneurosurgery Part I, Thieme Verlag,
Stuttgart, New York, 1984)
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etpCO2 values over time in the study group. The Kolmo-
gorov–Smirnov test (with Lilliefors’ correction) was used
to test data for normality. The significance level was p<
0.05. Statistical analysis was performed with SigmaStat 2.0
(Jandel Scientific®, SPSS Inc., Chicago, IL, USA).

Results

Before surgery, the mean ICP was 42±16 mmHg with a
range between 21–70 mmHg. Baseline ICP immediately
prior to skin incision was 39±12 mmHg. ICP showed high
or sometimes slightly increased values during burrhole
placement and dropped significantly for the first time after
removal of the bone flap to 22±9 mmHg (p<0.001). The
first durotomy reduced the mean ICP to 16±6 mmHg (p=
0.018). After the third durotomy, an ICP of 10±3 mmHg
(p=0.003) was reached and remained stable until skin
closure (mean value of 12±6 mmHg (p>0.05). Mean
duration of operative procedure was 90±10 min. Mean
arterial blood pressure was 80±18 mmHg and the mean
endexpiratory pCO2 was 34±4 mmHg. During surgery, these
values did not show statistically significant differences. In
the postoperative period (days 1 to 10 after DC) ICP values
ranged between 12±9 and 17±5 mmHg (p=0.031).

The outcome 3 months after admission was assessed by
the GOS scale. One patient made a good recovery (GOS 4),
6 patients remained moderately disabled (GOS 3), one
patient remained in a vegetative status (GOS 2) and one
patient died 10 days after DC due to sepsis and multiorgan
failure (GOS 1).

Discussion

Decompressive craniectomy is considered as a second tier
therapy in the Guidelines of the Brain Trauma Foundation
[3] and as last tier therapy in the European Brain Injury
Consortium [22]. A well-defined ICP trigger for DC does
not exist. ICP thresholds between 20 mmHg [26, 32] and
40 mmHg [31] were reported. However, many authors
propose to perform DC in patients with medically uncon-
trollable ICP of 30 mmHg and higher or with a cerebral
perfusion pressure below 70 mmHg with further neurolog-
ical detoriation [7, 20, 21]. In accordance with these data,
we proceed to DC in medically refractory ICP of 30 mmHg
and higher. In selected patients with acute subdural
hematoma, massive brain swelling and signs of herniation,
we performed DC even if the registered ICP did not reach
30 mmHg.

The technical details of DC are not well defined. Uni-
and bilateral, subtemporal, bifrontal and circumferential
craniectomies had been performed. However, unilateral and

bilateral hemicraniectomies [6, 7, 10, 11, 18, 20–22, 27, 31,
32] as well as bifrontal craniectomies [14, 15, 19, 26, 35,
36] have gained the broadest acceptance. Several studies
have indicated that opening of the dura is crucial for
effective ICP reduction but again, a variety of methods had
been described, Stellate-, X-, Z -, question mark- or
fishmouth-shaped dura openings [1, 21, 24–27, 30, 36]
had been proposed followed by large-scale duraplasty with
heterologous or autologous material [1, 6, 10, 20, 21, 24–
27, 30, 35, 36]. Duroplasty has some major disadvantages:
(1) prolongation of the operative procedure, which might
have a negative effect on the outcome in a severely ill
patient; (2) use of heterologous or autologous material; (3)
herniation of the edematous brain into the duroplasty with
kinking of brain arteries and veins at the sharp cutting
edges of the resected dura which might result in ischemia or
venous congestion, thereby further contributing to brain
swelling. Therefore some authors [7] recommended to
create a vascular channel with small pillars on each side
of crossing vessels at the dural margin made of absorbable
gelatin (hemostatic sponge) combined with polyglycol acid
(absorbable suture); (4) Dura resection and duroplasty is a
cumbersome procedure for the neurosurgeon.

The present study shows that mere durotomy by dural
incisions avoids the disadvantages of dural resection and
duroplasty without having a diminished effect on ICP
control. ICP dropped by 44% after bone flap removal and
by another 26% after durotomy. This observation is in line
with other studies which monitored ICP during DC. In
these studies, ICP prior to surgery ranged between 29.2–
40.4 mmHg [20, 25, 30, 31, 35, 36] and dropped to values
below 20 mmHg [1, 20, 25, 28, 30, 31, 35, 36] after bone
flap removal. Some authors found a clear correlation
between the extent of bone removal and decline of ICP
[30]. However, a strong focus on the size of the bone flap is
not justifed as dura opening after DC likewise has a strong
effect on ICP [18]. Authors who monitored ICP and brain
p(ti)O2 showed that ICP continuously dropped to low
pathological values during DC and duroplasty whereas
brain p(ti)O2 tremendeously improved to normal values
[16, 27, 32]. Interestingly, brain p(ti)O2 was not related to
bone flap removal but to dura opening, which underlines
again that dura opening is the crucial factor in DC [27].
Within the next 24–72 h after DC ICP remained stable
below 20 mmHg in our and other studies [1, 25, 30, 36].
We measured ICP until day 10 post surgery, and did not see
any ICP rebound despite reduction of the sedation and anti-
edema drugs.

The lack of any ICP rebound suggests that secondary
brain swelling does not play a role in our modification of
DC, possibly because the dura stripes between the
durotomies avoid extensive brain herniation and, thereby,
any kinking of arteries and veins at the sharp cutting edges
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of the incised dura. It has to be pointed out that this
“protective” effect is not guaranteed with too many dura
incisions respectively with too small dural openings: In one
patient in whom several dural incisions had been performed
and who was re-operated due to a subgaleal hematoma, we
observed brain herniation between the small dural open-
ings. Thus, we believe that the number of durotomies
should be limited to three or four. This is supported by the
fact that in our study a further decrease of the elevated ICP
was not seen if more than three durotomies had been
performed.

In our study mean duration of surgery was 90 min which
is very short in comparison to DC surgery with duroplasty,
supporting again the concept of the modification of DC
presented here.

In conclusion, these preliminary results clearly indicate,
that unilateral craniectomy with durotomy has the potential
to overcome the disadvantages of craniectomy and dur-
oplasty: (1) the operation is shorter and less cumbersome
than conventional DC which might have a positive effect
on the outcome of the patient with increased ICP after brain
injury and subarachnoid haemorrhage; (2) heterologous or
autologous material for duroplasty after dura resection is
not required; (3) it is assumed that brain herniation with
vessel kinking and secondary brain swelling is avoided by
the dura stripes between the durotomies. However, these
positive preliminary results have to be further evaluated in a
larger series which is currently under way in our institution.
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Ventriculostomy for control of raised ICP in acute traumatic
brain injury

I. Timofeev & C. Dahyot-Fizelier & N. Keong & J. Nortje &

P. G. Al-Rawi & M. Czosnyka & D. K. Menon &

P. J. Kirkpatrick & A. K. Gupta & P. J. Hutchinson

Abstract
Summary The aim of this study was to evaluate the effect
of ventriculostomy on intracranial pressure (ICP), and
related parameters, including cerebrospinal compensation,
cerebral oxygenation (PbtO2) and metabolism (microdial-
ysis) in patients with traumatic brain injury (TBI).
Materials and methods Twenty-four patients with paren-
chymal ICP sensors were prospectively included in the
study. Ventriculostomy was performed after failure to
control ICP with initial measures. Monitoring parameters
were digitally recorded before and after ventriculostomy
and compared using appropriate tests.
Results In all patients ventriculostomy led to rapid reduction
in ICP. Pooled mean daily values of ICP remained <20mmHg
for 72h after ventriculostomy and were lower than before (p <
0.001). In 11 out of 24 patients during the initial 24-h period
following ventriculostomy an increase in ICP to values

exceeding 20mmHg was observed. In the remaining 13
patients ICP remained stable, allowing reduction in the
intensity of treatment. In this group ventriculostomy led to
significant improvement in craniospinal compensation (RAP
index), cerebral perfusion pressure and PbtO2. Improvement
in lactate/pyruvate ratio, a marker of energy metabolism,
was correlated with the increase in PbtO2.
Conclusion Ventriculostomy is a useful ICP-lowering ma-
noeuvre, with sustained ICP reduction and related physio-
logical improvements achieved in >50% of patients.

Keywords Ventriculostomy. Head injury . Intracranial
pressure .Monitoring .Microdialysis . Brain tissue oxygen .

Compliance . Pressure-reactivity . Hydrocephalus

Introduction

Intracranial hypertension is common after traumatic brain
injury (TBI) and treatment is aimed at controlling intracra-
nial pressure (ICP) and maintaining adequate cerebral
perfusion pressure (CPP) [4]. Drainage of cerebrospinal
fluid (CSF) via ventriculostomy may be considered as one
of the ICP reducing options; however the efficacy of this
manoeuvre has not been extensively studied. The aim of the
current study was to evaluate the effects of protocol-driven
ventriculostomy on ICP and related physiological parame-
ters including indices of cerebrospinal compensation and
cerebrovascular pressure-reactivity, cerebral oxygenation
and metabolism and to assess the duration of such effects.

Materials and methods

Twenty-four patients were prospectively included in this
observational study. All patients had TBI that required
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management in a neurointensive care unit with mechanical
ventilation and neuromonitoring. ICP was recorded with a
parenchymal ICP monitor (Codman, Raynham, MA). In all
patients continuous recording of physiological parameters
(ICP, CPP, mean arterial blood pressure [MAP]) and ICP-
waveform derived indices (PRx and RAP) was performed.
The PRx index is a moving correlation coefficient between
MAP and ICP and represents the response of cerebral
vasculature to changes in arterial blood pressure, serving as
a measure of autoregulation. The RAP index represents
correlation between mean ICP and the pulse component of
the ICP waveform (changes in intracranial volume with
each heart beat) and as such allows assessment of
craniospinal compensation (compliance). More detailed
description of these indices and their clinical utility can be
found in previous publications [3, 5].

Other monitoring modalities included cerebral micro-
dialysis in all patients (CMA71 catheters, placed via a
cranial access device (Technicam, Newton Abbot, UK) [12]
and perfused with CNS fluid at a standard rate of 0.3μL/
min with analysis performed hourly on a bedside analyser
for concentrations of glucose, lactate, pyruvate, glutamate
and glycerol; all microdialysis equipment by CMA Micro-
dialysis, Solna, Sweden) and measurement of cerebral
oxygenation (PbtO2), extracellular pH (pHb), PCO2

(PbCO2) and temperature in 13 patients (Neurotrend™
sensor, Codman, Raynham, MA).

To assess ventricular size prior to ventriculostomy the
frontal horns/inner [skull] diameter (FH/ID) ratio from the
most recent CT scan prior to insertion of ventricular drain
(Fig. 3a) was calculated. Neurological outcome was
assessed at 6months using the Glasgow Outcome Scale
(GOS) dichotomised into favourable (GOS = 4–5) and
unfavourable (GOS = 1–3) outcome groups.

The decision to perform ventriculostomy was driven by
the local ICP/CPP driven management protocol [18] and
CSF drainage was considered when initial measures
(sedation, analgesia, myorelaxation, head elevation, opti-
misation of ABP and PaCO2) failed to maintain adequate
levels of ICP and CPP (<20 and >60–70mmHg, respec-
tively) and when ventricular size was considered sufficient
by the neurosurgeon. In most instances ventriculostomy
was performed in the intensive care unit. Following
insertion of the ventricular catheter continuous free drain-
age of CSF was allowed, limited only by the height of the
collecting reservoir (≈15mmHg above the external projec-
tion of foramen of Monro).

Statistical analysis was performed using SPSS 15.0 (SPSS
Inc., Chicago, IL) and p value of ≤0.05 was considered
significant for all tests. Monitoring parameters were
continuously digitally captured at the bedside for at least
24 h before and after ventriculostomy and patient averaged
mean values were compared using ANOVA or Wilcoxon

signed-rank test, depending on data distribution. The degree
of change in each parameter from the mean value over
24-h period prior to ventriculostomy to corresponding mean
over 24 h post ventricular catheterisation was estimated (Δ).
Nonparametric statistics were used to determine if correla-
tions were significant (Spearman’s rank correlation coeffi-
cient) as distribution of several variables deviated from
normal. Demographic parameters relating to patients and
injuries were compared using appropriate tests, depending
on data type (Mann–Whitney or chi-square tests). All values
are presented as mean (±SD) unless stated otherwise.

Results

Ventriculostomy was successful in all patients and led to a
rapid instant reduction in intracranial pressure (Fig. 1).
Pooled mean daily values of ICP remained <20mmHg for
at least 72h after ventriculostomy and were significantly
lower than before the procedure (p < 0.001, ANOVA,
Bonferroni corrections). However, further analysis of the
initial 24-h period following the insertion of ventricular
drain demonstrated that in 11 out 24 patients initial ICP
reduction was followed by gradual or rapid increase to the
values exceeding 20mmHg by the end of 24-h period,
whereas in the remaining 13 patients ICP remained stable
and below 20mmHg, allowing subsequent reduction in the
intensity of treatment (Fig. 1). In the latter group ventricu-
lostomy also led to statistically significant and sustained
improvement in craniospinal compensation (the RAP
index) (Fig. 2a), increase in PbtO2 (Fig. 2b) and CPP
despite lower values of MAP. There was no significant
change in cerebrovascular pressure-reactivity (the PRx
index), pHb, PbCO2, brain temperature, cerebral glucose,
glycerol and glutamate levels in either group. Summary of
changes in physiological and biochemical parameters
between 24-h periods before and after external ventricular
drain (EVD) insertion, based on ICP response to ventricu-
lostomy is presented in Table 1.

In addition, in the cohort of patients with brain tissue
oxygen monitoring, a significant correlation (r = 0.512, p =
0.031) was observed between the degree of decrease in ICP
(ΔICP) and corresponding increase in PbtO2 (ΔPbtO2).
This increase in PbtO2 did not depend on the PbtO2 level,
prior to ventriculostomy (r = 0.03, p = 0.92).

A marker of cerebral oxidative metabolism and mito-
chondrial function—the lactate/pyruvate ratio (LP ratio)—
exhibited highly variable changes in individual patients in
relation to the time of EVD insertion. The response of LP
ratio (ΔLP) did not depend on ΔICP or improvement in
CPP (ΔCPP) and overall mean values were not statistically
different before and after EVD insertion in either group
(Fig. 2c). However, there was a significant correlation (r =
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0.560, p = 0.019) between ΔPbtO2 and decrease in LP
ratio, indicating that patients in whom PbtO2 increased
more also sustained larger improvement in LP ratio
(Fig. 2d). A significant relationship between the initial
level of LP ratio and ΔLP (r = 0.45, p = 0.34) and the

length of time from injury to EVD insertion and ΔLP (r =
−0.487, p = 0.019) was also observed.

The demographic and injury type comparison of the two
“ICP response” groups is presented in Table 2. There was
no difference between these groups, with the exception of
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the GOS based neurological outcome at 6months. We found
no statistically significant difference in FH/ID ratio values
between the groups, despite some trend towards higher
values in the positive response group (Fig. 3b).

No haemorrhagic complications or CSF infections were
observed in this series.

Discussion

The results of this study suggest that ventriculostomy leads
to rapid reduction in ICP and that and in a large proportion
of patients this reduction is sustained and associated with
improvement in other physiological parameters. Whilst
many units use ventricular catheters primarily for monitoring
ICP in patients with traumatic brain injury, with an option of
intermittent CSF drainage, in other centres different methods
of ICP measurement, such as parenchymal or subdural
probes are chosen. In this situation, ventriculostomy can be
considered as a later stage therapeutic intervention, aimed at
ICP reduction and used for continuous or interrupted
drainage of CSF to achieve clinical targets.

Despite the long history of using ventricular drains for
ICP monitoring [16] and treatment of posttraumatic brain
edema [6] there is a relative paucity of clinical information

on physiological effects of this procedure. Fortune et al. [7]
have studied the immediate effect of ventriculostomy on
intracranial pressure and jugular bulb venous saturation
(SjO2) as a surrogate measure of cerebral blood flow
(CBF). They used only brief (3min) period of CSF drainage
and found that this led to modest changes in SjO2 despite
pronounced reduction in ICP. More recently, Kerr et al.
[13], also found that drainage of CSF via ventriculostomy
caused immediate reduction in ICP, minimal changes in
CPP and had no significant effect on cerebral blood flow
velocity or regional oxygen saturation assessed with near-
infrared spectroscopy.

The present study confirmed the immediate ICP lower-
ing effect of ventriculostomy in all patients. We also aimed
to evaluate the longer term effects of this intervention and
found that overall mean intracranial pressure was signifi-
cantly lower for at least 72h following ventriculostomy.
More detailed analysis was reserved for the 24-h epochs
before and after insertion of the ventricular drain on
assumption that beyond these periods many other clinical
variables and treatments may have increasing influence on
ICP and related physiological parameters, making interpre-
tation difficult. Within these time intervals we observed a
sustained decrease in ICP after ventriculostomy in one
group of patients (“responders”) and a return of ICP to

Table 1 Physiological and biochemical parameters before and after ventriculostomy, depending on response to ventriculostomy

Parameter Responders Non-responders

Before After p value Before After p value

ICP (mmHg) 22.7±5.2 12.5±3.4 0.001 24.7±4.4 20.8±4.0 0.026
CPP (mmHg) 75.5±8.4 79.6±6.5 0.046 79.4±7.4 78.7±6.9 0.328
MAP (mmHg) 98.1±10.0 92.1±6.0 0.016 104.0±9.3 99.5±7.2 0.05
RAP 0.20±0.21 0.07±0.11 0.002 0.42±0.2 0.01±0.12 0.477
PbtO2 (kPa) 2.3±1.2 3.2±1.1 0.036 3.4±2.5 3.4±3.2 0.917
Lactate (mmol/L) 3.2±1.4 3.7±1.5 0.055 3.1±1.2 3.8±1.4 0.008

Table 2 Patients, injury and outcome characteristics

Overall n=24 Response—“no”
n=11

Response—“yes”
n=13

Differences between the
response groups (p value)

Age 41±16 41±13 41±18 0.839
Male/female Male=18 (75%) Male=9 (82%) Male=9 (69%) 0.649

Female=6 (25%) Female=2 (18%) Female=4 (31%)
GCS Severe=17 971%) Severe=7 (64%) Severe=10 (77%) 0.111

Moderate=4 (17%) Moderate=1 (9%) Moderate=3 (23%)
Mild=3 (12%) Mild=3 (27%) Mild=0

Type of injury (CT) Diffuse=12 (50%) Diffuse=4 (36%) Diffuse=8(62%) 0.414
Mass lesion=12 (50%) Mass lesion=7 (64%) Mass lesion=5 (38%)

Days from injury to EVD 5.1±3.4 5.4±3.4 4.9±3.5 0.620
Outcome Favourable=8 (33%) Favourable=1 (9%) Favourable=7 (54%) 0.033

Unfavourable=16 (67%) Unfavourable=10 (91%) Unfavourable=6 (46%)
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levels exceeding 20mmHg within 24 h of EVD insertion in
the second group (“non-responders”). In the former group,
due to substantial ICP reduction, a small but statistically
significant improvement in CPP was observed and was
associated with decreased levels of MAP, suggesting
reduced intensity of cardiovascular support required fol-
lowing ventriculostomy. Patients in this group also demon-
strated improvements in cranio-spinal compensation
(assessed with RAP index, surrogate measure of compli-
ance) and cerebral oxygenation. In the “non-responders”
group, mean ICP was also lower in the post-insertion 24-
h period; however there was no associated improvement in
CPP or other clinically significant changes. Increase in the
cerebral lactate level, seen in both groups, reached
statistical significance only in the second group.

Although we did not record arterial PaO2 for each
patient, the significant correlation that we observed between
ΔPbtO2 and ΔICP, suggests that reduction in ICP by
ventriculostomy played at least some role in increasing
PbtO2 levels. Improvement in cerebral metabolism,
reflected by decrease in the LP ratio, was in turn coupled
to an improvement in tissue oxygenation and depended on
the initial value of the LP ratio (patients with the higher
initial values of LP ratio exhibiting larger improvement). In
view of these changes, one could hypothesize that
improvement in ICP by ventriculostomy leads to increase
in cerebral blood flow and oxygen delivery (CPP and
PbtO2) with associated improvement in cerebral metabo-
lism, when the latter is deranged. The size of this study is,
however, too small to firmly support this suggestion.

In a search for pre-ventriculostomy features that could
predict the ICP response we examined pre-operative

demographic, physiological and radiological variables.
Patients with larger ventricles prior to ventriculostomy
may have a larger contribution of CSF compartment to the
overall intracranial hypertension and therefore may be more
likely to better respond to ventriculostomy. However,
despite a trend towards larger ventricular size in patients
who responded to EVD (Fig. 3), there was no significant
difference between the two groups. The lack of difference
may be partly due to the preselection bias, i.e. only patients
with prominent ventricles had the option of ventriculos-
tomy and all three patients with relatively ‘small’ (FH/ID
ratio < 0.25) ventricles in this study had a rapid increase in
ICP back to baseline values. The two groups did not
significantly differ in age, gender, injury characteristics,
preoperative values of physiological parameters or timing
of the EVD insertion. Interestingly, the only difference
between the groups was neurological outcome at 6months
with more patients in the ‘responders’ group achieving a
favourable outcome. This study was not designed or
powered to evaluate the influence of EVD on neurological
outcome and the detected difference may reflect different
disease course [17] in two groups, despite similar original
characteristics, with predominance of tissue oedema in the
“non-responders” group and hydrocephalus in the “res-
ponders”. However, this finding agrees with the previous
reports of Ghajar et al. [9], who demonstrated in their non-
randomised study that improved outcome was seen in
patients in whom ventriculostomy was used as a method of
ICP monitoring and control. Further randomised prospec-
tive investigation is warranted.

Limitations of this study include its observational nature,
which makes cause–effect interpretations difficult. The
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sample size is small and represents a selection of patients,
based on the subjective assessment of ventricular size prior to
insertion of the drain. This limits generalisation of the finding
and precludes firm assumptions about outcome and the rate of
complications. Furthermore, many monitoring techniques
used in this study are based on very “focal” measurements,
thus representing only a small portion of brain tissue.

In summary, ventriculostomy, being relatively minimally
invasive procedure, which can be performed at the bedside,
offers benefits of rapid and sustained ICP reduction in a
large proportion of patients with raised ICP. However these
benefits need to be weighed against a risk of known
complications, particularly infection [11] and haemorrhage,
which may exceed those of parenchymal ICP monitor [1,
10, 14], and the appropriate indications for and timing of
this procedure in patients with parenchymal ICP monitoring
are yet to be defined. The choice of an intermittent or
continuous CSF drainage is also open to discussion. Whilst
the former may minimize the risk of “overdraining” the
ventricles and their subsequent collapse with EVD obstruc-
tion, it may subject the patients to potentially dangerous
elevations of ICP between drainage periods, whereas
continuous drainage may achieve more stable ICP control
and allow weaning of the supportive therapy. In patients
with small ventricular size guided EVD insertion [19] or
controlled lumbar drainage [2, 8, 15] may be considered.

Conclusion

The results of this study support the use of ventricular
drainage of CSF as a secondary ICP-lowering manoeuvre,
with sustained ICP reduction and improvement in cerebral
compliance and oxygenation achieved in >50% of patients.
Nevertheless, in a substantial proportion of patients ICP
fails to be controlled by ventriculostomy and other
treatment methods may need to be considered. Predicting
the likely response to EVD insertion may help with clinical
management decisions and requires further research.
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Intracranial pressure variability and long-term outcome
following traumatic brain injury

Catherine J. Kirkness & Robert L. Burr &

Pamela H. Mitchell

Abstract
Background Research suggests that intracranial pressure
(ICP) dynamics beyond just absolute ICP level provide
information reflecting intracranial adaptive capacity. Spe-
cifically, evidence indicates that physiologic variability
provides information about system functioning that may
reflect dimensions of adaptive capacity. The purpose of this
study was to examine the association between ICP
variability in patients following moderate to severe trau-
matic brain injury (TBI) and outcome at hospital discharge
and 6 months post-injury.
Methods ICP was monitored continuously for 4 days in 147
patients (78% male; mean (SD) age=37 years (18 years)).
ICP variability indices were calculated for four time scales
(24 h, 60 min, 5 min and 5 s). Functional outcome was
assessed using the ExtendedGlasgowOutcome Scale (GOSE).
Logistic regression was used to estimate odds of survival or
favorable outcome, and ordinal regression was used to estimate
odds for outcome above versus below GOSE thresholds,
predicted by ICP variability, controlling for age, gender,
Glasgow Coma Scale motor score, craniectomy, and ICP level.
Findings ICP variability indices were better predictors of 6-
month outcome than mean ICP. Survival was significantly
associated with greater 5-s ICP variability (p<0.001).
Higher ICP variability on shorter time scales was associated
with better functional outcome (5-s RMSSD, 5-min SD: p<
0.002; 60-min SD: p<0.011).
Conclusions ICP variability may reflect the degree of
intactness of intracranial adaptive ability.

Keywords Intracranial pressure . Variability .

Traumatic brain injury . Outcome

Introduction

Research on intracranial pressure (ICP) monitoring follow-
ing traumatic brain injury (TBI) has traditionally focused
primarily on the relationship between absolute ICP level
and outcome. However interest has grown in examining
dynamics of the ICP signal as possible indicators of
regulatory capacity that may provide additional information
beyond absolute ICP level [1, 2, 13]. In addition, research
suggests that the dynamic variability of biologic signals
provides information about physiologic system functioning,
potentially reflecting dimensions of adaptive capacity. A
general hypothesis has been proposed that decreased
physiologic complexity and greater physiologic regularity
are associated with disease, reflecting uncoupling of normal
regulatory system components [14]. This uncoupling results
in a decreased ability to respond appropriately to internal
and external perturbations [11]. Impaired functioning of
intracranial adaptive mechanisms, for example, cerebral
autoregulation, following TBI have been shown to correlate
with poorer outcome [5, 9, 10]. Therefore the purpose of
this study was to examine the association between ICP
variability, as a potential measure of intracranial adaptive
ability, in the first 4 days following moderate to severe TBI
and outcome at hospital discharge and 6 months post-TBI.

Materials and methods

This study was a part of the physiologic data analysis of
data from a larger randomized trial of a clinical cerebral
perfusion pressure display [7, 8]. The local Institutional
Review Board approved the trial. ICP data was obtained

Acta Neurochir Suppl (2008) 102: 105–108
# Springer-Verlag 2008

This study was funded by NIH NINR R01NR004901.

C. J. Kirkness (*) : R. L. Burr : P. H. Mitchell
School of Nursing, University of Washington,
P.O. Box 357266, Seattle, WA 98195-7266, USA
e-mail: kirkness@u.washington.edu



continuously over 4 days via Camino intraparenchymal ICP
monitors (Integra, Plainsboro, NJ). Raw ICP signals were
saved as 5-s averages. Demographics and data related to
injury severity and hospital management were obtained.
Outcome was assessed at hospital discharge and at 6 months
post-injury using the Extended Glasgow Outcome Scale
(GOSE) (1=dead, 8=upper good recovery).

Variability indices were calculated for four time scales,
including 5 s, 5 min, 60 min, and 24 h. Variability at the 5-s
time scale was calculated as the root mean square successive
difference (RMSSD) between adjacent 5-s averages, and for
the 5-min, 60-min, and 24-h time scales was calculated as
the standard deviation (SD). Logistic regression was used to
predict the odds of survival or favorable outcome (GOSE>
4). Ordinal regression (PLUM) was used to estimate the
odds for outcome above versus below GOSE thresholds,
predicted by ICP variability. ICP level, age, gender, post-
resuscitation Glasgow Coma Scale motor score (GCS-M),
and craniectomy were controlled for in the analysis.

Results

Of the 156 subjects with TBI enrolled in the larger clinical
trial, adequate ICP data was unavailable for nine subjects,
thus data from 147 subjects was included in this analysis.
Seventy-eight percent of the subjects were male. The mean

(SD) age was 37 years (18 years). Motor vehicle accident
was the most common mechanism of injury (46%),
followed by falls (19%) and motor bike accidents (12%).
The mean (SD) GCS-M score was 4.2 (1.6). One-quarter of
the subjects underwent craniectomy. Mortality at hospital
discharge was 14% and at 6 months was 17%. The mean
(SD) GOSE score at 6 months was 4.28 (2.09).

The mean ICP level and variability indices over the first
4 days of monitoring are presented in Table 1. ICP
variability increased at each incremental time scale, from
1.10 mmHg for the 5-s scale to 4.13 mmHg for the 24-h
scale. In addition, mean ICP variability for all time scales
increased as mean ICP level increased (Spearman’s r=0.391
to 0.484, p<0.001). Figure 1 presents the odds ratios for
discharge survival by mean ICP and ICP variability indices,
controlling only for ICP level for the plot on the left and
additionally controlling for age, gender, GCS-M, and
craniectomy for the plot on the right. Greater ICP variability
for the 5-s, 5-min, and 60-min time scales were all
significantly associated with greater odds of discharge
survival in both uncontrolled and controlled models. Figure 2
presents the odds of better 6-month outcome (GOSE>4) by
ICP level and variability, similarly controlling for ICP level
in the plot on the left and the additional variables in the plot
on the right. While neither absolute ICP mean level nor
24-h SD were significant predictors of outcome in the
uncontrolled or controlled models, 5-s, 5-min, and 60-min
ICP variability were all significantly associated with
greater odds of better outcome at 6 months post-injury.

The relationship between ICP variability, represented as
5-s RMSSD, and percent survival at 6 months within
groups with lower and higher ICP was examined. For the
group with the lower mean ICP (≤15 mmHg), survival was
greater in those with a higher RMSSD (90% versus 75%).
In the higher mean ICP group (>15 mmHg), the difference
in survival based on lower or higher ICP RMSSD was

Fig. 1 Odds ratios for discharge survival by mean ICP and ICP variability

Table 1 Mean ICP level and variability over 4 days of monitoring

Variable (mmHg) Mean (SD)

ICP median 16.36 (5.87)
ICP 5-s RMSSD 1.10 (.56)
ICP 5-min SD 1.52 (.80)
ICP 60-min SD 2.53 (1.25)
ICP 24-h SD 4.13 (1.77)
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particularly pronounced, with a survival rate of 92% for
those with higher ICP variability versus 52% for those with
lower variability.

Table 2 presents the ordinal regression analysis of ICP
variability indices and 6-month GOSE. The changes in chi-
square between a base model controlling for ICP level, age,
gender, GCS-M, and craniectomy, and models with added
individual ICP variability indices were significant for the
5-s, 5-min, and 60-min indices. Each of these three ICP
variability indices was individually a significant predictor
of outcome in the full models.

Table 3 illustrates the association between lower and
higher ICP variability (5-s RMSSD) and GOSE at 6 months.
The percentage of those in the higher RMSSD group who
were dead at 6 months was considerably higher than that of
those in the lower RMSSD group (39% versus 8%,
respectively). In addition, the percentage of those in the
higher RMSSD group who were in the upper GOSE
categories was greater.

Discussion

ICP variability indices were stronger predictors of outcome
than absolute ICP level. Higher ICP variability for the 5-s, 5-
min, and 60-min time scales was predictive of increased

survival and better functional outcome at 6 months. In
keeping with the general hypothesis of decreased physio-
logic variability reflecting greater system component isola-
tion and decreased ability to respond to perturbations, greater
ICP variability may reflect better functioning of intracranial
adaptive mechanisms, contributing to better outcome.

Few studies have reported simple ICP variability indices
following TBI. ICP SD in patients with various disorders
(hydrocephalus, head injury, cerebrovascular) was found to
differ by disorder, with highest values occurring in the head
injury group [4]. Within the cerebrovascular group, ICP SD
was lower in those with cerebral vasospasm. The presence
of subarachnoid hemorrhage in this study, although
traumatic not aneurysmal and with an unknown association
with vasospasm, was significantly inversely correlated with
mean ICP variability at all time scales (r=−0.222 to
−0.238, p=0.004 to 0.007). A poor relationship between
hourly ICP variance and outcome was found in Traumatic
Coma Data Bank patients [12]. ICP SD in the first 48 h
post-TBI was inversely related to survival and recovery in
children [6]. Differing measurement time scales, patient
populations, and ICP management may contribute to these
different findings.

The use of 5-s averages in the calculation of the
variability indices in this analysis removed the structured

Table 2 Ordinal regression: ICP variability and 6-month GOSE

GOSE RMSSD 5-min SD 60-min SD 24-h
SD

Δχ2a 12.89 16.24 10.20 2.97
p value <0.001 <0.001 <0.002 0.064

Controlling for ICP level, age, gender, GCS-M, and craniectomy
aΔχ2 between base model (controlling for ICP level, age, gender,
GCS-M, and craniectomy) and base model with ICP variability
measure added

Fig. 2 Odds ratios for 6-month GOSE>4 by mean ICP and ICP variability

Table 3 Percentage of lower and higher ICP 5-s RMSSD groups in 6-
month GOSE categories

GOSE category

1 2 3 4 5 6 7 8

Percentage of lower RMSSD
group in GOSE category

39 3 15 3 26 10 3 3

Percentage of higher RMSSD
group in GOSE category

8 1 22 5 36 15 3 11

Numbers do not add to 100% due to rounding
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variability related to the primary cardiac cycle and to
respiratory cycles of 12 breaths per minute or faster.
Potential influences on ICP variability over periods longer
than 5 s include arterial blood pressure (ABP) variability,
cerebrovascular pressure transmission, and other adaptive
mechanisms. We are unable to fully elucidate the degree to
which ABP variability drives the ICP variability in this
study. Although it does not address the within-subject beat-
by-beat ABP to ICP transmission occurring with each
cardiac cycle, over 4 days ABP variability explained 10%
of the across-subject ICP variability at the 5-s time scale
and 3% at the 5-min time scale. Using a within-subjects
index of cerebrovascular transmission over the 5- to 200-s
range (PRx), [3], on average 5% of the ICP variability was
attributable to ABP variability. In this study the 5-min time
scale is most comparable to that of PRx, however, PRx and
5-min ICP SD were not significantly correlated. While PRx
reflects ABP to ICP transmission, it is affected by the
degree of incoming ABP variability and does not address
the absolute amount of ICP variability.

The presence of ICP B waves at a frequency of 0.5 to 2
cycles per minute is also a potential source of ICP
variability at time scales of 30 s and longer. However the
contribution to ICP SD over a 4-day period would likely be
minimal given the large number of data points. In addition,
B waves in patients with hydrocephalus are not associated
with ICP SD despite their relatively frequent occurrence
[4]. While averaging the data over 4 days results in a
relatively minimal effect of abnormal slow ICP waves and
shorter periods of ICP variability, it provides the advantage
of a representative composite view of ICP variability over
an extended period and shows an association between ICP
variability and outcome.

Greater ICP variability is associated with better func-
tional outcome and survival in this study. ICP variability
may reflect the degree of intactness of intracranial system
component connections and ability to respond to pertur-
bations. Changes in ICP variability may occur with
alterations in physiologic state and may thus be of value
clinically as indicators of changing adaptive capacity and
in monitoring response to intervention strategies following
TBI.
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Predictive values of age and the Glasgow Coma
Scale in traumatic brain injury patients treated
with decompressive craniectomy
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Geoffrey T. Manley

Abstract
Background The use of decompressive craniectomy (DC)
as an aggressive therapy for traumatic brain injury (TBI)
has gained renewed interest. While age and the Glasgow
Coma Scale (GCS) are frequently correlated with outcome
in TBI, their prognostic values after decompressive cra-
niectomy are ill-defined.
Methods We retrospectively reviewed data from 103 TBI
patients treated with DC from 2001 to 2003. Age, preoper-
ative GCS, and injury severity scores were recorded. Outcome

at time of discharge was measured with the GlasgowOutcome
Scale (GOS). Patients were stratified into the following age
groups: <35, 35–49, 50–64, and ≥65 years. Spearman’s
correlation coefficients between age, GCS, and GOS were
calculated for the entire population and each age group.
Findings Mortality rates for each age group were 19.2%,
66.7%, 60%, and 80%, respectively. There was a significant
negative correlation between age and GOS (r=−0.42, p<
0.0001) and patients <35 years had significantly better
outcomes than patients ≥35 years (p<0.0001). The overall
correlation between GCS and GOS did not reach signifi-
cance (r=0.18, p=0.076). When stratified by age, there was
a significant correlation between GCS and GOS only in
patients 35–49 years (r=0.51, p=0.011).
Conclusions This data suggests that in TBI patients treated
with DC, age correlates with outcome while the correlation
between GCS and outcome is age-dependent.

Keywords Brain injuries . Decompressive craniectomy .

Age . Glasgow Coma Scale

Introduction

Decompressive craniectomy (DC) in traumatic brain injury
(TBI) is typically reserved as a second-tier therapy for
patients with medically refractory intracranial hypertension.
Recently, however, there has been renewed interest in this
procedure as an aggressive therapy for head-injured patients
[1, 3]. While it appears that younger patients may benefit the
most from DC [11], predicting outcome after this procedure
remains a challenge at any age. The Glasgow Coma Scale
(GCS), initially developed as a rating scale for severity of
brain injury [14], strongly correlates with mortality and
functional outcome after TBI [10, 15]. Although there is
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evidence that the motor component of the GCS is a more
reliable measure of injury severity [9], the full GCS score
remains the standard, especially during the initial assessment
of head-injured patients. Evidence also suggests that the
predictive value of GCS is age-dependent [4]. The prognos-
tic values and interaction of age and preoperative GCS,
however, are not known in patients treated with DC, in
whom the initial assessment is often critical in the decision
to operative. We present our experience with a large number
of TBI patients treated with DC.

Patients and methods

We conducted a retrospective review of 103 consecutive TBI
patients treated with DC at San Francisco General Hospital,
an urban level I trauma center, between 2001 and 2003.
Surgical criteria for TBI patients included evidence of a focal
lesion with midline shift or compression of the basal cisterns
and the presence of any brainstem function. Patients with
only epidural hematomas or with penetrating head wounds
were excluded. Complete hospital records for each patient
were reviewed and age, injury severity scores (ISS), and
GCS scores were recorded. GCS scores were obtained from
emergency department records and neurosurgery preopera-
tive reports. The highest of these scores for each patient was
used in our analysis. Glasgow Outcome Scale (GOS) scores
at time of discharge were determined by review of discharge
summaries and physical therapy consultation notes and were
obtained blinded to GCS and age group.

Spearman’s correlation coefficients were calculated
between age, GCS, and GOS. Patients were then stratified
by age into the following four groups: <35, 35–49, 50–64,
and ≥65 years. The Kruskal–Wallis one-way ANOVA test
was used to compare ISS, GCS, and GOS among age
groups and Spearman’s correlation coefficients between
GCS and GOS were then calculated for each group. This
study was approved by the Institutional Review Board of
the University of California, San Francisco.

Results

During the 3-year study period, we obtained complete
data for 95 patients who were treated with DC for non-
penetrating head trauma resulting in subdural hematomas,
intraparenchymal contusions, or combinations thereof.
Ages ranged from 13 to 88 years with an average of
47.7±17.9 (standard deviation). Median preoperative GCS
was 8 (interquartile range 4–12) and mean ISS was 29.2±
7.9. Overall, there was a significant negative correlation
between age and outcome (r=−0.42, p<0.0001). The
correlation between GCS and outcome, however, did not
reach significance (r=0.18, p=0.076).

When stratified by age, there were no significant differ-
ences in preoperative GCS among age groups (p=0.76).
However, a significant difference in ISS was observed
between patients aged <35 years (31.9±7.9) and those aged
50–64 years (26.5±3.6, p<0.05, Dunn’s post test), indicat-
ing that the younger age group had more severe injuries.
Patient’s aged <35 years also had significantly better
outcomes than each of the three older age groups (p<
0.0001). Mortality for each age group was 19.2%, 66.7%,
60%, and 80%, respectively. There was a significant
positive correlation between GCS and outcome in patients
aged 35–49 years (r=0.51, p=0.011). In each of the other
age groups, this correlation was not significant (Table 1).

Discussion

Accurate prognosis of the head-injured patient is critical for
subsequent management, especially when aggressive ther-
apies such as surgical decompression are being considered.
In this study of TBI patients treated with DC, we examined
the prognostic values of age and preoperative GCS and
demonstrate a significant negative correlation between age
and outcome. The correlation between GCS and outcome,
however, is age-dependent and only significant in patients
aged 35–49 years.

Table 1 Age group characteristics and correlation between GCS and GCS

Age group
(years)

Number of
patients

ISS mean
±SD

GCS median
(IQR)

GOS median
(IQR)

Mortality
(%)

GCS-GOS correlation
coefficient

p
value

<35 26 31.9±7.9 7.5 (3–12) 3 (1–4) 19.2 0.15 0.46
35–49 24 27.5±5.1 7 (3.5–12.5) 1 (1–3) 66.7 0.51 0.011a

50–64 30 26.5±3.6 10 (3.5–13) 1 (1–2.5) 60 0.035 0.85
≥65 15 32.7±13.8 7 (4–13) 1 (1–1) 80 −0.11 0.71
Overall 95 29.2±7.9 8 (4–12) 1 (1–3) 53.7 0.18 0.076

GCS Glasgow Coma Scale, GOS Glasgow Outcome Scale, IQR interquartile range
a Significant correlation
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The population studied in this report is unique because it
is limited to head-injured patients who underwent DC.
Variables such as age, preoperative GCS, preoperative ICP,
and time to surgical decompression [11, 12] are thought to
play a role in outcome after this procedure, but these factors
are not yet clearly defined in this population. At our
institution we are aggressive in our surgical management of
head-injured patients and the vast majority of patients in
this study underwent DC within 4 h after injury. Easily
obtainable prognostic factors, such as age and GCS, are
thus commonly emphasized when deciding to take a patient
to the operating room.

Increasing age has long been associated with an
increasingly poor outcome after TBI [16]. While systemic
complications and different injury mechanisms may ac-
count for this, older age remains an independent risk factor,
suggesting that the ageing nervous system has an inherently
weaker pathophysiologic response to TBI [16]. Our find-
ings agree with this, and indicate that old age predicts poor
outcome in TBI patients treated with DC even if they
present with a high preoperative GCS.

Although many studies have correlated GCS with outcome
in TBI patients [5, 6, 8], there is evidence that GCS may not
be as valid a prognostic factor as once thought. Levati et al.
[7] reported a significant correlation between patients with
GCS ≤5 and mortality but noted that mortality was also high
in patients with higher GCS scores. Balestreri et al. [2]
recently reported a 10-year retrospective review of TBI
patients and found that while GCS correlated with outcome
during the first 5 years, that correlation was lost during the
latter half of the study. They suggest that this difference may
be due to improved prehospital care (including sedation and
intubation), which may impair the accurate assessment of
GCS once a patient has reached the hospital. For this reason,
it has been suggested that the motor component of the GCS
may be a more accurate measure of neurologic status and
prognosis in the head-injured patient [9].

Several recent series of decompressive craniectomy
have reported overall mortality rates of 23–52% [1, 3,
11, 12]. In patients <35 years, our mortality rate was 19.2%,
suggesting that decompressive craniectomy is beneficial in
this young age group. Although overall mortality for
patients 35–49 years was 66.7%, our data indicates that
GCS is a valid predictor of outcome in this age group. As
such, those patients with a preoperative GCS >8 had only a
42.9% mortality rate compared to 76.5% in patients with a
preoperative GCS ≤8. In patients aged ≥50 years, where
GCS does not correlate with outcome, mortality rates were
high, indicating that DC may not be the choice surgical
treatment in older TBI patients. Interestingly, a recent study
by Pompucci et al. [13] of TBI patients treated with DC
found no differences in outcome among patients <40 years
and those aged 40–65 years, suggesting that age is less of a

prognostic factor in patients under 65 years. They also
reported that pre-operative GCS scores were predictive of
outcome. The indications for surgery in this study, however,
were not limited to focal intracranial mass lesions as in
ours, but also included diffuse brain swelling without a
focal intracranial lesion. Further investigation into how
these differences affect outcome after TBI is warranted.

We acknowledge that this study has several limitations.
The retrospective design prevented us from controlling the
timing of GCS assessment and we were unable to assess
GCS motor scores alone. While there are many factors
associated with outcome after TBI, we have chosen to focus
on two that are immediately available in every trauma
situation—age and GCS. Overall, we believe these results
are compelling because they begin to define the patient
population that will most benefit from DC. They also
suggest the shortcomings of using GCS to prognosticate
TBI patients. Although it is generally understood that older
patients tend to have poorer outcomes, the treating
physician may impart a false sense of reassurance when
basing the prognosis of an older patient on GCS. On the
other hand, a low GCS should not necessarily be interpreted
as a poor prognostic factor in young patients, and these
patients should be treated aggressively.

Conflict of interest statement We declare that we have no conflict
of interest.
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PART 2: 
Hydrocephalus and cerebrospinal fluid dynamics



Noninvasive estimation of intracranial compliance
in idiopathic NPH using MRI

Mitsuhito Mase & Toshiaki Miyati & Harumasa Kasai &
Koichiro Demura & Tomoshi Osawa & Masaki Hara &

Yuta Shibamoto & Kazuo Yamada

Abstract
Background The pathophysiology of idiopathic normal
pressure hydrocephalus (I-NPH) is still unclear and the
diagnosis is sometimes difficult. The aim of this study was
to assess the biophysics of I-NPH by measuring intracranial
compliance using cine MRI.
Methods The study included patients with I-NPH (I-NPH
group, n=13), brain atrophy or asymptomatic ventricular
dilation (VD group, n=10), and healthy volunteers (control
group, n=13). Net blood flow (bilateral internal carotid and
vertebral arteries and jugular veins) and cerebrospinal fluid
(CSF) flow in the subarachnoid space at the C2 cervical
vertebral level were measured using phase-contrast cine
MRI. CSF pressure gradient (PGp–p) and intracranial volume
changes (VCp–p) during a cardiac cycle were calculated.
Findings The compliance index (CI=VCp–p/PGp–p) in the I-
NPH group was significantly lower than in the control and
VD groups, whereas no difference was found between the
control and VD groups. CI values of I-NPH patients after the
tap test were larger than those before. These results clearly

show that the intracranial compliance of I-NPH is relatively
low compared to that of brain atrophy or normal subject. The
increase of CI after a tap test also supports this finding.
Conclusions It is possible to estimate intracranial compliance
as CI non-invasively using cine MRI. CI could become a
useful method for the diagnosis of I-NPH.

Keywords Intracranial compliance . Idiopathic normal
pressure hydrocephalus .MRI . Cerebrospinal flow dynamics

Introduction

Intracranial compliance is one of the most important
parameters in estimating the compensatory capacity of the
cranial cavity. One method of directly determining the
intracranial compliance is to measure intracranial pressure
(ICP) response after intrathecal or intraventricular infusion
of saline (pressure volume response [PVR]). However, this
procedure has some risks of infection or other complica-
tions. Recently, we have developed a non-invasive method
to measure intracranial compliance as compliance index
(CI) using MRI based on Alperin’s method [1, 11]. We
have also reported on an improved method to measure CI
[14]. In the present study, we assess the biophysics of
idiopathic normal pressure hydrocephalus (I-NPH) by
measuring intracranial compliance using this method.

Materials and methods

MR imaging conditions

Retrospective cardiac gated phase-contrast (PC) cine MRI
was performed on a 1.5-T MR system (Gyroscan Intera;
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Philips Medical Systems International, Best, Netherlands). A
gradient echo pulse sequence (T1-FFE) was used with the
shortest echo time, 25° (for CSF flow and spinal cord
displacement) and 20° (for blood flow) flip angles, 6 mm
slice thickness, two signals averaged, 140×140 mm rectan-
gular field of view, and 256×128 acquisition matrix. We set
the vertical slice plane at the dense (C2) level against the
cerebrospinal axis, and obtained velocity-mapped phase
images with different velocity encoding gradients (7 cm/s
for CSF flow and cord motion, and 80 cm/s for blood flow).

Compliance index

The compliance index (CI) was defined as the ratio of the
maximal intracranial volume change to the maximal cranio-
spinal CSF pressure gradient change during the cardiac cycle,
which was calculated from the net transcranial blood flow,
CSF flow, and displacement of spinal cord measured with
phase-contrast (PC) cine [1, 11, 14]. CSF flow [Vc(t)],
displacement of cord [Vs(t)], arterial inflow (the sum of both
internal carotid arteries and both vertebral arteries) [Va(t)],
and venous outflow (the sum of both internal jugular veins)
[Vv(t)] were measured with correction of the baseline offset
due to eddy currents by a subtraction process. Then, to match
the difference in inflow and outflow capacity to the cranium
in a cardiac cycle, the flow wave of the venous outflow was
scaled up, and the net intracranial volume change in each
cardiac phase was obtained from Eq. 1:

VC tð Þ ¼
Z

Va tð Þ � Vv tð Þ � Vc tð Þ � Vs tð Þf gdt: ð1Þ

Next, we determined the craniospinal CSF pressure gradient
change during the cardiac cycle, which was calculated from

the above measured CSF flow velocity using a simplified
Navier–Stokes Eq. 2 [16]:

rP ¼ @P

@z
¼ �r

@w

@t
þ m

@2w

@x2
þ @2w

@y2

� �
ð2Þ

where x, y, and z are coordinates, and the z-direction is the
canal axis. P and w are the pressure and the axial velocity,
and ρ and μ are the fluid density (CSF=1.0007 g/cm3) and
viscosity (CSF=1.1 cP), respectively.

Finally, the CI (CI=VCp–p/PGp–p) was obtained by
dividing the peak-to-peak CSF pressure gradient change
(PGp–p) into the peak-to-peak intracranial volume change
(VCp–p).

Fig. 1 Compliance index (CI) of each group is shown in box–whisker
plots. A black square shows a mean value of CI in each group. CI in
the I-NPH group is significantly lower than in the control and VD
groups (*p<0.01). NS not significant

Fig. 2 Peak to peak pressure gradient (PGp–p) of each group is shown
in box–whisker plots. A black square shows a mean value of PGp–p in
each group. There is no significant difference of PGp–p in each group.
NS not significant

Fig. 3 Peak to peak intracranial volume change (VCp–p) of each
group is shown in box–whisker plots. A black square shows a mean
value of VCp–p in each group. VCp–p in I-NPH group is significantly
lower than in the control and VD groups (*p<0.05). NS not significant

116 M. Mase et al.



Patients

The study included patients with I-NPH (I-NPH group, n=
13), brain atrophy or asymptomatic ventricular dilation
(VD group, n=10), and healthy volunteers (control group.
n=13).

All patients with I-NPH showed improvement in their
symptoms after a CSF tap test (withdrawal of CSF by a
lumbar puncture more than 30 mL) and a shunt operation.

Results

The CI in the I-NPH group (7.16±3.00 mL/(Pa m), mean±
SD) was significantly lower than in the control (17.57±
12.39, p=0.0071) and VD (18.97±16.91, p=0.0036)
groups, whereas no difference was found between the
control and VD groups (p=0.7565) (Fig. 1). There was no
significant difference in the PGp–p among groups (Fig. 2).
In contrast, the VCp–p in I-NPH group was significantly
smaller than in the others (Fig. 3).

CI values of I-NPH patients after the tap test were larger
than those before (data not shown).

Discussion

Various intracranial pathologies cause the intracranial
pressure (ICP) to increase, resulting in reduced compensa-
tory capacity of the cranial cavity. The adequate control of
ICP is a very important clinical issue in neurosurgical
patients. However, ICP is not always sensitive to detection
of the increased elasticity of the cranial cavity. For example,
NPH is associated with normal ICP. The intracranial
compliance is another parameter to understand the com-
pensatory capacity of the cranial cavity in addition to ICP.
However, prior direct measures of intracranial compliance
have often come from an invasive test such as the infusion
test. In the present study, we were able to directly measure
the intracranial compliance as CI non-invasively using cine
MRI based on Alperin’s method [1]. CI appears to be an
accurate and reliable parameter based on prior correlation
with the pressure volume response (PVR) in patients with
NPH after subarachnoid hemorrhage [11]. In a previous
study [14], we improved upon the measurement of the CSF
pressure gradient with regard to the normalization of CSF
flow area [1]. The present study uses this improved method.
Based on this, we believe that CI could become a useful
clinical index to estimate intracranial compliance non-
invasively.

The diagnosis of I-NPH continues to be difficult in some
cases. Even with recent evidenced based clinical guidelines
for the diagnosis and management of I-NPH [5, 7], accurate

diagnosis remains challenging. While some advocate an
infusion test for evaluating intracranial compliance or a
CSF drainage tap-test with evaluation of clinical symptoms
after withdrawal of CSF [4], these test are invasive.
Numerous studies have been conducted in which CSF flow
dynamics were measured using MRI to evaluate the
changes in intracranial conditions in normal-pressure
hydrocephalus (NPH) [3, 6, 8–15]. However, the diagnosis
of NPH based on MRI CSF flow study has not been clearly
established. In the present study, we showed that patients
with I-NPH had significantly lower CI, meaning that
compensatory capacity had decreased. This corresponds
with our previous papers and the other reports that NPH has
low compliance [6, 8, 9, 11, 12, 14]. The CI value increases
after a tap test in I-NPH patients [14]. Since the withdrawal
of CSF is a volume reduction of intracranial components,
the intracranial compliance certainly increases after the tap
test. This also supports that I-NPH has lower CI.

The present study also showed that the significant
decrease of CI in I-NPH was not due to changes of PGp–p

but rather a significant decrease of VCp–p. It appears that
the volume change of one cardiac cycle is restricted in I-
NPH. Due to the reduced compliance of the intracranial
compartment, venous and CSF outflow occur more imme-
diately following the systolic increase in arterial blood flow,
resulting in a smaller systolic increase in intracranial
volume (VCp–p) [2].

In conclusion, CI (compliance index) analysis measured
by phase contrast cine MRI makes it possible to assess
intracranial compliance and dynamics non-invasively. De-
creased CI and VCp–p could become a new parameter for
the diagnosis of I-NPH. Although further investigation is
needed, CSF flow study including CI using MRI could
become a useful component of preoperative assessment for
patients with I-NPH.

Conflict of interest statement We declare that we have no conflict
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The role of cerebrospinal fluid flow study using phase
contrast MR imaging in diagnosing idiopathic normal
pressure hydrocephalus

F. T. Al-Zain & G. Rademacher & U. Meier & S. Mutze &

J. Lemcke

Abstract
Background The purpose of this prospective study was to
identify the ability of cerebrospinal fluid flow study using
phase contrast MR imaging to replace the invasive methods
currently used to establish the diagnosis of idiopathic
normal pressure hydrocephalus (iNPH).
Materials and methods Between January 2003 and April
2005, 61 patients with clinical symptoms fitting the Hakim
triad and a dilated ventricular system on CT underwent a
intrathecal infusion test and cerebrospinal tap test. All
patients also had a phase contrast MRI to determine the
CSF flow rate in the aqueduct. Shunted patients were
followed postoperatively up to 12 months. The pre- and
postoperative symptomatic condition was evaluated using
the clinical Kiefer score. The outcome was calculated by
the NPH Recovery Rate.
Findings Patients were classified into 41 with iNPH and 20
patients with brain atrophy. Thirty-nine iNPH patients were
shunted and two patients refused surgery. The mean Kiefer
score of the shunted patients was statistically significantly
lower after surgery. In patients screened for clinical
symptoms and ventriculomegaly on CT imaging, an
aqueduct-CSF flow rate greater than 24.5 ml/min was
found to be statistically specific for a diagnosis of iNPH.
Conclusions The measurement of the CSF flow rate in the
aqueduct by using the phase contrast MRI technique is a
highly specific pre-selective method for diagnosing iNPH.

Keywords Idiopathic normal pressure hydrocephalus .

Phase contrast MRI . CSF flow

Introduction

Since the observation of the CSF flow in the early forties by
O’Connell [11] and the development of the MR imaging in
the early 1980s, efforts have been made to regenerate these
flow theories and patterns in MR imaging procedures. In
1980, Holland et al. [6] showed that the disappearance of
the CSF MR signal was a proof of the oscillatory move-
ments of the molecules. More refined MR studies have
shown the signal void in the aqueduct. The first quantitative
study of cerebrospinal fluid flow was introduced by
Edelman et al. [13] who used a multiphase MR imaging
method. In this prospective study, we measured the CSF
flow in the aqueduct by phase contrast MR technique and
studied its relation to the diagnosis of iNPH and the
response to shunting.

Materials and methods

The classical Hakim triad clinical symptoms were the first
criterion for the selection of iNPH-suspected patients. All
patients either showed one or a combination of symptoms.
These clinical features were converted into numerical
scores based on the clinical Kiefer score [9] The second
line of investigation included a radio-morphological evi-
dence of the dilated ventricles in cranial computer tomog-
raphy (Evans index>0.3) A total of 61 patients met these
clinical and radiographic criteria. The third investigational
line was dedicated to the differentiation of iNPH from other
diseases with a similar clinical picture. We used the
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dynamic infusion test [10]. The resistance to CSF outflow
is significant for shunt responsiveness at a value
≥13 mmHg/ml/min. Subsequently, a cerebrospinal fluid
tap test of 30–70 ml was done to establish the responsive-
ness to shunting. Based on these results, patients were
divided into two groups, those diagnosed to have iNPH
were offered shunting and those diagnosed as having
cerebral atrophy were followed conservatively.

All 61 patients underwent a phase contrast MRI (1.5
Tesla, Philips Medical systems). To visualize the CSF flow
dynamics and to detect flow turbulences, the sagittal 2D
T1- weighted fast field echo technique was used in all
studies with following parameters: flip angle=10°, TE=11,
TR=25, 256×256 matrix, slice thickness=5 mm, flow
compensation (Fig. 1a). For accurate measurements of the
velocity of CSF flow through the aqueduct, the single slice

retrospective cardiac-gated 2D phase-contrast flow-quanti-
fication sequence was used with the following parameters:
15° flip angle, TE=9,8, TR=18, 256×256 matrix, 160 mm
field of view (FOV), 5 mm slice thickness, flow compen-
sation. The flow velocity encoding values were 10 cm/s for
the first and 20 cm/s for the second series. If aliasing was
observed at 20 cm/s, the encoding was increased to 30 cm/s.
These 2D phase contrast sequences were performed with
retrospective cardiac gating using a vector electrocardio-
graph and arrhythmia-rejection method. Any heartbeat
greater or less than 15% of the encoded average R-R
interval was rejected. The scan time depended on the
patient’s heart rate by using the maximum number of
cardiac phases for one R-R interval. A phase velocity map
was generated for quantitative assessments of CSF volume
flow through an imaging plane. By integration of the area

Fig. 1 a A 73 year old male with idiopathic normal pressure
hydrocephalus. MR images (midline sagittal 2D T2-weighted TFE
sequence) in different cardiac phases to visualise CSF flow shows
prominent flow void within the aqueduct (arrows), which extends into
the third ventricle, in the fourth ventricle and the cisterna magna. b
(left image): Modulus map of a phase contrast MR sequence across the
aqueduct diameter at peak systolic flow. The method of calculating the
CSF flow rate showing the ROI (circumscribes the aqueduct) being
slightly larger than the cerebral aqueduct. To rule out the partial

volume effect and the mass brain movement, an identical ROI shape is
set in the brain stem parenchyma and is being subtracted from the net
flow to obtain the real flow. By integration flow velocity across the
aqueduct, a mean cross sectional flow is calculated and shown as a
flow-versus-time curve. (Right image): Plot of volumetric flow rate
(ml/min) versus time (ms) over the entire cardiac cycle (large
deflection with a sinusoidal flow pattern) and the mass brain
movement (small deflection). The quantitative analysis demonstrates
an average flow rate of 65.1 ml/min
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under the curves, one can calculate fluid flow volumes
through a tube. The data were stored and analyzed by two
independent examiner (MRI radiologists) using a commer-
cial flow analysis software (EasyVision-Workstation, Phi-
lips, Netherlands). The region of interest (ROI) was drawn
to include all pixels that demonstrated flow, being usually
slightly larger than the aqueduct. To reduce the partial
volume effect due to brain movement, a drawing of the
ROI identical in size and shape was localised in the brain
stem parenchyma. The mass brain movement was calculat-
ed and subtracted from the flow in the aqueduct to get
accurate aqueductal net flow measurements (Fig. 1b). We
used the mean flow rate in ml/min as the standard unit of
flow. According to the three investigational lines, the
patients were differentiated into the iNPH group who were
consequently shunted and the group with brain atrophy who
were treated conservatively. Postoperatively, the shunted
patients were clinically controlled by using the Kiefer
score. The outcome was calculated by the NPH recovery
rate (NPH-RR).

NPH� RR ¼Kiefer score pre�operatively�Kiefer score post�operatively

Kiefer score pre�operatively
�10

The outcome was classified in excellent (NPH-RR≥7
points), good (NPH-RR≥5 points), fair (NPH-RR≥2
points), poor outcome (NPH-RR<2 points). For the
explorative statistics, the Wilcoxon test was used (p<
0.05). The sensitivity and specificity of the CSF flow rate
measured by the phase contrast MR technique were
evaluated with the receiver-operator-characteristic (ROC)
curve (Fig. 3).

Results

Descriptive statistics The gender distribution was 20 males
and 21 females in iNPH group and 14 males and 6 females
in cerebral atrophy group. The age distribution in iNPH
group was between 27–84 years (mean=67.8) and in
cerebral atrophy group between 37–87 years (mean=70).
According to the results of the infusion test, the patients
were classified into the iNPH group with a mean R-out
value of 20.26 mmHg/min/ml and the cerebral atrophy
group with a mean R-out value of 8.85 mmHg/min/ml. The
mean of the CSF flow rate in the iNPH group was 25.7 ml/
min±18.24 and 14.7 ml/min±6.94 in the cerebral atrophy
group. Out of the 41 patients with idiopathic normal
pressure hydrocephalus, 39 underwent a ventriculo-perito-
neal shunt implantation. Two patients refused surgery. We
implanted three shunt systems: in 15 patients the Dual
Switch®-valve (Miethke-Aesculap, Potsdam, Germany), in

15 patients the proGAV® - The adjustable MIETHKE
gravitational valve (Miethke-Aesculap, Potsdam, Germany)
and in nine patients the CODMAN® Programmable Valve
(Codmann and Johnson & Johnson company, Massachu-
setts, USA) with ShuntAssistant®. (Miethke-Aesculap,
Potsdam, Germany). On admission, the mean value of the
Kiefer score in the iNPH group was 8 points and in the
cerebral atrophy group was 6.75 points. The follow-up time
was between 3 and 12 months with an average of
9.4 months. The mean value of the postoperative Kiefer
score in the iNPH group was 3.6 points. Using the NPH
recovery rate, we estimated that 18 patients had an excellent
outcome, six patients had a good outcome and 11 patients
had a fair outcome. Four patients had a poor outcome.

Explorative statistics We surveyed the data of the phase-
contrast MR flow study and evaluated it statistically using
the Wilcoxon test. A significant statistical difference (p<
0.05) was found between the mean of the CSF flow rate in
the cerebral aqueduct between the iNPH group and the
cerebral atrophy group (Fig. 2). We needed to define a
quantitative value of CSF flow in the cerebral aqueduct by
phase contrast MR at or above which the CSF flow is
considered hyperdynamic and specific for iNPH. For that
purpose, we used the (ROC) curve. The chosen pair of
sensitivity and specificity on the ROC curve was selected to
minimize the risk of shunting a patient with atrophy. A
SPECIVICITY of 95% and a SENSITIVITY of 46% for
establishing the diagnosis of iNPH and to predict a positive
shunt response corresponded to a CSF flow rate of 24.5 ml/
min in the aqueduct (Fig. 3).

Fig. 2 Using the Wilcoxon test. A significant statistical difference
(p<0.05) was found between the mean of the CSF flow rate in the
cerebral aqueduct between the iNPH group and the cerebral atrophy
group. Box plots for both iNPH and cerebral atrophy patients
demonstrate the distribution of and the median value of the CSF
flow-rates
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Discussion

Since the 1980s, numerous efforts have been made to study
the quantitative and qualitative properties of CSF dynamics
and its relation to iNPH using MR imaging. Brand-
Zawadazki et al. [3] were the first to describe the signal
void phenomenon. They found a low signal in the region of
the aqueduct on the T2-weighted MRI scans. This low
signal was referred to as the pulsatile CSF flow by Sherman
and Citrin [12] and was termed “flow void sign”. Bradley et
al. [2] tried to subdivide the flow void according to the
extent of the signal void in the aqueduct, third ventricle and
fourth ventricle. They showed a significant relation be-
tween the extent of the signal void and the response to
shunt surgery in 20 patients with normal pressure hydro-
cephalus. Krauss et al. [7] investigated the degree as well as
the extent of the signal void in comparison with the large
cerebral arteries. These authors found no statistical corre-
lation between the score of the fluid void and the surgical
outcome in 37 iNPH patients as compared to 37 age-
matched controls. We however, have shown a statistically
significant difference in the CSF flow rate between the
iNPH and cerebral atrophy groups. Similar results have also
been reported by Luetmer et al. [8]. In their study, 43
patients with iNPH were selected out of 236 patients (47
normal elderly patients, 115 patients with cognitive impair-
ment, and 31 with suspected iNPH which ultimately were
excluded). Statistically, the CSF flow rate was significantly
higher in the iNPH group. In a study by Gideon et al. [5],
the CSF flow rates in the aqueduct of 9 patients with iNPH
were compared with those of 9 healthy volunteers using a

gradient flow sensitive MR-study method. The mean CSF
flow rate was calculated to be 21.8 ml/min in the iNPH
group. This was statistically significantly higher than the
mean CSF flow in the control group (7 ml/min). These data
are similar to the results of our study. The quantification of
the CSF flow by measuring the stroke volume of the CSF
was also used by Bradley et al. [1] in their study evaluating
the CSF flow rate of 18 patients diagnosed with NPH. 12
patients had a CSF stroke volume greater than 42 μl/cc and
a favourable shunting outcome. Of the group of patients
(n=6) having a CSF stroke volume of 42 μl/cc or less,
three improved after shunting, while three did not. The
relationship between a CSF stroke volume greater than
42 μl/cc and a favourable response to shunting was
statistically significant.

We statistically analysed the phase contrast MR CSF
flow rate through the aqueduct of these patients and found
that a flow rate ≥24.5 ml/min is 95% specific to iNPH
patients., Dixon et al. [4, 8] showed a statistically
significant difference between the CSF flow rates of 43
patients having the diagnosis of iNPH as compared to
patients with other causes of cognitive impairment. They
set a limit of 18 ml/min above which the CSF flow rate is
defined as hyperdynamic. They further studied 49 patients
with a CSF flow rate higher or equal to 18 ml/min but
were not able to show a significant statistical association
between outcome and the aqueductal CSF flow. However
the study did show that flow rates greater than 33 ml/
min trended to significant improvement after ventriculo-
peritoneal shunting.

Based on the statistically calculated specificity and
sensitivity of our study, we can use the phase contrast MR
flow studies as a selective non-invasive method for
establishing the diagnosis of iNPH. The value of 24.5 ml/
min for the CSF flow rate through the aqueduct is the
threshold we set to consider the flow hyperdynamic.
Returning to our study data, 16 out of 18 shunted patients
(having a hyperdynamic CSF flow) had a post-operative
reduction of 20–100% in the severity of their symptoms.
Only in one patient did the clinical symptoms became
worse after shunting, and in one patient the symptoms did
not change in the follow-up period. Thus the phase contrast
MR method of investigating iNPH and the responsiveness
to shunting was successful in 88% of our patients with
hyperdynamic CSF flow through the aqueduct. Neverthe-
less it should be mentioned that the false-negative percent-
age could not be ignored, or in other words, the sensitivity
of this investigational method is low. This will lead to the
consensus that patients having a suspected iNPH and a
normodynamic CSF flow should undergo additional inva-
sive investigational methods like the dynamic infusion test
or continuous ICP monitoring in order to further evaluate a
possible diagnosis of iNPH.

Fig. 3 Conjoined in a curve, all the pairs of specificity and the
sensitivity of the CSF flow rate are shown. The chosen pair to
establish the diagnosis of idiopathic normal pressure hydrocephalus
using the receiver–operator-characteristic (ROC) curve is marked by
the arrow
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Conclusion

The CSF-flow through the aqueduct can be considered a
selective non-invasive method for establishing the diagno-
sis of idiopathic normal pressure hydrocephalus if the flow
rate is ≥24.5 ml/min. Due to the low sensitivity of the
method, 54% of the iNPH patients have false negative
values. Therefore we recommend that patients with symp-
toms of the Hakim triad and a dilated ventricular system on
CT scan (Evans index≥0.3) who have CSF flow rates lower
than 24.5 ml/min undergo further invasive testing to better
evaluate whether they should be shunted.
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Course of disease in patients with idiopathic normal pressure
hydrocephalus (iNPH): a follow-up study 3, 4 and 5 years
following shunt implantation
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Abstract
Background In spite of recent advances in the diagnosis
and treatment of iNPH, favorable outcomes following CSF
diversion continue to be limited by complications, both
valve dependent and valve independent, as well as by a
reduction, over time, in the response to shunting.
Materials and methods Between September 1997 and
December 2006, 148 patients underwent ventriculo-peritoneal
shunt surgery in our department. All patients underwent the
implantation of gravitational valves. These patients were
followed-up 3, 6 and 12 months after surgery and then at
annual intervals.
Findings The mean age of the 94 men and 54 women in
our study was 68 years. The perioperative mortality was
0.7% (one patient died from a pulmonary embolism). A
further 23 patients died during the follow-up period from
causes unrelated to iNPH or the surgery. This study reports
on groups of patients followed-up for 2 years (n=92), 3 years
(n=62), 4 years (n=38) and 5 years (n=21) postoperatively.
Valve independent complications occurred postoperatively
in 6% of patients (n=10). Of these, five patients (3% of the
total) had an infection and catheter displacement was
recorded in a further five. Valve dependent complications
occurred in 24 patients (16%), with overdrainage found in
seven patients (5%) and underdrainage apparent in 17
(11%). Responder rates were 79% at 2 years, 79% at
3 years, 64% at 4 years and 60% at 5 years. The optimal
valve opening pressure in programmable valves with a
gravitational unit was between 30 and 70 mmHg.

Conclusions Sixty percent of patients with iNPH who
underwent a ventriculo-peritoneal shunt using a gravita-
tional valve continue to benefit from surgery 5 years
postoperatively.

Keywords Idiopathic normal pressure hydrocephalus .

Gravitational valve . ProgrammableMedos-Codman-Valve .

Miethke proGAV.Outcome . Gravitational valve-shunt
operation . Clinical outcome study

Introduction

The successful treatment of normal pressure hydrocephalus
continues to represent a challenge to practitioners. Optimal
long term outcomes are reached via a lengthy path which
begins with the appropriate choice of surgical indication.
The selection of individually tailored methods for control-
ling internal CSF drainage is the next step and the journey
ends with careful postoperative management over many
years. The aim of this paper is to prospectively investigate
outcomes following surgical treatment of idiopathic normal
pressure hydrocephalus (iNPH) using gravitational valves
(valves in which the opening pressure is posture-dependent)
3, 4 and 5 years after implantation.

Materials and methods

Patients, 148, diagnosed with iNPH at a major acute
hospital (Unfallkrankenhaus Berlin) between September
1997 and December 2006 were enrolled into this prospec-
tive clinical outcomes study. Treatment took the form of
surgical implantation of a gravitational ventriculo-peritoneal
shunt. The course of their disease was recorded postopera-
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tively using the Kiefer score [7], initially at 3, 6 and
12 months following implantation and thereafter at yearly
intervals. All patients underwent a computed tomography
scan of the head (head CT) before surgery, 4 days post-
surgery and regularly during the follow-up period to assess
the Evan’s index [8].

The same diagnostic pathwaywas usedwith all patients. To
fulfil the requirements for further assessment of possible
iNPH, a patient had to demonstrate gait ataxia during an initial
clinical examination as well as at least one additional
symptom of the Hakim triad. An enlarged ventricular system
(as evidenced neuroradiologically with an Evan’s index of
>0.3) was also required. Patients meeting these criteria then
underwent a constant-rate lumbar infusion test followed by a
spinal tap test in which 60 ml of CSF was removed. Shunt
therapy was indicated when the patient showed a pathological
resistance to outflow (Rout) in the infusion test and an
improvement in symptoms following the spinal tap test.

The normal pressure hydrocephalus recovery rate (NPH-
RR) was used to assess the postoperative development of
clinical symptoms and to allow comparison between
patients with varying grades of symptoms on presentation.

NPH Recovery Rate

¼ Kiefer Scorepreoperative�Kiefer Scorepostoperative
Kiefer Scorepreoperative

�10

The NPH-RR scores obtained were categorised as
follows; 7–10 points was classified as excellent, ≥5 as
good and ≥2 as fair. NPH-RR scores of less than two points
were graded as poor and were deemed to be unsatisfactory.
NPH-RR scores equal to or above 2 were considered
satisfactory.

Results

During the 9 year study period, 148 patients underwent
shunt operations for iNPH at the Unfallkrankenhaus Berlin.

All patients received gravitational valves (63 dual switch
valves, 42 programmable Medos® valves with a gravita-
tional assistant valve and 43 proGAVs). Perioperative
mortality was 0.7% (n=1; pulmonary embolism). A further
23 patients died during the follow-up period from causes
unrelated to surgery or iNPH. The data presented here are
from groups of patients followed-up at 2 years (n=92),
3 years (n=62), 4 years (n=38) and 5 years (n=21)
postoperatively. The responder rate is presented in Fig. 1.

Clinical outcomes as measured using the NPH-RR
(Fig. 2.) reveal that the percentage of patients experiencing
a good or excellent outcome remains relatively stable after
2, 3, 4 and 5 years. At 2 years 60% of the patients had a
good or excellent outcome, dropping to 50% at 5 years. By
contrast, the proportion of patients suffering a poor
outcome increases from 20% to 40% during this time
period.

Complications 6% of patients (n=10) experienced valve
independent complications postoperatively. Of these, five
patients (3% of the total) had an infection and catheter
displacement was recorded in a further five. Valve
dependent complications occurred in 24 patients (16%),
with overdrainage found in seven patients (5%) and
underdrainage apparent in 17 (11%).

Discussion

The comparison of data for iNPH shunt outcome studies
reported in the international literature presents several
problems. The lack of distinction between patients with
different pathogeneses for their iNPH often renders com-Fig. 1 Responder rate 2, 3, 4 and 5 years after shunt surgery

Fig. 2 Clinical outcomes measured using the NPH-RR 2, 3, 4 and
5 years after surgery. Numbers within the boxes represent the number
of patients in that group
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parison of patient groups essentially meaningless [3, 10, 11]
and the use of a wide range of evaluation measures and
systems further complicates critical analysis of the literature
[7, 9]. The frequency of follow-up periods in the literature
also varies to a significant degree. It is the authors’ view
that 3, 6, 12 and 36 month intervals are desirable, a
suggestion supported by other experts in this field [2, 4, 10,
12].

The available literature concerning iNPH outcomes
following shunting reports a broad range of improvement
rates. In 1984, Børgesen [2] suggested average improve-
ment rates of 52% (range 42 – 67%) in an analysis of six
studies published between 1972 and 1980. More recently,
Hebb and Cusimano (2001) [5] analysed 44 publications
and reported an average improvement rate of 59%, falling
to 29% in the long term. Large single studies provide
further figures; Romner and Zemack [12] report an
improvement rate of 79% for their 146 iNPH patients at
an average of 27 months (range 3 months to 9 years)
postoperatively. Boon et al. [1] established average im-
provement rates of 53% and 47% using low pressure versus
medium pressure standard valves respectively at x months.
Mori et al. [9] determined an average improvement rate of
73% for 120 iNPH patients after 3 years while Kiefer et al.
[6] observed an improvement rate of 70% in 122 iNPH
patients an average of 26 months after surgery.

This study reports figures similar to those cited in the
international literature. When comparing these figures with
the work of others, however, it should be noted that in the
classification system used in our clinical work and in this
study, we consider an improvement of less than 20% (NPH-
RR<2) to be a poor clinical outcome. Excellent, good and
satisfactory clinical outcomes were recorded in 79% of
patients 2 years postoperatively. Five years after surgery
this figure had decreased to 60%. Closer examination
reveals a trend towards the two extremes; the proportion
of patients with good or fair outcomes decreases markedly
(from 27% to 19% and from 18% to 10% respectively)
whereas the poor outcome group increases considerably
(20% to 40%) between year 2 and year 5, postoperatively.
The percentage of patients with an excellent outcome
meanwhile remains unchanged over this time period.

Conclusion

Sixty percent of patients undergoing an operation to
establish a ventriculo-peritoneal shunt using a gravitational
valve continue to benefit from surgery 5 years postopera-
tively. However, the proportion of patients with poor
outcomes increases over time.
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Chronic hydrocephalus that requires shunting in aneurysmal
subarachnoid haemorrhage [a-SAH]: its impact on clinical
outcome
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# Springer-Verlag 2008

Abstract
Background Chronic hydrocephalus is a common occur-
rence following aneurismal subarachnoid haemorrhage [a-
SAH] but its impact on neurological outcome has not been
re reviewed systematically.
Patients and methods One hundred and eleven patients
were recruited from a prospectively collected a-SAH
registry over a 3-year period between 2002 and 2004.
Their 6-month extended Glasgow Outcome Scale [GOSE]
scores were correlated with routine clinical data and the
need for CSF shunting [chronic hydrocephalus that required
shunting, CHS].
Results Thirty patients with CHS were identified and they
were associated with an initial poor WFNS grading [median
4 versus 2, p=0.028]. Among patients with poor WFNS
grading, CHS was associated with a better GOSE [median 4
versus 2, p=0.041] and among patients with good WFNS
grading, CHS paradoxically was associated with a poor
GOSE [median 3.5 versus 7, p=0.016].
Conclusion The relationships between CHS and GOSE in
a-SAH were complex. Their true clinical significance
requires a more in-depth prospective study.

Keywords Aneurismal subarachnoid haemorrhage .

Hydrocephalus . CSF shunting . Glasgow Outcome Scale

Background

Chronic hydrocephalus occurs in 4.3–33% in patients with
aneurysmal subarachnoid haemorrhage (a-SAH) [1, 2] and
is associated with complications such as delayed cerebral
ischaemia and hyponatraemia, resulting in poor neurolog-
ical outcome. Its clinical significance and impact on
functional neurological outcome have not been systemati-
cally studied. The aim of this study was to investigate the
clinical impact of chronic hydrocephalus that required
shunting (CHS) on the extended Glasgow Outcome Scale
score (GOSE) at 6 months in 111 patients with a-SAH.

Patients and methods

From a prospectively collected a-SAH registry in a 3-year
period (2002–2004), 111 patients were recruited for a
retrospective study, correlating the clinical impact of CHS—
chronic hydrocephalus that required shunting with GOSE. All
data are presented as mean [range] unless otherwise specified.
Difference between the means and medians of two measures
was analysed by t test and Mann–Whitney test respectively;
and the association between two nominal measures was
analysed by Pearson chi-squared test.

Results

This group of 111 patients had a mean age of 59±13 years
with female predominance (78 versus 33), median WFNS
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[1–5] and Fisher [2–4] gradings of 3 and a total of 30
patients were shunted (Table 1).

Poor GOSE at 6 months was associated with a poor
WFNS grading (median GOSE 3 versus 7, p<0.0005) and
older age (mean 62 versus 56, p=0.021) but not CHS
(median GOSE 4 versus 7, p=0.227) (Table 2).

Those 30 patients of CHS were associated with a poor
WFNS grading (median 4 versus 2, p=0.028) (Table 3).
However, when patients with poor WFNS grading [4 and 5,
n=45] were analysed, CHS was associated with a better
GOSE (median GOSE 4 versus 2, p=0.041), whereas in
patients with good WFNS grading [1–3, n=66], CHS was
associated with a poor GOSE (median GOSE 3.5 versus 7,
p=0.016).

Discussion/conclusion

The relationship between CHS (chronic hydrocephalus that
requires shunting) in patients with a-SAH and GOSE is
complex: unfavourable in patients with good WFNS [1–3]
grading, but improved in patients with poor WFNS [4–5]
grading. Further correlation is needed to reveal its clinical
relevance.
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Table 2 Results of outcome analysis

n GOSE at 6 months p value

WFNS grading <0.0005
Good [1–3] 66 7 [1–8]
Poor [4–5] 45 3 [1–8]
Age (mean±SD years) 0.021
56.2±13.0 65 Favourable [5–8]
61.8±11.7 46 Unfavourable [1–4]
Implantation of shunt 0.227
Implanted 30 4 [2–8]
Not implanted 81 7 [1–8]

All data are presented as median [range] unless otherwise specified

Table 1 Demographic and outcome data

Patient demographics and outcome

Sex
Male 33 (30%)
Female 78 (70%)
Age (mean±standard deviation) 58.5±

12.9 years
WFNS grading 3 [1–8]
Good grade (1–3, n=66) 1 [1–3]
Poor grade (4–5, n=45) 4 [4–5]
Fisher grading 3 [2–4]
Location of aneurysm
Anterior communicating artery 32 (29%)
Internal carotid artery 44 (39%)
Middle cerebral artery 23 (21%)
Posterior circulation 12 (11%)
Treatment
Coiling 62 (56%)
Clipping 38 (34%)
No surgical intervention 11 (10%)
Implantation of shunt
Implanted 30 (27%)
Not implanted 81 (73%)
GOSE at 6 months 6 [1–8]

All data are presented as median [range] unless otherwise specified

Table 3 Relationships between outcome and implantation of shunt
regarding the WFNS grading

Implanted Not
implanted

p value

Implantation of shunt 0.028
n 30 81
WFNS grading 4 [1–5] 2 [1–5]
WFNS grading [1–3], n=66 0.016
n 14 52
GOSE at 6 months 3.5 [2–8] 7 [1–8]
WFNS grading [4–5], n=45 0.041
n 16 29
GOSE at 6 months 4 [2–8] 2 [1–8]

All data are presented as median [range] unless otherwise specified
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Morphological changes of intracranial pressure pulses
are correlated with acute dilatation of ventricles

Xiao Hu & Peng Xu & Darrin J. Lee & Vespa Paul &
Marvin Bergsneider

Abstract
Background Potentially useful information may exist in the
morphological changes in intracranial pressure pulse there-
fore their extraction by automated methods is highly
desirable.
Methods Long-term continuous recordings of intracranial
pressure and electrocardiogram (ECG) signals were ana-
lyzed for four patients undergoing intracranial pressure
(ICP) monitoring with their implanted shunts externalized
and clamped. A novel clustering algorithm was invented to
process hours of continuous ICP recordings such that a
dominant ICP pulse was extracted every 5 min. Morpho-
logical characteristics of dominant ICP pulses were then
extracted after detecting characteristics points of a dominant
ICP pulse that include the locations of ICP pulse onset, the
first (P1), the second (P2), and the third peaks (P3) (or
inflection points in the absence of peaks).
Findings It was found that ratios of P2 amplitude to P1

amplitude and P3 amplitude to P1 amplitude showed a
strong increasing trend for a patient whose lateral ventricles
were significantly enlarged (bi-frontal distance was 33 cm
on day 0 and 37 cm on day 2) while there were no

consistent trends in these morphological features of ICP
pulse for the three patients whose ventricles size was not
altered during the monitoring period.
Conclusion The present work demonstrates the usefulness
of this novel ICP pulse analysis algorithm in terms of its
potential capabilities of extracting predictive pulse mor-
phological features from long-term continuous ICP
recordings that correlate with the development of ven-
triculomegaly.

Keywords Intracranial pressure . Pulse morphology .

Hydrocephalus . Hierarchical clustering

Introduction

Intracranial pressure (ICP) has a unique role in the
management of patients in a neurosurgical environment.
Mathematical modeling of ICP dynamics and computerized
analysis of ICP signals have gained an increasing popular-
ity and extracted researchers with different backgrounds
working towards a better understanding of pathophysiology
of ICP and better clinical utilizations of information,
beyond the absolute value, in ICP dynamics. The main
objective of the present work is to introduce a novel
computerized ICP analysis method that is capable of
characterizing morphological properties of ICP pulses and
tracking their temporal changes. It will be demonstrated in
the present work that this new analysis method helped
reveal a consistent ICP pulse morphological pattern change
associated with the development of acute ventriculomegaly.

Although, description of morphological changes in ICP
pulses has been widely used in existing medical literatures
[3, 7], e.g., elevation of ICP associated with rounding of
ICP pulses, computerized characterization of ICP pulse
morphologies has seldom been attempted. A visualization
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method of ICP morphology change was proposed recently
by McNames and colleagues [5]. In addition, Eide
developed an automated method analyzing distribution of
ICP pulse amplitude and mean ICP [4]. However, no
attempt has been made to identify the sub-peaks in an ICP
pulse and to characterize subtle changes associated with
those peaks. The presence of three distinct peaks in an ICP
pulse is well-known in neurosurgical literature with
accumulated clinical knowledge and interpretations of
different peak configurations [8–11]. Therefore, there is a
clear advantage of characterizing the ICP pulse morphology
in terms of properties associated with these peaks, i.e., a
starting point for the computerized analysis is to identify
and assign these peaks in an ICP pulse. This is apparently a
demanding requirement for the automated analysis consid-
ering the variability of pulse morphological configurations
and the inherent noise in typical clinical recordings of
physiological signals. To enable a computerized ICP
analysis algorithm with the capability of resolving the
presence and locations of multiple ICP peaks, we propose
a technique called morphological clustering and analysis
of intracranial pressure pulse (MOCAIP). MOCAIP is
composed of three distinct but integrated processing
modules that handle the robust delineation of individual
ICP pulses, the clustering of ICP pulses based on their
morphological properties into different groups, and the
analysis of single averaged ICP pulse for extracting
morphological features. In the rest of text, a brief
description of the MOCAIP will be given and then will
be followed by an introduction of clinical materials we
used for a preliminary validation of this technique.
Discussion of the analysis results will be presented and
conclusion drawn to conclude the paper.

Materials and methods

Basic definitions

An unambiguous definition of landmarks on an ICP
pulse is a prerequisite for proceeding with computerized
analysis. A typical ICP pulse is shown in Fig. 1 with
our interested landmarks and indices marked. In the
proposed method, time zero of a pulse signal corresponds
to the QRS peak of the ECG beat just preceding the ICP
pulse. The landmarks sought for each individual pulse
include locations of pulse onset, the first (P1), the second
(P2), and the third peaks (P3). Pulse onset is determined,
according to the definition used in arterial blood pressure
pulse analysis [2], as the intersection of lines A and B in
the figure. Line A is a fitted straight line to the rising edge
of the ICP pulse and line B is the horizontal line passing
the minimum of the ICP pulse within the time period

between QRS peak and the first ICP peak. A point k is
considered the location of an ICP peak if ICPk−1<ICPk<
ICPk+1 is satisfied. However, this condition is often too
restrictive as ICP peaks, including the P1 and the P3, may
become “shoulder” points in many conditions. To
accommodate this, the necessary condition for a point
k to be considered as P1 is

d2ICPk
dt2 � 0 and d2ICPkþ1

dt2 > 0. The

necessary condition for a P3 candidate is d2ICPk�1
dt2 > 0 and

d2ICPk
dt2 � 0. These constraints are defined to position

shoulder points at locations where portions of pressure
pulse contour change their shape from a downward
concave one to an upward one (for P1) or from an upward
concave one to a downward one (for P3

).

Block diagram of computerized algorithm

According to the block diagram of the proposed
algorithm, there are three major components of MOCAIP.
We adopted the well developed ECG QRS detection
methods for detecting QRS peak. This information is
further exploited in delineating each individual ICP pulse
in such a way that the missed or spurious ECG beats
will not damage the delineation of ICP pulses. The
resultant set of ICP pulses will then be subjected to a
clustering process that groups pulses solely based on
their morphological similarity by removing mean values
from ICP pulses. The dominant ICP pulse will then be
extracted, by averaging a subset of pulses belonging to
the biggest cluster, for further analysis that involves
detecting the aforementioned landmarks and calculating
the morphological indices. These indices could be used
to represent the average morphological information of the
ICP segment under analysis. It is often the case that

Fig. 1 Illustration of the basic definitions for the proposed morpho-
logical analysis of ICP pulses
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noises in signals were clustered into non-dominant group
and will not affect the characterization of the morphology
of ICP by utilizing the dominant pulse.

Beat-by-beat pulse delineation

Three processing steps are involved in beat-by-beat ICP
pulse delineation as shown in Fig. 2. R wave could be
located using well-established QRS detection methods [1].
Detecting QRS location from clinical recordings, espe-
cially for one-lead ECG recording, could not achieve
100% accuracy. Therefore, the process of delineating ICP
pulse has to deal with the situations with missing and/or
spurious ECG beat detections. Missing beat detection will
not create problems for our purpose of delineating ICP
pulses because an ICP pulse will only be identified if ECG
beat is detected. Given the high sensitivity and specificity
of most ECG QRS detection algorithms, mild number
(<1%) of missing beats is achievable and hence the missed
information can be recovered by interpolation. However,
spurious ECG beat detection, if untreated, will create
spurious ICP pulses and damage further morphological
analysis. We proposed an adaptive beat-by-beat ICP “peak”
location algorithm for detecting spurious ECG beat detec-
tions. Particularly, the ith ICP pulse candidate is considered a
spurious ICP pulse if the location of its “global” peak does
not satisfy the timing constraint βi ≤ pi ≤ αi, where pi is the
location, relative to its corresponding QRS peak, of the
global peak of the ith ICP pulse candidate, βi and αi are
time-varying lower and upper bounds of this peak
location. This constraint essentially states that the timing
difference between an ICP peak and ECG QRS peak
should stay within a physiological temporal window.
The global peak of an ICP pulse is obtained by a heart-
rate dependent band-pass filter, which is used to pre-
process raw ICP waveform for two purposes: (1)
remove both high-frequency noise and baseline wander
in ICP; (2) simplify ICP pulse morphology such that
one global peak, which may not correspond to any of
its original peaks, is retained per ICP pulse. This peak
is termed the global peak of an ICP pulse. This band-

pass filter is further designed based on the information
in the heart rate such that the cut-off frequencies of the
pass-band are 0.45 and 0.55 times mean heart rate,
respectively. This essentially achieves a patient specific
band-pass filter. Note that both βi and αi can change
from beat to beat. The adjustment algorithm for βi and αi

was designed with the objective of maintaining a window
of a constant length around pi for its robust detection, i.e.,
pi � bi � Δ0 and ai � pi � Δ1. Since pi can change from
beat-by-beat, the requirement of a constant window length
hence implies that βi and αi are adjusted beat-by-beat
accordingly. This can be viewed as an adaptive interval
determination such that the true but unknown pi is always
trapped within the detection window. An equation for
adapting αi from its value at previous beat αi−1 in a beat-
by-beat fashion can be implemented as:

ai ¼ ai�1 þ lpos Δ1 � ai�1 � pi�1ð Þ½ �
þ lpre pi�1 � pi�2ð Þ ð1Þ

where lpos and lpre are weighting coefficient within [0, 1].
The correction added to αi−1 consists of two parts: (1) the
error between the desired window length and the actual
window length at the previous beat; (2) the prediction of
change of pi relative to pi−1 based on the change from pi−2 to
pi−1. Similar idea can be applied to derive βi as bi ¼
bi�1 þ lpos pi�1 � bi�1ð Þ �Δ0½ � þ lpre pi�1 � pi�2ð Þ.

Clustering of pulses

Each pulse is delineated by taking the preceding QRS peak
as the starting point and the next QRS peak (exclusive) as
the ending point. We chose the hierarchical clustering as it
does not require a prior specification of number of clusters.
The clustering algorithm starts with treating each single
pulse as a different cluster and then merges two clusters
with the smallest dissimilarity at each step until there is
only one cluster left. The average linkage [6] is chosen for
calculating dissimilarity between two clusters such that it
equals the average of distances between all pairs of pulses,
where each pair is made up of one pulse from each cluster.
The Euclidian distance between two pulses is adopted for
determining their closeness after removing mean of each
pulse. A 5 Hz low-pass zero-phase filter is used for
preliminary noise removal before subjecting pulses to the
clustering process.

After the above clustering procedure, the number of
optimal clusters is determined by the Silhouette criterion
[6]. The average pulse is then extracted for each cluster.
The dominant pulse for the signal segment analyzed is
taken as the average pulse of the biggest cluster. This
dominant pulse is usually well shaped with a highly
enhanced signal to noise ratio.

Fig. 2 Diagram of the proposed computerized algorithm of morpho-
logical clustering and analysis of intracranial pressure
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Single pulse analysis

Further analysis of the dominant pulse is performed by
first detecting the landmarks on the ICP pulse whose
signal to noise ratio should have been significantly
improved due to the averaging process. To avoid the
issue of arbitrarily assigning a detected peak to one of
P1, P2, and P3, only those pulses with all three peaks
detected will be processed further for extracting morpho-
logical features. As a safeguard for false detection, we
implemented two peak sorting criteria. The first criterion
is based on an amplitude measure and the second is
based on a curvature measure for candidate peaks that
satisfy either the peak or the shoulder point criterion.
All detected peaks and shoulder points within an ICP
pulse will be sorted based on the two criteria,
respectively. If the top three peaks resulted from each
criteria match with each other, then these three peaks
were taken as the P1, P2, and P3 of the ICP pulse. The
amplitude measure of a candidate peak is calculated as the
summation of the distance from the peak to the starting

and the ending points of the identified peak. The
amplitude measure of a shoulder point is calculated as
the difference between the maximal value and the
minimal value of the concave curve where the shoulder
point is detected. The curvature is calculated following

the equation: k ¼ d2ICP
dt

�
1þð dICP

dt

� �2Þ32.

Table 1 Basic characteristics of the four patients in the present study

Patient 1 2 3 4

Sex Female Female Female Female
Age
(years)

51 47 18 28

CT brain
date

D1 D2 D0 D1 D2 D3 D0 D2 D3 D0 D1 D2

Ventricle
size
(cm)

29 29 20 20 23 25 30 30 33 33 33 37

The ventricle size is approximated as the distance between two front
horns of the third ventricles

Fig. 3 a–d Summary of results of MOCAIP analysis to long-term ICP from four silt ventricle patients
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Patient data

Continuous recordings of ICP and ECG data from four slit
ventricle syndrome patients were analyzed using the
MOCAIP algorithm. These patients had long-term shunt
implantation before the admission to the hospital. To prepare
them for an endoscopic third ventriculostomy procedure, their
shunts were externalized and clamped during an ICP
monitoring period. Only archived waveform data were used
in this retrospective study hence informed consents were
waived by the IRB committee of the UCLA medical center.
Basic patient characteristics are summarized in Table 1.
Ventricle size was assessed by one of authors (M.B.) as the
maximal distance between two frontal horns of the third
ventricles. As shown in Table 1, only patient #4 developed
significant hydrocephalus within the ICP monitoring period.

All signals were sampled at 400 Hz with a 12-bit
quantization. The MOCAIP was applied to every consec-
utive 5-min segment and the resulting trend of P2/P1 ratio
and the ICP onset latency (LT) are reported here.

Results

Panels A and B of Fig. 3 show a summary plot of the
P2/P1 and the LT trends for all four patients, respectively.
The linear increasing trend of P2/P1 is significant for
patient #4 as it approximately increased from a value of
one to two in a period of 41 h. P2/P1 trends for other three
patients did not show such a conspicuous trending. Panel
B of the figure demonstrates the LT trending, which does
not show a definite monotonic trending for any patients
but shows a diurnal periodic pattern for patient #2. Two
dominant ICP pulses, taken at the first and the last 5 min
of the recording, for patient #4 are shown in panel C of the
figure with two representative CT brain scans taken at the
beginning and end of the monitoring sessions shown in
panel D.

Discussion

We have presented key elements of a novel computerized
algorithm of conducting morphological clustering and
analysis of ICP pulses and its preliminary application in
analyzing continuous long-term ICP recordings for four
patients who underwent a shunt externalization/clamping
procedure. The proposed algorithm has two novel aspects
compared to several existing attempts at ICP pulse analysis.
First, a clustering procedure was applied that is necessary to
group similar pulses together for extracting a representative
dominant pulse. The dominant pulse usually has a much
better signal to noise ratio due to the averaging process that

is necessary for the proposed procedure of identifying
various landmarks on an ICP pulse. Second, we imple-
mented a two-criteria matching procedure for identifying
the locations of all three peaks in one ICP pulse. Although,
the existence of three peaks in an ICP pulse is a well-
known observation, the direct identification of them in an
automated fashion has not been proposed. Various mor-
phological features can be defined once the locations of the
three peaks are identified. In this preliminary application,
two measures were studied including the P2/P1 ratio and
latency of ICP pulse onset to the ECG QRS. It is found that
the P2/P1 ratio showed a significant increasing trend in a
40-h period as the ventricles dilated. On the other hand, the
P2/P1 ratio did not show a monotonic trend for three cases
where no significant ventricle dilatation occurred. This
result indicates that the P2/P1 ratio may be strongly
influenced by the compliance of the intracranial pressure
dynamic systems as dilated ventricles decreased the overall
compliance of the craniospinal space. However, this needs
further validation as it is only demonstrated in one patient.

Future improvement of the proposed technique is
desirable in terms of assigning peaks to P1, P2, and P3 at
situations when the number of detected peaks is less than
three. A validation study is being performed to assess the
accuracy of the peak detection algorithm.
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Pulse amplitude of intracranial pressure waveform
in hydrocephalus

Z. Czosnyka & N. Keong & D. J. Kim & D. Radolovich &

P. Smielewski & A. Lavinio & E. A. Schmidt &
S. Momjian & B. Owler & J. D. Pickard & M. Czosnyka

Abstract
Background There is increasing interest in evaluation of the
pulse amplitude of intracranial pressure (AMP) in explain-
ing dynamic aspects of hydrocephalus. We reviewed a large
number of ICP recordings in a group of hydrocephalic
patients to assess utility of AMP.

Materials and methods From a database including ap-
proximately 2,100 cases of infusion studies (either lumbar
or intraventricular) and overnight ICP monitoring in
patients suffering from hydrocephalus of various types
(both communicating and non-communicating), etiology
and stage of management (non-shunted or shunted)
pressure recordings were evaluated. For subgroup analysis
we selected 60 patients with idiopathic NPH with full
follow-up after shunting. In 29 patients we compared pulse
amplitude during an infusion study performed before and
after shunting with a properly functioning shunt. Ampli-
tude was calculated from ICP waveforms using spectral
analysis methodology.
Findings A large amplitude was associated with good
outcome after shunting (positive predictive value of clinical
improvement for AMP above 2.5 mmHg was 95%).
However, low amplitude did not predict poor outcome
(for AMP below 2.5 mmHg 52% of patients improved).
Correlations of AMP with ICP and Rcsf were positive and
statistically significant (N=131 with idiopathic NPH; R=
0.21 for correlation with mean ICP and 0.22 with Rcsf; p<
0.01). Correlation with the brain elastance coefficient (or
PVI) was not significant. There was also no significant
correlation between pulse amplitude and width of the
ventricles. The pulse amplitude decreased (p<0.005) after
shunting.
Conclusions Interpretation of the ICP pulse waveform may
be clinically useful in patients suffering from hydrocepha-
lus. Elevated amplitude seems to be a positive predictor for
clinical improvement after shunting. A properly functioning
shunt reduces the pulse amplitude.

Keywords Intracranial pressure .

Pulse waveform . Shunting . Improvement .

Normal pressure hydrocephalus
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Introduction

Several dynamic components can be recognized in the
intracranial pressure (ICP) waveform. Pulsatile changes in
arterial cerebral blood volume (CBV) evoke the pulse
waveform of ICP [1]. Changes in venous CBV due to
varying in intra-thoracic pressures are responsible for the
respiratory component of the ICP waveform. Slower,
intrinsic vasomotor changes of CBV provoke slow waves,
classified as B, C, Meyer or plateau waves [18].

Studies of the intracranial pulse pressure waveform have
existed for over three decades [1, 12] and have continued
through the present [10, 11, 27].

Relatively early it was postulated [8, 16, 23] that
increased pulse pressure may cause ventricular enlarge-
ment. With the advent of dynamic MRI, pulsatile flow of
CSF has been intensively studied and reported to be
increased in hydrocephalus [4, 9, 13, 22]. However, there
have been conflicting reports regarding its role in prognos-
tication following shunting, both enthusiastic [4] and highly
critical [15]. Some novel theories of the development of
communicating hydrocephalus, though still awaiting con-
clusive documentation [10, 14], are largely based on MRI
investigations of pulsatile CSF flow.

Although invasive, direct measurement of the intracra-
nial pressure remains a common tool in the investigation of
hydrocephalus. Studies on the pulse pressure ICP waveform
[1, 3, 12, 17, 20, 21, 24–26] pioneered the understanding of
CSF dynamics. In this short report, we analyzed pulse
pressure amplitude during CSF infusion studies [7] in both
non-shunted and shunted hydrocephalic patients.

Material and methods

We interrogated a database of around 2100 clinical infusion
studies performed in 980 patients suffering from hydroceph-
alus of various type and aetiology (idiopathic NPH 47%,
post SAH NPH 12%, others 19%, non-communicating
22%,). Average age was 65 (range 24 to 94) and male to
female ratio was 2:1. All of the patients attended the
hydrocephalus clinic following referral by their treating
neurosurgeon for ventricular dilatation on brain scan (CT or
MRI) and clinical symptoms belonging to Hakim’s triad
(poor gait, memory problems and urinary incontinence).
Due to the nature of patient selection many had complex
clinical problems. This group of patients was investigated
with a constant rate infusion study (either lumbar 20%, or
via pre-implanted Ommaya reservoir 38%, shunt pre-
chamber 40%, open EVD 2%) and/or overnight ICP
monitoring in addition to routine clinical and imaging
assessment. 44% of tests were performed in patients with
shunt in-situ, in order to check its performance.

The infusion studies were performed through two lumbar
needles or the shunt pre-chamber proximal to the valve or a
pre-implanted ventricular access device. If lumbar access
was used, lumbar needles (usually 21 gauge) were used.
With intraventricular access, in both situations two needles
(25 gauge butterfly) were inserted.

One needle was connected to a pressure transducer and the
other to an infusion pump mounted on a purpose-built trolley
containing a pressure amplifier (Simonsen &Will, Sidcup, U.
K.) and an IBM-compatible personal computer running ICM+
software (www.neurosurg.cam.ac.uk/icmplus). A strict asep-
tic technique was used to keep all the pre-filled tubing and

Fig. 2 Amplitude peak-to-peak above 4 mmHg or first harmonic
above 2.5–3 mmHg is considered as exceptionally high. However
interpretation may be inaccurate without monitoring of arterial
pressure (ABP-Finapress) and/or blood flow velocity in the basal
cerebral arteries (FV)

Fig. 1 Sixty patients with typical symptoms of iNPH. 66% improved
after shunting and 33% did not. Those with pulse amplitude greater
than 3 mmHg all improved. Only about half of those with amplitude
less than 3 mmHg improved (p<0.01; Kruskall–Wallis test)
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the transducer sterile. The skin was very carefully prepared
with antiseptic solution.

After 10 min of baseline measurement, the infusion of
normal saline or Hartmann’s solution was started at a rate of
1.5 ml/min (or 1 ml/min if the baseline pressure was higher
than 15 mmHg) and continued until a steady state ICP
plateau was achieved. If the mean ICP increased over
40 mmHg, the infusion was stopped immediately. All
compensatory parameters were calculated using computer-
supported methods based on physiological models of CSF
circulation [7]. Baseline ICP and Rcsf (resistance to CSF
outflow; calculated as the plateau ICP reached during the
test minus baseline ICP, divided by infusion rate) charac-
terize static conditions of CSF circulation. Elastance
coefficient (or elasticity [1]) characterizes the ability of the
system to store extra volumes of fluid- a larger coefficient
indicates that smaller volume may be stored under the same
incremental pressure conditions. During the infusion study,
the ICP waveform was processed through a Fourier
transform analysis [5, 6] to determine the pulse amplitude
of ICP (AMP) as the magnitude (peak-to peak) of the first
harmonic component related to the heart rate. This method
is an alternative to time-domain analysis [1, 11] and, in our
experience, both methods are generally equivalent.

Results

In our clinical practice, most patients who receive a shunt
have increased resistance to CSF outflow (Rcsf>13 mmHg/
(ml/min). Even in such a pre-selected group, pulse
amplitude was a predictor of outcome after shunting. In a
subgroup of patients with idiopathic NPH with a stable
follow-up assessment (N=60), the relationship between
baseline amplitude and improvement (decrease in Stein–
Langfitt score) is shown in Fig. 1. Non-parametric
statistical testing using the Kruskall–Wallis test indicates
that amplitude is greater in patients who improved (p<
0.01). The plot suggests that when the amplitude is larger
(greater than 2.5 mmHg) improvement is very likely (more
than 90% patients improve; Fig. 2). However, when the
amplitude is less 2.5 mmHg, this predictive ability is lost as
about half of these patients improved with shunting while
half did not.

Pulse amplitude correlated rather weakly with other
compensatory parameters assessed during the infusion
studies. Correlations with ICP and Rcsf were positive and
statistically significant (N=131 in patients with idiopathic
NPH; R=0.21 for correlation with mean ICP and R=0.22
with Rcsf; p<0.01). Correlation with brain elastance
coefficient (or PVI) was not statistically significant. There
was no significant correlation between pulse amplitude and
the width of the ventricles.

After shunting, the pulse amplitude decreased. Differ-
ences were significant for both baseline values and those
obtained during infusion study. In shunted patients, the
pulse amplitude was lower in patients with a normally
functioning shunt compared to those with a blocked shunt
(0.95±0.4 vs 1.95±0.61; P=0.000033).

Discussion

Intracranial pressure recording and infusion studies are
routinely performed in our institution in patients with
complex hydrocephalus. The usefulness of physiological
measurements has been recently summarized in guidelines
[19] for the diagnosis and management of NPH. Contrary to
the resistance to CSF outflow [2], the clinical value of pulse
amplitude is not supported by any randomized clinical trial.
Our own experience indicates that knowledge of the pulse
amplitude may help in interpretation of recordings in cases
of disturbed CSF compensation, shunt blockage, and slit
ventricles. It may also help in distinguishing postural
changes and vasogenic ICP waves. While low amplitude
is not predictive for lack of improvement following
shunting, large amplitude is strongly associated with
improvement after shunting. In our clinical series, there is
no evidence that increased pulse amplitude promotes
ventricular dilatation (no correlation between amplitude
and the width of the ventricles). It should be emphasized
that we do not interpret pulse amplitude alone as a single
parameter directing management, but rather consider it in
conjunction with the clinical presentation, results of neuro-
imaging, neurophysiological tests, laboratory data, and
other parameters describing CSF compensation (mean
pressure, resistance to CSF outflow, vasogenic waves,
RAP index, elastance coefficient, etc.). A decrease in
amplitude after shunting may signify that diversion of
CSF results in improved pressure–volume compensation.
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The influence of co-morbidity on the postoperative
outcomes of patients with idiopathic normal
pressure hydrocephalus (iNPH)

U. Meier & J. Lemcke

Abstract
Background A critical question in the diagnosis and
treatment of idiopathic normal pressure hydrocephalus
(iNPH) is that of which preoperative factors can most
reliably predict outcomes following shunt insertion. The
number and type of co-morbidities are increasingly being
viewed as important predictive indicators.
Methods Between 1997 and 2004, 95 patients were
implanted with a gravitational ventriculo-peritoneal shunt
as treatment for iNPH. All coincident disease processes
were recorded. Eighty-two of these patients underwent
follow-up 2 years postoperatively. The results of this
prospective follow-up examination (Kiefer Score, NPH
Recovery Rate) were compared with the preoperative Co-
Morbidity Index (CMI).
Findings Of the patients with a CMI score of 0–1 (n=18),
67% experienced an excellent outcome, 28% a good
outcome and 5% and 0% a fair and poor outcome
respectively. A CMI score of 2–3 was associated with
markedly poorer outcomes (n=33); 42% excellent, 30%
good, 18% fair and 10% poor. A score of 4–5 was related to
14% excellent, 27% good, 23% fair and 36% poor
outcomes (n=22). Remarkably few patients scoring be-
tween 6 and 8 on the CMI scale experienced a favourable
outcome. The outcomes for this latter group were 0%
excellent, 10% good, 45% fair and 45% poor (n=9).
Conclusions Co-morbidity is a statistically significant
predictor of the quality of clinical outcome for patients
with iNPH undergoing shunt therapy.

Keywords Idiopathic normal pressure hydrocephalus .

Co-Morbidity Index (CMI) . Shunt surgery . Outcome .

Co-morbidity . iNPH

Introduction

Patients with idiopathic normal pressure hydrocephalus
(iNPH) are usually elderly and, as such, often present with
multiple co-morbidities. In this prospective audit, we aim to
evaluate whether a Co-Morbidity Index (CMI) [7] can be
used to provide a prognostic indicator for the quality of
clinical outcomes following shunt therapy for iNPH.

Materials and methods

In the neurosurgical unit of a major hospital for acute care
(Unfallkrankenhaus Berlin) between September 1997 and
September 2004, 95 patients were diagnosed with iNPH
and treated surgically. The 62 men and 33 women had an
average age of 67 at diagnosis (range 27–83). All patients
underwent the implantation of gravitational valves (54x
Miethke-Aesculap® Dual switch valve, 20x programmable
Codman® Medos valve with Miethke-Aesculap® gravita-
tional assistant valve, 21x Miethke-Aesculap® proGAV). It
was possible to follow-up 82 of these patients over a 2-year
postoperative period. Eight patients died from causes
unrelated to either the shunt operation or their iNPH
between 10 and 19 months postoperatively (four from heart
disease, two from neoplastic disease, one from pneumonia
and one from renal failure). One patient died perioper-
atively from a pulmonary embolism despite thrombopro-
phylaxis (1% perioperative mortality). Four patients were
lost to follow-up.
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Diagnosis Patients who displayed gait ataxia in addition to
other cardinal symptoms of iNPH and who showed
neuroradiological evidence of ventricular enlargement were
further assessed with an intrathecal infusion test. To
determine the individual CSF flow parameters, a dynamic
infusion test was performed via lumbar puncture using a
computer-assisted constant flow technique with an infusion
rate of 2 mL/min. A resistance of 13 mmHg or higher was
defined as pathological. Immediately following the dynam-
ic infusion test a diagnostic drainage of at least 60 mL CSF
was carried out using the same puncture site. An improve-
ment in the clinical picture over the ensuing 2 or 3 days
served as indication for the implantation of a ventriculo-
peritoneal shunt. If the patient’s symptoms, particularly the
gait ataxia, did not initially improve, then 2–3 days of
further, external lumbar drainage was commenced. Once
more, if symptoms improved over this period, shunting was
indicated.

Clinical grading The Black Grading System for Shunt
Assessment and the NPH Recovery Rate (based on the
clinical grading for NPH by Kiefer) were used to express
the results of the clinical examinations. All graded
examination results were split into four clinical outcome
groups; excellent (restoration of pre-morbid activity levels),
good (limited reduction in activity levels), fair (partial
improvement) and poor (transient or no improvement). The
first group was defined by an NPH recovery rate of ≥7.5
(75–100% improvement), the second by a rate of ≥5 (50–
74% improvement), the third by a rate of ≥2 (20–49%
improvement) and the fourth by a rate of <2 (partial
improvement up to 19% or deterioration):

NPHRecovery Rate

¼ NPHGradingpreoperative � NPHGradingpostoperative
NPHGrading Kieferð Þpreoperative

� 10:

Co-morbidity index (CMI) Kiefer et al. [7] introduced an
assessment tool for various pathologies and their clinical
effects when present in NPH. By summating the scores for
each co-morbid disease process found in Table 1, a CMI
score of between 0 and 23 can be calculated.

Results

Of the 82 patients studied, 29 (35%) experienced an
excellent outcome, 22 (27%) a good outcome and 16
(20%) a fair outcome. 15 patients (18%) experienced a poor
outcome. Thus, 67 patients responded to treatment; a
responder rate of 82%. Figure 1 graphically relates the
preoperative CMI score to the clinical outcomes of all
iNPH patients who underwent follow-up examinations
postoperatively. Ninety-five percent of patients with a
CMI score of 0–1 achieved an excellent or good outcome.
A CMI score of 2–3 was associated with a noticeable
decrease in the quality of outcomes (n=33; excellent, 42%;
good, 30%; fair, 18%; poor, 10%). Patients scoring 4–5 (n=
22; 14%, 27%, 23%, 36%) or 6–8 (n=9; 0%, 10%, 45%,

Fig. 1 Responder rate

Table 1 Co-morbidity index
(CMI; Kiefer et al. [7]) Risk factors 1 point 2 points 3 points

Vascular Hypertension Diabetes mellitus
Aortofemoral bypass Peripheral vascular disease
Stent Vascular occlusion

Cerebrovascular Posterior circulatory insufficiency Vascular encephalopathy Cerebral infarction
ICA stenosis TIA/PRIND

Cardiac Arrhythmia
Valve disease
Heart failure/stent
Aortocoronary bypass
Myocardial infarction

Others Parkinson’s disease
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45%) on the preoperative CMI scale experienced remark-
ably poorer postoperative outcomes.

As a predictive tool, Kiefer’s CMI on postoperative
outcomes in patients with iNPH is associated with a
sensitivity of 80% and a specificity of 68%. Outcomes in
patients with a CMI score between 0 and 3 were
significantly better than those of patients with a CMI
greater than 3 (Fig. 2).

Discussion

In all branches of medicine, a multidisciplinary approach
involving various specialities is necessary for two important
reasons. Firstly, for an intervention to be effective, it must
be ascertained that the observed symptoms are indeed
caused by the disease process targeted by the treatment
method and not by some other pathology [1–3]. Secondly,
it is important to recognise situations in which the
detrimental effect of co-morbidity on the probable outcome
of a given intervention is such that little or not improve-
ment can be expected. Both of these possibilities represent
a potential contraindication to operative therapy [8, 9].

Co-morbidity A review of the international literature yields
a mean reported rate of co-morbidity in iNPH of 43% [5].
Cerebrovascular insufficiency is described in 45% of these
patients. The commonest co-morbidity (78–100%) is
vascular encephalopathy. Parkinson’s disease or Parkinson-
ism were present in 10% of cases, and 10% had
histologically unconfirmed but clinically suspected Alz-
heimer’s dementia [11]. In order to distinguish the clinical
picture of iNPH from other dementing syndromes, Golomb
et al. [4] and Savolainen et al. [10] describe the coincidence
of Alzheimer’s disease and iNPH. Centrally limited motor
disturbances can likewise result in an overlapping entity. In
the patient population reported in this study, 8% were found
to have Parkinson’s disease in addition to iNPH. The
exclusion of progressive cerebrovascular dementia as a
differential diagnosis in iNPH is an important motivation
for the use of invasive diagnostic procedures. Co-morbidities

can be clinically quantified in terms of risk factors. Such a
system—the Co-morbidity Index—was introduced in 2006
by Kiefer [6, 7]. In it, the most common co-morbid
pathologies are assigned between one and three points
which, when totalled as a CMI score, can be referred to an
empirical threshold value above which the likelihood of a
good to excellent outcome significantly decreases. This
indirect correlation between outcome and CMI is un-
equivocally demonstrated in this study—those patients with
a CMI score of 0 or 1, 67% had an excellent outcome, while
45% of patients with a CMI of between 6 and 8 experienced
an unsatisfactory outcome. Kiefer et al. [7] suggest a CMI of
3 as a threshold value dividing patient groups with a
statistically favourable prognosis from those with a tendency
towards a poor outcome. The data from this study serve to
confirm the value of this cut-off point; of the patients who
experienced a good or excellent outcome 80% (41/51) had a
CMI ≤3. Only 10/31 patients (32%) with a CMI >3
experienced a comparable improvement in symptoms.

Outcome The general improvement rates reported in the
literature for patients with NPH undergoing a shunt
operation vary around a mean of 53% (range 31–96%). In
one meta-analysis, Vanneste [12] gives a figure of between
30% and 50%. Hebb and Cusimano [5] report an immediate
improvement rate following iNPH shunt operations of 59%,
falling to 29% in the long term. The results of our study
show an overall improvement rate at 2 years post-shunt of
82%, in keeping with the international literature.

Conclusion

Co-morbidity is a statistically significant predictor of the
quality of the clinical outcome for patients with iNPH
undergoing shunt therapy (sensitivity=80%; specificity=
68%). A CMI score of less than or equal to 3 points allows
for a good postoperative prognosis. A CMI of more than 3
significantly decreases the chance of a good outcome and
this should form part of the assessment when the risks and
benefits of surgery are considered. Due to factors arising
from co-morbidity, a successful outcome in patients with a
CMI of 6 or more is unlikely.
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ICM+, a flexible platform for investigations of cerebrospinal
dynamics in clinical practice

P. Smielewski & A. Lavinio & I. Timofeev &

D. Radolovich & I. Perkes & J. D. Pickard & M. Czosnyka

Abstract
Background ICM+ software encapsulates 20 years of our
experience in brain monitoring gained in multiple neuro-
surgical and intensive care centres. It collects data from a
variety of bedside monitors and produces on-line time trends
of parameters defined using configurable signal processing
formulas. The resulting data can be displayed in a variety of
ways including time trends, histograms, cross histograms,
correlations, etc. For technically minded researchers there is
a plug-in mechanism facilitating registration of third party
libraries of functions and analysis tools.
Methods The latest version of the ICM+ software has been
used in 162 severely head injured patients in the Neuro-
sciences Critical Care Unit of the Addenbrooke’s Cam-
bridge University Hospital. Intracranial pressure (ICP) and

invasive arterial blood pressure (ABP) were monitored
routinely. Mean values of ICP, ABP, cerebral perfusion
pressure (CPP) and various indices describing pressure
reactivity (PRx), pressure–volume compensation (RAP)
and vascular waveforms of ICP were calculated. Error-bar
chart showing reactivity index PRx versus CPP (‘Optimal
CPP’ chart) was calculated continuously.
Findings PRx showed a significant relationship with CPP
(ANOVA: p<0.021) indicating loss of cerebral pressure-
reactivity for low CPP (CPP<55 mmHg) and for high CPPs
(CPP>95 mmHg). Examining PRx–CPP curves in individ-
ual patients revealed that CPPOPT not only varied between
subjects but tended to fluctuate as the patient’s state changed
during the stay in the ICU. Calculation window of 6–8 h
provided enough data to capture the CPPOPT curve.
Conclusions ICM+ software proved to be useful both
academically and clinically. The complexity of data
analysis is hidden inside loadable profiles thus allowing
clinically minded investigators to take full advantage of
signal processing engine in their research into cerebral
blood and fluid dynamics.

Keywords Multimodal monitoring .

Cerebral autoregulation . On-line data analysis . Head injury

Introduction

Contemporary brain monitoring in clinical practice includes
multiple global and local modalities such as arterial and
intracranial pressures, transcranial Doppler blood flow
velocity, laser Doppler flowmetry, brain tissue oxygenation
etc. Each of those modalities produce time varying data and
some contain complex waveforms. Trends of minute by
minute time averages are these days widely used to aid in
interpretation of the monitoring data but they largely
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dispose of information carried by the waveforms. Also, it is
often the nature and strength of association between different
modalities that provides crucial information rather than the
modalities themselves. For example, analysis of correlations
between signals such as blood flow velocity, arterial blood
and intracranial pressures has been shown to carry informa-
tion related to regulation of cerebral blood flow [2].

ICM+ software was originally developed some 20 years
ago at the Warsaw University of Technology, Poland, and at
present encapsulates our 20 years experience in data
monitoring and analysis in the neuro-critical care and
neurosurgery units. Using previous versions of the software
[3, 8] we collected and analysed multimodal data from
nearly 600 severely head injured patients, 1000 patients
suffering from hydrocephalus, performed over 900 intra-

operative monitoring, and over 200 recordings in subarach-
noid haemorrhage (SAH) patients. All this experience
proved invaluable in fine-tuning the design issues of the
new software [7].

The software was first licensed for distribution to other
centres in the world in 2004 and officially launched during the
ICP 12 conference in Hong Kong. The aim of this paper was
to present enhancement to the original software and discuss
experiences gained during its use over the past 4 years.

Material

One hundred sixty-two head injury patients (123 males, 39
females) with an average age of 34 years were managed in

Fig. 1 Example of display con-
figuration for off-line analysis of
raw ICP, ABP and TCD FV
signals showing variety of dif-
ferent chart types available (a)
and on-line analysis of ICP and
ABP signals aimed to provide
direct feedback on the CPP (b),
state of autoregulation (colour
coded at the bottom), the opti-
mal CPP curve and the CPP
histogram (for autoregulation
guided CPP management the
peak of CPP histogram should
correspond to the valley of the
optimal CPP curve)
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the Neurosciences critical Care Unit (NCCU) between 2004
and 2007. Median admission Glasgow Coma Scale (GCS)
score was 6 (range 3 to 14), with 20% of patients having a
GCS of 9 or greater, but deteriorating later.

Methods

Software details

A detailed description of the software has been published
elsewhere [7]. Briefly, ICM+ includes a user configurable
signal processing engine that allows real-time trending of
complex parameters derived from signals from bedside
monitoring devices. Data from multiple monitoring devices
is downloaded continuously using analog or digital inter-
faces. Configuration of on-line data analyses utilizes
arithmetic expressions of statistical and signal processing
functions. Calculations are performed using multiple levels
of analysis with the output of each one providing input to
the next. The list of functions available for analysis
configuration can now be extended via a plug-in system
that allows researchers to write their own functions and
register them with the calculation engine. The final data is
displayed in a variety of ways including simple time trends,
as well as time window based histograms, cross histograms,
correlations etc (Fig. 1a). The selection also includes a
variety of spectral analysis charts.

In addition to time trends resulting from on-line analysis,
the software also stores raw signals acquired from the
bedside monitors. Those can be later re-processed using the
on-line analysis engine with different configurations, thus
providing means of building a data bank for testing novel
indices and methods of on-line processing of multimodal
monitoring data.

Finally, there is also an extendable toolbox for analysis
of controlled interventions. Currently these include: CSF
infusion test for identification of a model of cerebrospinal
fluid dynamics in hydrocephalic patients and a set of tests
of cerebrovascular reactivity: CO2 reactivity, Transient
Hyperaemic Response, and the cuff test.

Data collection

ICP was monitored using Codman intraparenchymal probes
and ABP was measured from a peripheral artery. Data was
acquired using analog outputs from the monitors through
the analog-to-digital converter (Data Translation 9801 USB
box) with a sampling frequency of 50 Hz. The data analysis
configuration was set to calculate average values of the
several derived parameters every minute (Table 1). Partic-
ular care was paid to the organization of the front page
display, which showed time trends of ABP, ICP, CPP, and

pressure reactivity (Fig. 1b). For clarity, the pressure
reactivity index (PRx) was also displayed at the bottom of
the screen as ‘risk graph’, converting information about the
reactivity to colours: green—good, red—impaired. In
addition a histogram of CPP and an error bar chart of
PRx versus CPP were plotted from a period of the last 8 h
and automatically updated with every new data sample.

Results

When the data from all the head injury patients monitored
with ICM+ was pulled together the autoregulation index
PRx showed a significant relationship with CPP (ANOVA:
p<0.021) indicating loss of cerebral pressure-reactivity for
low CPP (CPP<55 mmHg) and for high CPPs (CPP>
95 mmHg). The value of CPP at the bottom of the valley
was called ‘Optimal’ CPP (CPPOPT) in our original paper
from 2002 [9]. Examining PRx–CPP curves in individual
patients revealed that CPPOPT not only varied between
subjects but tended to fluctuate as the patient’s state
changed during the stay in the ICU (Fig. 2). Setting the
curve calculation window to 6–8 h provided enough data to
capture the CPPOPT curve and yet it was short enough to
provide useful feedback for the intensivists.

Although the Optimal CPP seems at the moment to be
our most important fruit of the ICM+ enabled monitoring of
severe head trauma patients, many other phenomena have
been discovered and pursued. They include optimization of
CPP (or ABP) using other modalities like PbtO2 [5] and
NIRS [1], change in pressure-reactivity in hypothermia and
rewarming [6], as well as important work in subarachnoid
haemorrhage [10] and in diagnostics of hydrocephalus [4].

Table 1 List of parameters calculated from ICP and ABP signals
composing a standard monitoring configuration for head injury
patients in the Neurosciences Critical Care Unit, Addenbrookes
Hospital, Cambridge

List of parameters calculated from ICP and ABP signals

ABP Mean arterial blood pressure
CPP Mean cerebral perfusion pressure
ICP Mean intracranial pressure
Slow Power of slow waves of ICP (periods from 20 s to 5 min)
Resp Amplitude of respiratory waveform
PRx Pressure reactivity index (moving ABP–ICP correlation)
RAP Index describing CSF compensatory reserve (moving

ICP–AMP correlation)
HR Mean heart rate
aABP Pulse amplitude of arterial blood pressure
AMP Pulse amplitude of ICP waveform
RAC Moving correlation between pulse waveform of ICP

and mean CPP
RR Mean respiratory rate
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Discussion

Practical application for autoregulation orientated therapy

Many attempts have been made to find an appraisal value
for CPP, however, there is no method available currently

Fig. 2 a–c Screen shots examples showing CPPOPT curves in one patient at different times during his stay on the unit. Note how CPPOPT value
(denoted with vertical arrows beneath the charts) shifted from 65 to 75 and then to 90 over a period of 24 h

Fig. 3 Example of automatic detection of artifacts associated with
arterial line flushing. a Raw signals of ABP and ICP, with artifact
periods marked with horizontal lines above it. b and c Result of ABP
and ICP trends calculated from signals in a, with no artifact detection
(b) and with (c). Horizontal line above charts shows periods affected
by the artifacts. Note how removal of the corrupted section of the ABP
signal changed the quality of the ICP-ABP correlation. The correlation
coefficient R (PRx) changed from 0.09 to 0.7

b
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that is accurate enough to be clinically useful. CPPOPT-
based management is one possible autoregulation-oriented
strategy, as proposed in [9]. In contrast to a simple
threshold above which CPP is held, CPPOPT-guided
therapy can help to avoid inappropriately high CPP.
Excessively high CPP can lead to disruption of the blood
brain barrier, development of vasogenic edema and may
predispose to cardiac complications. Online, real-time
assessment of the CPPOPT may therefore help to optimise
patient CPP in order to maintain cerebral perfusion in the
most favourable state at all times. A randomised trial of
this methodology is already under way in one of our
collaborating centres and its results will be published in
due course.

Software evolution

ICM+ software is undergoing constant development
stimulated by continued multimodal monitoring research
in Cambridge as well as, recently, other centres around
the world using the software. Since 2004, when it was
officially launched, the software has been considerably
extended.

The new calculation engine contains many more signal
processing functions but most of all it is rewritten in such a
way that allows third party libraries to be registered to work
with it. This potentially further extends the reach and use of
the software as it allows engineers/physicists to experiment
with advanced data analysis but at the same time keeps the
complexity of it hidden from the more clinically minded
researchers and clinicians.

There is now wider support for monitors that do not
provide analog output including Phillips Intellivue, Datex-
Ohmeda as well as Spiegelberg monitors and Sophysa ICP
monitor. That support is growing as more centres are
starting to use ICM+.

Automatic artifact treatment has been much improved.
The main concept is based on specifying valid ranges for
calculated parameters at any stage of processing. For
example, in order to detect arterial line flushing, one can
look for a period when pulse wave disappears which will
manifest itself with the amplitude of the pulse wave
dropping below the valid range. That information can
then be used to remove the flagged section of the signal
in question from further calculations thus potentially
improving quality of secondary parameters like PRx
(Fig. 3). The detection criterion expressions can be
defined in the same way as any other secondary parameter,
using expressions of available functions. That means the
users can define their own formulas, independently for
each signal they monitor, to deal with specific types of
artifacts.

Growing interest in waveform analysis

Ever since the software was released on license by the
Cambridge University there has been growing interest of
neuro-centres around the world to use it. The main
attraction for those centres is the fact that it allows them
to join into advanced multimodal monitoring research even
though they do not have their own support of physicists or
engineers capable of providing them with the means to do
it. On the other hand, open architecture of the analysis
configuration allows more technically minded clinical
fellows to modify supplied configurations, to create new
analysis strategies or to improve the ones already available.
So far there are 28 centres that are already using ICM+, and
more are interested to join in. As the data recorded by all
those centre is growing in volume, so is also opportunity
for collaboration between them. This is particularly prom-
ising as most of those centres are very active academically
and keen to pursue new concept in multimodal monitoring
and diagnosis. Having a common platform for data
collection and analysis greatly facilitates multi-centres
projects.

Conclusion

ICM+ is a universal tool for clinical and academic
purposes. Its flexibility and advanced signal processing
features are specialized for the needs of multidisciplinary
brain monitoring, and it is particularly well suited for
investigations into cerebral haemodynamics.
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Pathophysiology and diagnosis of spontaneous
intracranial hypotension

K. Shima & S. Ishihara & S. Tomura

Abstract
Background Spontaneous intracranial hypotension (SIH)
has become a well-recognized syndrome. However, diag-
nosis of SIH is still challenging. The problem with SIH is
that the precise mechanism of cerebrospinal fluid (CSF)
leakage remains largely unknown and there is no definite
diagnostic criterion in the imaging.
Methods The clinical findings of our ten cases and 301
literature reports on SIH were investigated in a retrospec-
tive analysis to clarify the pathophysiology of CSF leakage,
correlate the findings of imaging studies and determine the
most adequate diagnostic criteria.
Results The events precede symptoms of SIH were cate-
gorized as traumatic, secondary and strictly spontaneous
(62%). The location of the spinal CSF leak remains
undetectable in approximately 50% of cases reported. In
93% of patients, the CSF leakage sites were detected at the
cervical or thoracic level of the spine. On recent MRI
studies, 88% of patients showed spinal epidural fluid
collections that most likely represent CSF leakage. MR
myelography using heavily T2-weighted fast-spin-echo
sequence can clearly demonstrate the site of CSF leakage.

Although numerous treatment options are available, none of
the treatments have been evaluated by randomized clinical
trials. In 48% of papers, autologous epidural blood patch
(EBP) was the treatment of choice in patients who have
failed initial conservative management. Forty-nine percent
of patients showed relief of symptoms after up to three
repeated EBPs.
Conclusion We propose new diagnostic criteria of SIH to
avoid misdiagnosis.

Keywords Spontaneous intracranial hypotension .

Cerebrospinal fluid leak . CSF hypovolemia .

Magnetic resonance imaging

Introduction

Spontaneous intracranial hypotension (SIH) is now defined
as a syndrome of low cerebrospinal fluid (CSF) pressure
(less than 60 mmH2O) characterized by postural headaches
in patients without any history of dural puncture or
penetrating trauma [4, 7]. SIH is thought to result from
CSF leak and consequently, in low CSF pressure [8]. The
problem with SIH at the present moment is that the precise
mechanism of CSF leak remains largely unknown and there
is no definite criterion in the diagnostic neuroimaging [10].

The presence of SIH is confirmed by the findings of the
cranial and spinal MR imagings and radioisotope (RI)
cisternography. Frequent characteristics on the MR neuro-
imagings used to diagnose SIH include diffuse meningeal
enhancement (80%), presence of subdural fluid collections
and downward displacement of the cerebral structures. On
RI cisternography findings of less radioactivity over the
cerebral convexities (90%) and early accumulation of tracer
in the bladder (65%) support the diagnostic of SIH [1].
Identification of the actual site of the CSF leak secures the
diagnosis of SIH, but spinal MR imaging, RI cisternog-
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raphy and CT myelography identifies the location of the
CSF leak in only about two thirds of patients overall [6].

In Japan, many patients with an intractable headache
attributed to cervical spine injury, especially caused by a
traffic accident, receive blood patch therapy based on the
diagnosis of posttraumatic CSF hypovolemia.

We conducted this study to evaluate the diagnostic
criteria for patients managed as a posttraumatic CSF
hypovolemia in Japan. More specially, we aimed to propose
the most adequate diagnostic criteria for CSF leaks and
SIH.

Materials and methods

We studied 301 journal articles retrieved in MEDLINE
(1968–2006) using the terms intracranial hypotension, CSF
hypovolemia, CSF leak and low-pressure headache by the
Working Group for Intracranial Hypotension, Japan society
of Neurotraumatology. This group consisted of eight
members selected by the past president and secretary, six
reviewers selected from the institutions of members and one
neuroradiologist. Reference lists of these articles were used.
Selected articles were investigated in a retrospective
analysis to clarify the existing evidence regarding etiology,
pathogenesis, clinical features, methods of diagnosis, and
treatment modalities of SIH, and verified the cause of
diagnostic confusion for patients with symptoms and
imaging findings that can mimic SIH in Japan.

The clinical findings of our ten patients with SIH also
were studied.

Results

Of the 301 articles identified, 228 were English journals
and 73 were Japanese. Most of the articles are reports on a
small number of cases under nine patients. The events
precede symptoms of SIH were categorized as traumatic
(14%), secondary (24%) and strictly spontaneous (62%).
The traumatic group included the patients who had
symptoms soon after the history of head injury, cervical
injury, fall, skiing, spinal operation, aerobics, epidural
block, lumbar puncture or spinal chiropractic manipulation.
Secondary group had a history of lumbar puncture,
Marfan’s syndrome, spondylosis, shunt operation, spinal
operation, epidural block, stretch, racket sport or spinal
chiropractic care [9].

Although the location of CSF leakage was described in
79% of all articles, only 49% showed the site of CSF
leakage. In 96 (49%) of 195 cases demonstrating spinal
CSF leakage, the location was detected at the cervical

(42%), thoracic (51%) or lumbar (10%) level of the spine
by radiological studies. A subgroup of recent spinal MRI
studies, however, showed CSF leakage into the epidural
space in 35 (88%) of 40 patients. Imaging findings such as
subdural fluid collections, diffuse meningeal enhancement
and downward displacement of the brain (brain sagging) on
MRI and early bladder appearance on RI cisternography
have been used as a very specific finding of SIH [10].
However, these MRI features are attributable to compensa-
tory changes related to the low CSF pressure and are
indirect findings of SIH. It is a well-known fact that early
bladder appearance of RI cisternography can be observed
even in normal case [3].

A variety of options from bed rest to surgical repair are
available to treat patients with SIH. None of the treatments
have been evaluated by randomized clinical trials. Conser-
vative management and bed rest are the first line treatment.
In 209 (48%) of 301 journal articles, the injection of
autologous blood into the spinal epidural space, the so-
called epidural blood patch (EBP) was the treatment of
choice. The application of an EBP is the therapy of choice
when conservative treatment fails [10]. The first EBP was
effective in 58% of patients. Repeated EBP improve the
efficacy to 77% (n=504). Forty-nine percent of patients
showed relief of symptoms after repeated EBPs until the
third time. In Japanese articles, however, although 16% of
patients had repeated EBPs over four times, the relief of
symptoms remained to 8% of patients. In our ten cases,
seven patients were treated conservatively with bed rest and
intravenous hydrogen and three patients were treated by
intravenous factor XIII administration. The recurrence rate
of spinal CSF leakage is low (approximately 10%),
regardless of treatment [10]. Long-term outcomes of
patients with SIH remain unclear.

Discussion

To date, there are still problems to resolve on SIH, though
over 300 studies have described SIH.

Problems with SIH

1. The exact cause and pathogenesis of SIH remain
unknown. The generally accepted pathogenesis is that
of CSF leakage, which may occur due to the vulner-
ability of spinal nerve root sleeves [9].

2. Although CSF leakage is the most convincing evidence
to diagnose SIH, exact site of the CSF leakage remains
undetectable in approximately 50% of patients. Spinal
MR imaging for identifying CSF leakage may be most
available and least invasive examination for diagnosis
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of SIH, but there is no standard sequence to definitely
detect the CSF leak. At present, spinal fast-spin-echo
MR imaging is the most useful examination for
diagnosis of patients suspected of having SIH [5].
Although RI cisternography has been used extensively
in the evaluation of SIH, the false-negative rate is 30%
[1]. In addition, the early appearance of tracer in the
bladder which is used as a typical finding is not
pathognomonic sign for SIH [3].

3. SIH diagnostic criteria according to the revised Inter-
national Classification of Headache Disorders Criteria
[2] promote uncertain diagnosis and treatment of SIH in
Japan. Although the sensitivity of RI cisternography is
not high and the punctured area can be pseudopositive
of CSF leak, this diagnostic modality is selected as a
preferential imaging method. In addition, the response
to treatment with EBP is helpful in confirming the
diagnosis of SIH. Most cases of SIH resolve with
conservative management and bed rest.

New diagnostic criteria of SIH

We proposed new diagnostic criteria for SIH at the 65th
Annual Meeting of the Japan Neurosurgical Society on
October 20, 2006 (Table 1). Clinical and imaging
characteristic findings of SIH were classified according
to the evidence level into three groups: essential symp-
toms, major criteria and minor criteria. In the classification
system, RI cisternography is a minor, not a major,
diagnostic criteria. Furthermore, the patient should be
diagnosed as a traumatic intracranial hypotension only if

the onset of the patient’s symptom is within 30 days after
trauma and there is no other cause than trauma. We also
proposed the algorithm for diagnosis of traumatic
intracranial hypotension at the 30th Annual Meeting of
the Japan Society of Neurotraumatology on March 16,
2007 (Fig. 1).

In conclusion, SIH is a well-recognized syndrome,
but consensus on the diagnosis and management of SIH
has not been achieved. From our studies, we propose a
classification system (Table 1) and an algorithm (Fig. 1)
for the diagnosis of SIH. Further research to explore the
precise cause of spinal CSF leakage and randomized
controlled trials for EBP treatment are required.

Fig. 1 Algorithm for diagnosis of traumatic intracranial hypotension
(Working Group for Intracranial Hypotension, Japan Society of
Neurotraumatology 2007)

Table 1 Diagnostic criteria of spontaneous intracranial hypotension (SIH; Working Group for Intracranial Hypotension, Japan Society of
Neurotraumatology 2006)

Diagnostic criteria

Essential symptoms Orthostatic headache that worsen within 15 min
Posture-related associated symptomsa

Major criteria Diffuse dural enhancement on gadolinium-enhanced MRI
CSF leakage on spinal MRI or CT myelography
CSF opening pressure less than 60 mmH2O

Minor criteria Spinal meningeal diverticula or fluid collections on spinal MRI
Venous engorgement on cranial and/or spinal MRIs
Early accumulation of tracer in the bladder or less activity over the cerebral convexities on RI cisternography
Subdural fluid collections on cranial MRI
Descent of cerebellar tonsils and flattening of brainstem on cranial MRI
Enlargement of pituitary gland on cranial MRI
Decrease in size of ventricles and effacement of basal cisterns on cranial MRI

The diagnosis of SIH is made with certainly when a patient presents with essential symptoms accompanied by at least one major criteria and three
of minor criteria
a Neck pain, nausea, diplopia, visual blurring, upper limb numbness or pain, etc.
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Intraoperative infrared brain surface blood flow monitoring
during superficial temporal artery–middle cerebral artery
anastomosis in a patient with moyamoya disease: clinical
implication of the gradation value in postoperative
clinical course – A case report

Atsuhiro Nakagawa & Miki Fujimura &

Tatsuhiko Arafune & Hideaki Suzuki & Ichiro Sakuma &

Teiji Tominaga

Abstract
Background Superficial temporal artery–middle cerebral
artery (STA–MCA) anastomosis is a safe and effective
treatment for moyamoya disease. Symptomatic cerebral
hyperperfusion is a potential complication of this proce-
dure, especially in adult cases. Accurate diagnosis of
postoperative hyperperfusion is important because its
treatment is contradictory to that for ischemia. Intraoper-
ative techniques to detect hyperperfusion are still lacking.
Methods We performed intraoperative infrared (IR) brain
surface monitoring in a 36-year-old man who underwent
left STA–MCA anastomosis.
Findings IR monitoring not only detected the patency of
bypass, as also confirmed by conventional Doppler sonog-
raphy and postoperative magnetic resonance angiography,
but also delineated the local brain surface hemodynamics
after revascularization. Analysis of gradation value dis-
closed an abnormal increase in brain surface cerebral blood
flow (indirectly indicated as a temperature change) after

removal of the temporary clip. The patient suffered from
transient right upper extremity numbness and dysarthria due
to focal hyperperfusion from postoperative days2 through
6. Intensive blood pressure control completely relieved his
symptoms, and he was discharged without neurologic
deficit.
Conclusions Intraoperative brain surface monitoring by IR
imaging may be useful to predict cerebral hyperperfusion
after revascularization surgery for moyamoya disease.
Further evaluation with a larger number of patients is
necessary to validate this technique.

Keywords EC–IC bypass . Intraoperative monitoring .

Minimally invasive neurosurgery . Neurocritical care

Introduction

Thermography using infrared (IR) imaging is an established
technique for studying the surface temperature of human
organs. With the advances in IR technology, including
detective wavelength, cooling system, filters, as well as
data processing methods, intraoperative thermal artery
imaging became available. It is a unique method both for
morphological evaluation and functional monitoring of
superficial vessels [8]. We have developed an IR system
with detectable bands located in the range 7–14μm for
neurosurgical procedures. In our preliminary experience,
we performed intraoperative monitoring of superficial
temporal artery–middle cerebral artery (STA–MCA) anas-
tomosis procedures in beagles to determine the patency of
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the bypass as well as the hemodynamics within small
vessels (up to 0.5mm) and cortical cerebral blood flow
(CBF) [4].

Moyamoya disease is a chronic, occlusive cerebrovas-
cular disease with unknown etiology characterized by
bilateral steno-occlusive changes at the terminal portion of
the internal carotid artery and an abnormal vascular
network at the base of the brain. Nearly half of the patients
with Moyamoya manifest as ischemic attacks during
pediatric period and rest of them manifest both as ischemic
and hemorrhagic attacks in adults. Surgical revasculariza-
tion is believed to be beneficial to prevent cerebral ischemic
attacks by improving CBF [2, 3]. STA–MCA anastomosis
with or without indirect bypass is generally employed.
Conventional modalities suitable for comprehensive, visu-
alized evaluation of the hemodynamics of the entire
surgical field have not been available. In addition, intra-
operative changes of surface CBF and its correlation with
postoperative course are not well understood. We present an
adult case of moyamoya patient who underwent intra-
operative IR surface CBF monitoring during STA–MCA
anastomosis. Intraoperative findings are presented and their
implications for postoperative course are discussed.

Case report

A 36-year-old man presented with frequent transient
ischemic attack (TIA). Magnetic resonance angiography
(MRA) satisfied the diagnostic criteria of moyamoya

disease. Preoperative N-isopropyl-p-[123I] iodoamphet-
amine single-photon emission computed tomography (123I-
IMP-SPECT) showed his left CBF and cerebrovascular
reserve capacities were markedly impaired, so left bypass
surgery was planned.

Intraoperative IR monitoring: After completion of anasto-
mosis, an IRIS V IR imaging system (Sparkling photon
Inc., Tokyo, Japan) (Fig. 1), with a high-resolution infrared
camera, was set 30cm above brain and surface temperature
was continuously monitored during placement and release
of the temporary clip. The system has two cameras (IR-
band camera and visible-band camera) attached to a head
unit with moving arm (whole length = 800mm). IR focal
plane array detector (barium strontium titanate; pixel size:
320 × 240pixels) shows the area of 110 × 82mm using F50
IR lens. IR sensor element’s sensitivity wavelength is 7 to
14μm. The sensor’s recording speed is 30 frames per
second and output signal is 8bit (256 gray scale gradation).
The range of measuring temperature is confined to 25°C to
45°C (1 gradation value = 0.08°). Visible-band camera has
the functions of auto focus and manual zoom. All of the
images were stored in the installed computer and recorded
with a digital video device. Obtained images were analyzed
with imaging software by means of changes in gradation
value [5, 6, 9]. Signal processing: To capture the image area
that had temperature change, the image processing software
“Opmap”, which was originally developed for optical
mapping of the cardiac action potential [1, 10], was
modified to enable visualization of surface CBF. In the

Fig. 1 Intraoperative infrared (IR) monitoring by IRIS V IR imaging
system disclosed changes in color of bypass to white after temporary
occlusion (indicating decrease in temperature) at 0 s compared to that
23 s before, and then changed to black (indicating increase in
temperature) after removal of clip at 0 s, indicating presence of blood
flow and patency of bypass. The IR images also disclosed that the
white blood flow distributed to both distal and proximal direction of

M4 at 0.5 s although backward flow seemed to be dominant. Note that
the surrounding brain around anastomosis site slightly changed toward
black locally indicating significant temperature increase till 5 s after
removal of temporary clip (circle). Arrow flow direction, arrowhead
site of anastomosis, STA superficial temporal artery, F frontal lobe, P
parietal lobe, T temporal lobe
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original IR movie recorded by IRIS V, white represents low
temperature and black represents high temperature (8bit
grayscale). Opmap process software converts the IR movie
source data to a color gradation movie that emphasizes
the areas with significant temperature changes. Image
process algorithm: Using Opmap, we normalized and
reversed the IR luminance value. Firstly the max variation
width of IR luminance (IMax) was determined, and the

processed value of the gradient G(f) was given by
calculating the following formula. We calculated (*1) in
all frame and all pixels:

G fð Þ ¼ I f0ð Þ � I fð Þð Þ=IMax . . . *1ð Þ
f : frame number=f0 : frame number of process started=

I fð Þ : luminance value at f frame½ �

Fig. 2 The changes of grada-
tion value evaluated by imaging
software demonstrated different
time sequential change of gra-
dation value at various points.
The gradation value on bypass
graft as well as surrounding
brain surface decreased during
temporary clip application indi-
cating temperature decrease.
However, after removal of tem-
porary clip a significant increase
of gradation value indicating an
increase in temperature could be
observed locally at the brain
surface around anastomosis site
(point 5)

Fig. 3 Imaging analyzed by Opmap showing the area that showed
gradation value change over 60 points compared to that at the
beginning of temporary clip. In this imaging, area showing increase of
gradation value is delineated white, and are showing no change is
delineated as black. Upper left original IR imaging taken by IRIS V IR
imaging system. After removal of temporary clip, the bypass portion

showed increase in gradation value (indicating increase in tempera-
ture) at 1 to 3 s. Significant increase in gradation value, indicating
increase in temperature and indirectly increase in CBF, was recog-
nized at both vessel (arrow) and adjacent brain surface (circle) at 10 s
after removal of temporary clip
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Process application: Moderate IMax values between 45 and
65 were determined to easily show the thermographic
change. Opmap can selectively emphasize the area we hope
to see by selecting f0 frame for any purpose. In case of an
observation of perfusion after removal of clip at the blood
vessel, f0 should be during clipping frames. On the other
hands, f0 should be before clipping frames for checking the
temperature rise after the clip procedure. Intraoperative IR
findings: The recipient artery at the M4 segment of the
anterior parietal branch of the left MCA was explored and
anastomosis performed between the stump of the STA and
the M4 segment that supplied the parietal lobe. Additional
encephalo-duro-myo-synangiosis and dural pedicle inser-
tion [7] were performed. Intraoperative IR monitoring
disclosed changes in color in the bypass territory to white
after temporary occlusion and placement of a temporary
clip (indicating decrease in temperature), and then changes
to black (indicating increase in temperature) after removal
of the clip, indicating presence of blood flow and patency
of the bypass. The images also disclosed that the white
blood flow distributed to both proximal and distal direc-
tions of M4 at 0.5s. The entire exposed brain progressively
changed slightly toward black till the end of monitoring,
which was 5s after removal of temporary clip (Fig. 1).
Gradation value analysis showed decrease both at bypass
and in the surrounding brain surface during placement of
temporary clip, but significantly increased after its removal
(Fig. 2). Opmap clearly showed areas with significant
increase in brain surface temperature both at vessel (arrow)
and at adjacent brain surface (circle) following removal of
the temporary clip (Fig. 3). Postoperative course: Postop-
erative MRI/MRA showed no ischemic changes, and 123I-
IMP-SPECT showed increase in left CBF around the site of
anastomosis 1 day after surgery, when the patient showed
no evidence of neurological deficit. However, he suffered
from fluctuating dysarthria, numbness and fine movement
dysfunction on his right upper extremity from postoperative
day 2 to 6. The anatomical location and the temporal profile
of his CBF increase were in accordance with the neurologic
deficits. Taken together with the absence of ischemic
changes and brain surface compression, we made diagnosis
of symptomatic hyperperfusion. Intensive blood pressure
control relieved his symptoms, and he was discharged
without neurological deficit at 11 days after surgery.

Discussion

The results of this study suggest that IR monitoring is
useful not only for confirming bypass patency, but also for
evaluation of local cerebral hemodynamics. The clinical
implication of changes in intraoperative brain surface

hemodynamics is still obscure, but it might reflect some
important pathophysiology during the revascularization to
the chronically ischemic brain. In our previous study, a
patient who showed an increase in blood flow (i.e. increase
in gradation value) by IR imaging had a tendency to suffer
symptomatic postoperative hyperperfusion [5]. We suggest
that the occurrence of postoperative complication might be
predicted by analyzing changes in the gradation value.
Extensive explorations still need to be performed to find
appropriate parameters and cut off values for analyzing
intensity signals, as well as accumulating data on more
patients. However, the present system demonstrates the
potential of using Opmap analysis in the future to show
postoperative risk and important intraoperative information
to the surgeon.

Okada and colleagues also applied thermography to
evaluate the temperature distribution of cortical surface at
the operative field during the temporary occlusion of
bypass, and reported that thermography is useful not only
to demonstrate the distribution of blood flow through the
extracranial–intracranial bypass but also to quantitatively
evaluate the regional CBF changes in the operative field
[6]. It is now considered that cortical brain temperature is
determined by metabolism and blood flow coupling, and
sensitive infrared imaging might be a useful measure of
ischemia [9]. Although the relationship between gradation
value and surface blood flow using Doppler is clearly
demonstrated as reported by Watson et al. [9], it is still
necessary to further elucidate the exact relationship be-
tween the present IR system and conventional tools in the
future.
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Clinical study of craniospinal compliance non-invasive
monitoring method

A. Ragauskas & G. Daubaris & V. Petkus & R. Sliteris &

R. Raisutis & I. Piper & S. Rocka & E. Jarzemskas &

V. Matijosaitis

Abstract
Background The ability to quantify non-invasively the
effect of posture on intracranial physiology by using cine

phase-contrast MRI may lead to the development of new
diagnostic tests to evaluate such functions as regulation of
CBF and ICP, and the effect of pathologies on these
functions.
Methods Results similar to MRI technology can be
obtained using non-invasive ultrasonic method (Vittamed)
for intracranial blood volume pulse wave (IBVPW)
measurement and intracraniospinal compliance (ICC)
monitoring.
Findings IBVPW have been investigated in supine and
upright positions of healthy volunteers using Vittamed
technology. A group of 13 healthy volunteers (nine females,
four males, mean age 25.1±3.4) was studied. More than
3,000 IBVPW were analysed in order to show the difference
of shape and amplitude in supine and upright positions.
Averaged shape of ten IBVPW waves was presented in the
normalized window with dimensions 1.0×1.0.
Conclusions The results show significant difference
between averaged IBVPW shapes in upright (highest
intracraniospinal compliance) and supine (lower intracra-
niospinal compliance) body positions. Body posture caused
IBVPW subwave P2 and P3 changes ΔP2=18% and
ΔP3=11%. Amplitude of IBVPW in upright body position
was significantly higher than in the supine one. The value
of IBVPW amplitude’s ratio in supine and upright positions
was 1.55±0.61.

Keywords ICP. Intracranial blood volume pulse waves .

Non-invasive monitoring . Craniospinal compliance

Introduction

Body posture strongly affects intracranial hydrodynamics
and cerebral hemodynamics. The link between posture-
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related changes in cerebral hemodynamics, intracranial
hydrodynamics, and paterns of venous drainage can be
quantified by cine phase-contrast MRI [1, 19]. The ability
to non-invasively quantify the effect of posture on

intracranial physiology may lead to the development of
new diagnostic tests to evaluate such functions as regula-
tion of CBF and ICP, and the effect of pathologies on these
functions. It has been shown that in the posture change of

Fig. 1 The display panel of the non-invasive Vittamed monitor for
intracranial blood volume pulse wave shape comparison. Two IBV
pulse waves are shown in normalised window with dimensions 1.0×

1.0: reference wave (left wave) in upright body position, the wave
under comparison (right wave) in supine body posture when ICP has
been elevated

Fig. 2 Simultaneous invasive and non-invasive records of ICP pulse waves when ICP=80 mmHg (a), ICP=60 mmHg (b), ICP=40 mmHg (c)
and ICP=20 mmHg (d) applying invasive Camino and non-invasive Vittamed monitors (TBI patient in coma)
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healthy volunteers from supine to upright postures the
intracraniospinal compliance changes up to 2.8 times when
ICP changes from 10.6±3.6 to 4.5±1.82 mmHg [1]. The
study [1] showed that posture-related changes in ICC and
ICP have a great impact on cerebral blood as well as on
CSF circulation. It also has been shown in the original MRI
study that the shape of IBV pulse waves is strongly related
to the intracraniospinal compliance [1].

In our study we found that results similar to those form
MRI technology results can be obtained using non-invasive
ultrasonic method (Vittamed) for intracranial blood volume
pulse wave (IBVPW) measurement [2–18, 20]. The method
has been tested using simultaneous invasive ICP and non-
invasive IBV wave monitoring of TBI patients. A study on
piglets also has been performed, and body posture effect on
ICP and IBV pulse wave shape has been investigated [18].
13 patients with TBI were monitored following Clinical
Research Protocol No. 99124006, AIBS No. 990135,
HSSRB log No. A-9676. Eighty-seven hours of simulta-
neous monitoring of invasive and non-invasive data were
analyzed [2, 8]. Diagnostic value of IBV pulse waves has
been investigated in our previous studies [4–6, 9–14, 20].

A total of 75 patients were examined using Vittamed
technology and these included cases of acute, chronic and
stabilized hydrocephalus, spinal cord injury and terminal
blood flow [2, 6, 20]. These were compared to a control
group of 53 healthy volunteers. A detectable change in IBV
pulse waveform shape was observed in situations when
disturbance in intracranial hydrodynamics was present, e.g.,
during hypoventilation tests, in cases of terminal blood
flow and hydrocephaly, depicting the level of hydroceph-
alus activity and the patient’s compensatory capabilities as
well as the effect of treatment [2, 6, 20].

The objective of the present study was to investigate
changes in IBV pulse wave shape of healthy volunteers in
supine and upright body positions using new ultrasonic
Vittamed monitor 105.

Materials and methods

A non-invasive method of intracranial blood volume
measurement using ultrasound is based upon the transmis-
sion of short ultrasonic pulses from one side of the skull to
the other and dynamic measurements of the time-of-flight
of ultrasonic pulses. The time-of-flight depends on the
acoustic properties of intracranial blood, brain tissue and
cerebrospinal fluid. Changes in any of these components’
volume will change the time-of-flight [15].

Following previous clinical studies new Vittamed mon-
itor model 105 has been created (Fig. 1). It has been used to
measure and record waveforms at a sampling frequency of
25 Hz. In order to decrease the influence of heart rate

changes and respiratory modulation on the measured
waveforms, the measured IBV pulse waves were averaged
over at least three respiratory cycles and normalized to the
peak value. What we have termed the normalization
window in a 1.0×1.0 dimensionless grid, is shown in
Fig. 1 and readily allows comparison of different IBV pulse
wave recordings.

A group of 13 healthy volunteers (nine females, four
males, mean age 25.1±3.4) were studied in supine and
upright body positions. They had no history of headaches,
meningitis, head trauma, neurosurgical operations or any
other symptoms of elevated ICP. Volunteers were investi-
gated following the protocol beginning in upright (stand-
ing) position with 3 min data recording test.

Fig. 3 IBV pulse wave averaged shapes of the group of 13 healthy
volunteers in upright and supine body positions: a with marked P1, P2
and P3 subwaves and their differences ΔP2=18% and ΔP3=11%
which were caused by body posture. Vertical bars show physiological
fluctuations of pulse wave shape expressed as ±SD for all the group of
healthy volunteers; b non-normalized IBV pulse waves in upright and
supine body postures
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A 3-min resting time interval was used after taking
supine body position. After that, a 3-min recording was
performed.

Before the recording, a mechanical frame with ultrasonic
transducers and sonopads has been fixed on the human
head in the intraventricular acoustic path position. An
electrocardiographic three-lead channel was used for
synchronization of each IBV pulse wave recording. Pulse
waves which were distorted by artefacts have been
automatically excluded from further waveform analysis by
software of Vittamed 105 monitor.

Arterial blood pressure was measured in upright and
supine positions. More than 3,000 IBV pulse waves were
analyzed in order to show the difference of IBV pulse wave
shape and amplitude in supine and upright positions.

Results

The results of comparison of simultaneous invasive and
non-invasive (after linear conversion) ICP pulse waves
monitoring in ICU are shown in Fig. 2. As follows from
Fig. 2 correlation factor range is from r=0.973, p=
0.00000025 (ICP=80 mmHg) to r=0.706, p=0.000001
(ICP=20 mmHg). The possibility to obtain information
about pulse wave shape non-invasively is evident.

The difference of averaged IBV pulse wave shape and its
amplitude of the group of 13 healthy volunteers in supine
and upright body positions is shown in Fig. 3a and b.
Arterial blood pressure in the group of healthy volunteers
was measured in both body positions. It was 119±9 and
74±7 mmHg in supine position and 122±10/78±8 mmHg
in upright position.

Results show significant difference of IBV pulse wave
shapes in upright (highest intracraniospinal compliance)
and supine (lower intracraniospinal compliance) body
positions. Body posture caused IBV pulse waves subwaves
P2 and P3 changes ΔP2=18% and ΔP3=11% for the
group of healthy volunteers (Fig. 3a). The differences are
statistically significant with a p value of 0.00001 or smaller.

Discussion

The amplitude of IBV pulse wave shape in upright body
position was significantly higher than in supine body
position (the averaged value of the amplitude’s ratio was
1.55±0.61). Such differences in IBV pulse wave shapes
(Fig. 3a) and amplitudes (Fig. 3b) can be explained by
physiological changes of arterial/venous blood and CSF
volumetric waves in different body positions. It has been
discovered in previous studies that total venous outflow in
upright position is lower comparing to that of supine

position [1]. Slightly lower total cerebral blood flow and
smaller CSF volume were found to be in the sitting position
[1].

The effect of posture on intracraniospinal physiology can
be quantified by ultrasonic Vittamed IBV pulse wave
measurement method. It has shown that ultrasonically
measured IBV pulse wave shape and amplitude depend on
the body posture and intracraniospinal compliance changes.
Ultrasonically measured posture-related changes of IBV
pulse wave shape reflect the intracraniospinal hydrodynam-
ics and cerebral hemodynamics.
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Cerebral CO2 reactivity in severe head injury. A transcranial
Doppler study

C. Puppo & G. Fariña & L. López Franco & E. Caragna &

A. Biestro

Abstract
Background Cerebral circulation is profoundly affected by
changes in PaCO2. CO2 manipulation plays a basic role in
the management of intracranial hypertension; CO2 re-
activity (CO2R) defines the changes in CBF in response
to changes in PaCO2. Transcranial Doppler has allowed
exploring its effects “on line”.

Materials and methods We conducted a prospective clinical
trial, with the objective of studying CO2R in severe head
injury patients. Sixteen severe traumatic brain injury patients,
mechanically ventilated, were included. Monitoring of MAP,
ICP, CPP, SjO2, ETCO2, and cerebral blood flow velocity
(CBFV) was performed. Taking into account basal cerebral
hemodynamic pattern, minute ventilation was modified to
attain a negative (“A”) or positive (“B”) ΔPCO2. CO2R was
calculated as: CO2R=%ΔCBFV/ΔETCO2 in mmHg (normal
value 3.7±1% /mmHg). CO2R was compared with ΔICP/
ΔPCO2 in each patient.
Findings Three patients were excluded because the change
in ETCO2 was too low (ΔETCO2 < 3 mmHg). The median
value of CO2R in the total group of 13 patients was 3.38. In
“A” the values tended to be lower than in “B”. There were
four low CO2R values in “A” and none in “B”. There was no
significant correlation between CO2R and ΔICP/ΔPCO2.
Conclusions The different “A” and “B” behavior might be
due to dissimilar mechanisms involved in the basis of
vasodilatation and vasoconstriction. Changes in ventilation
must be performed with caution, avoiding sudden increases
in CO2 that may increase ICP. The absence of correlation
between CO2R and ΔICP/ΔPCO2 is explained, at least
partially, by different cranio-cerebral compliance in each
patient. Therefore, induced blood volume changes are not
directly transmitted to ICP, but their effects depend on the
shape of the pressure-volume curve and the position on the
curve in which each situation is working.

Keywords CO2 reactivity . Transcranial Doppler .

Intracranial hypertension . Head injury

Introduction

CO2 is a major stimulus for cerebral arteriolar contraction
and dilatation. The response of brain vessels to CO2 has
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been used for many decades. Lundberg et al reported its use
to lower elevated ICP in 1959 [11]. Many investigators and
clinicians have used it since that time [3, 4, 12, 14–16, 19]
to diminish brain volume and therefore ICP, through
cerebral blood volume (CBV) lowering. However, there is
still controversy on specific indications, timing, depth of
hypocapnia, and duration. This property of brain vessels
has been called CO2 reactivity (CO2R). There are other
means of diminish CBV, for example by the use of certain
drugs, like indomethacin, which also cause microvascular
arteriolar contraction. This trial of CO2 reactivity was
performed as the first part of an indomethacin trial in head
injury, in which this CO2 reactivity was performed in order
to be compared with indomethacin reactivity. [13].

Patients and methods

The protocol was approved by the Institutional Ethics
Committee, and informed consent was obtained from
patient's next of kin. Inclusion criteria were: penetrating or
closed severe TBI, (post-resuscitation GCS<8) admitted to
our ICU, between 16 and 70 years old, abnormal findings
on CT scans, and ICP monitoring. Patients with refractory
intracranial hypertension, clinical signs of cardiac failure,
known renal or hepatic disease or dysfunction, peptic ulcer,
or gastric bleeding, and pregnant or nursing women were
excluded, because the indomethacin second part of the
protocol. Sixteen patients, admitted to our 12 bed adult
general intensive care unit (third level university hospital)
between October 2001 and November 2003, were included
(patients characteristics are shown in Table 1). Management
was based on surgical (evacuation of intracranial mass
lesions) and medical treatment, including maintenance of
ICP≤20 mmHg (ventricular drainage, moderate hyperven-
tilation, and mannitol or hypertonic saline) and cerebral

perfusion pressure (CPP)≥60 mmHg after hydrostatic
correction. Volume replacement was followed by noradren-
aline if it was not enough to reach the required arterial
pressure. All patients were intubated and received mechan-
ical ventilation. They were maintained normothermic,
sedated, and paralyzed.

A transcranial Doppler (TCD) device, EME TC2-64b
was used to measure mean cerebral blood flow velocity
(CBFV) at the M1 segment of the middle cerebral artery,
through the temporal window, according to the method
described by Aaslid. [1]. A 2 MHz pulsed Doppler
monitoring probe was fixed in position over the MCA

Table 1 Patients' characteristics

Patient
number

Age Gender Glasgow coma
score

Marshall Study
day

Glasgow outcome
score

ICP MAP FV PI SjO2 Delta
ETCO2

CO2R

3 29 1 8 2 4 Unfavorable 12 80 82 1.11 76 −7 2.00
4 17 2 7 5 3 Favorable 10 129 44 0.73 60 9 3.03
5 56 1 8 4 4 Favorable 30 100 124 0.81 94 −7 5.07
6 52 1 7 2 7 Favorable 12 74 56 1.29 66 11 5.84
7 56 1 7 2 4 Unfavorable 12 101 52 0.91 71 8 5.77
8 27 1 8 5 4 Unfavorable 17 78 50 1.25 51 8 5.00
9 32 1 6 3 4 Favorable 15 96 36 1.42 66 −8 2.78
10 19 1 7 2 4 Favorable 19 77 46 0.93 84 −9 3.38
11 51 1 7 5 3 Unfavorable 20 116 85 0.87 86 −5 5.41
12 60 1 8 2 4 Unfavorable 30 122 33 1.06 63 −7 2.60
13 43 1 3 5 6 Favorable 13 85 64 0.90 99 −8 4.30
14 30 1 3 6 7 Unfavorable 33 79 84 1.86 70 −7 1.02
16 40 2 7 2 4 Favorable 18 101 61 0.66 70 −10 2.13

Fig. 1 Bars showing the change in cerebral blood flow velocity and
intracranial pressure compared to the positive or negative change in
CO2
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through a headband. Heart rate, mean arterial blood
pressure (MAP), ICP, CBFV, ETCO2, arterial oxygen
saturation (SaO2) and rectal temperature were continuously
monitored, and manually recorded every 15 s during each
trial. Data were also recorded with a VCR, and further re-
evaluated when needed. ICP monitoring was performed
with a Codman intraparenchymal sensor, or a ventricular
catheter. Intra-arterial blood pressure was monitored.
Arterial and jugular bulb oxymetric values were measured
with a co-oxymeter, from blood samples drawn before and
after the change in ventilation.

CO2 reactivity testing CO2R [5, 7, 9, 10] was performed by
modifying minute ventilation, (tidal volume, or respiratory
frequency). The change in ventilation was controlled with
CO2 and ETCO2 change. CO2R was calculated as the
percentage change in CBF per mmHg change in CO2. ICP-
CO2 reactivity was calculated as the mmHg change in ICP
per mmHg change in CO2. CO2R and ICP-CO2 reactivity
were then compared.

Neurological outcome was assessed at discharge by the
Glasgow Outcome Scale [8] for all patients; for statistical
purposes, scores of 1 through 3 were defined as an
unfavorable outcome and scores of 4 and 5 were defined
as a favorable outcome.

Results

Sixteen patients entered the study. Three of them were
excluded from further analysis because the change in
ETCO2 was too low (ΔETCO2<3 mmHg). The median
age of the 13 patients included in the analysis was 40 years
(range 17–60); there were 11 males out of a total of 13
patients. The median study day was the fourth day (range
3–7). Patients' characteristics are shown in Table 1. The

changes in CBFV and ICP in each patient are shown in
Fig. 1, compared with the change in ETCO2.

The median value of CO2R in the total group of 13
patients was 3.38. Fig. 2, right panel. The changes in the
different variables are shown in Fig. 2, left panel.

In nine patients ΔPCO2 was decreased, (group “A”), and
it was increased in four (group “B”). There were four low
CO2R values in “A” and none in “B”. See reactivity and
ICP-CO2R results in Table 2.

There was no significant correlation between CO2R and
ΔICP/ΔPCO2. (Pearson Correlation 0.338, significance
0.258). When comparing the three groups of CO2R
(normal, low and high) to outcome, the best outcome was
found in the normal reactivity group (Fig. 3).

Discussion and conclusions

The present study shows that in this small sample of severe
head injury patients, CO2R was preserved in nine patients
(70%), and low in four patients (30%), all of them pertaining
to the hyperventilated group. The most novel data of this
study is the different behavior of CO2R in the CO2 decrease
group (group “A”), related to the CO2 increase group
(group “B”). In “A” the values tended to be lower than in
“B”. Probably due to the small sample of patients, there
were no significant differences between both groups.

Fig. 2 Left panel: Boxplots showing the median, interquartile range,
minimum and maximum values of the different variables pre and post
the change in ventilation. For each variable, the two boxplots at the
left show the results of the 9 patients in whom CO2 was decreased and
the two boxplots at the right show the results of the 4 patients in
whom CO2 was increased. MAP Mean arterial pressure, CPP cerebral

perfusion pressure, FV mean cerebral flow velocity, SjO2 jugular bulb
oxygen saturation, ICP intracranial pressure, ETCO2 end tidal CO2.
Right panel: Boxplots showing the median, interquartile range,
minimum and maximum values of CO2 reactivity. From left to right:
the whole group of 13 patients, the nine hyperventilated patients and
the four patients in whom ΔPCO2 was decreased

Table 2 Reactivity results in total group, A and B groups

Parameter Total group CO2 decrease
group

CO2 increase
group

CO2 reactivity 3.38 (1.02–5.84) 2.78 (1.02–5.41) 5.38 (3.03–5.84)
ICP-CO2R 1.13 (0.43–2.29) 0.89 (0.43–2.29) 1.28 (1.13–1.78)
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The absence of significant changes in systemic hemo-
dynamic variables can be seen in Fig. 2. Systemic effects of
changes in CO2 are multifactorial and interrelated, affecting
multiple sites of the body. Substantial differences exist
between active changes (when the subject voluntarily
increases or decreases the ventilation rate) and passive
changes (by means of artificial ventilation), as in our
patients. In the former, autonomic flow is markedly
affected, while in artificially ventilated patients the effects
of CO2 are combined with those of the complex interaction
between artificial ventilation and hemodynamics. Addition-
ally, when hyperventilation is applied for reducing ICP, or
in severe head injured patients, it is usually combined with
a number of concurrent interventions such as sedation,
paralysis, and increased fluid input, interventions that
interfere with the pure action of hyperventilation [18].

The different “A” and “B” behavior might be due to
different mechanisms involved in the regulation of vasodi-
latation and vasoconstriction. Moreover, the mild basal
hyperventilation used in the management protocol could
explain these differences, because the increased basal tone
generated by hyperventilation could favor the ability to
vasodilate and diminish further vasoconstriction. Similarly,
we found in the second part of this trial that indomethacin,
which causes vasoconstriction, does not impair vasodilatory
capacity, tested by the transient hyperemic response test
[6, 17], but, on the contrary, it increases after the
administration of the drug [13]. The absence of correlation
between CO2R and ΔICP/ΔPCO2 is explained, at least
partially, because each patient has its own cranio-cerebral
compliance, represented by a certain pressure volume
curve, and at the moment when the patients were studied
the place at this curve where dynamic cerebral compliance
was working was different. Blood volume changes induced
by vasodilation or vasoconstriction are not directly trans-
mitted to ICP, but their effects depend on the shape of the
pressure-volume curve and the position on the curve in
which each situation is working.

The relationship between the group with preserved
CO2R and favorable outcome, and its difference with the

hyper-reactivity and hypo-reactivity groups is also impor-
tant to underline. Changes in ventilation must be performed
with caution, avoiding a sudden increase in CO2 which may
increase ICP.
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Acetazolamide vasoreactivity evaluated by transcranial
power harmonic imaging and Doppler sonography

T. Shiogai & K. Ikeda & A. Morisaka & Y. Nagakane &

T. Mizuno & M. Nakagawa & H. Furuhata

Abstract
Background Cerebral vasoreactivity (CVR) in the major
cerebral arteries evaluated by transcranial Doppler sonog-
raphy has shown some correlation with CVR in the brain
tissue measured by other neuroradiological modalities. To
clarify vasoreactive differences in the brain tissue and the
major cerebral arteries, we have evaluated the relationship
of acetazolamide (ACZ) CVR between transcranial ultra-
sonic power harmonic imaging (PHI) and color Doppler
sonography (CDS), in cases of parenchymal pathology with
and without occlusive vascular lesions.
Materials and methods The subjects were 31 stroke patients
with intraparenchymal pathologies, 15 with (occlusive
group) and 16 without (non-occlusive group) occlusive

carotid and/or middle cerebral artery lesions. CVR based
on values before/after ACZ (angle-collected CDS velocity in
the middle and posterior cerebral arteries, PHI contrast area
size, peak intensity, time to peak intensity), and correlation
of CVR between PHI and CDS were compared between the
side with and without lesions in both groups.
Findings (a) PHI CVR tended to be more disturbed than
CDS CVR. CVR side differences were not significant. (b)
CVR correlations between PHI and CDS were always
lower in the pathological sides.
Conclusions CVR in brain tissue evaluated by PHI is
susceptible to disturbance in comparison with CDS, due to
both parenchymal and vascular occlusive pathologies.

Keywords Cerebral vasoreactivity . Acetazolamide .

Transcranial ultrasonic power harmonic imaging .

Transcranial color Doppler sonography

Introduction

Cerebral vasoreactivity (CVR) has been evaluated not only
by transcranial Doppler sonography (TCD) but also using
various neuroradiological perfusion imaging methods includ-
ing single-photon emission CT (SPECT), Xenon CT (Xe-
CT), CT/ magnetic resonance (MR) perfusion imaging, and
positron emission tomography [5]. CVR evaluation has been
conducted in stroke patients, particularly with carotid
occlusive lesions, in relation to risk assessment for cerebral
infarction and post-operative hyperperfusion syndrome after
carotid endarterectomy, consideration of extra-intracranial
bypass surgery, collateral circulation for balloon test
occlusion, and selection for other medical interventions
[5]. CVR is disturbed not only in carotid occlusive diseases
but also in the setting of intracranial parenchymal pathol-
ogies [9]. CVR in the major cerebral arteries has been
evaluated using conventional TCD, and this has shown
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some correlation with cerebral blood flow (CBF) measure-
ments in the brain tissue from other neuroradiological
modalities [2, 12, 14, 26].

Transcranial power harmonic imaging (PHI) can identify
a contrast-perfused area more easily than gray-scale
harmonic imaging [20]. Compared to conventional TCD,
transcranial color Doppler sonography (CDS) is able to
measure more accurately on the basis of angle-collected
velocities in the intracranial major vessels [17]. To clarify
vasoreactive differences in the brain tissue and the major
cerebral arteries, we have evaluated the relationship of
acetazolamide (ACZ) CVR between transcranial PHI and
CDS [22]. The aim of this study was to evaluate vaso-
reactive differences in cases of intracranial parenchymal
pathology with and without occlusive vascular lesions.

Materials and methods

The subjects were 31 stroke patients with intraparenchymal
pathologies in a chronic stage, with open temporal acoustic
windows confirmed by transcranial CDS utilizing a
SONOS 5500 S4 transducer (Philips). Intraparenchymal
pathologies were diagnosed by CT and/or MR imaging
(MRI). Cervical and intracranial vascular lesions were
evaluated by digital subtraction angiography (DSA) and/or
MR angiography (MRA) and cervical and transcranial
CDS. Internal carotid and middle cerebral artery occlusions
(ICAO and MCAO) were diagnosed by DSA and/or MRA.
Diagnosis of cervical ICA stenosis (ICAS) was based on
the CDS criteria (>50% narrowing on the longitudinal plain
or >70% narrowing on the axial plain). MCA stenosis
(MCAS) was diagnosed using transcranial CDS on the
basis of increased angle-collected time-averaged maximum
velocity (Vm) >120 cm/s. Patients were classified into two
groups; one with (Occlusive group) and one without (Non-
occlusive group) occlusive lesions in the ICA and/or the
MCA. The occlusive and non-occlusive groups consisted of
15 patients (ages 47–92, mean 71) and 16 patients (ages
35–88, mean 65), respectively. Age differences between the
two groups were not significant. Details of gender, lesion
side, and diagnosis of the two groups are shown in Table 1.

Transient response PHI taken every 2s after a 7ml-bolus
Levovist® injection (300 mg/ml) via the antecubital vein
was evaluated in an axial diencephalic plane via bilateral
temporal windows (Fig. 1). The PHI settings were as
previously described [22]. PHI contrast area size was
measured by Scion Image (Beta version 4.02, Scion
Corporation). Peak intensity (PI) and time-to-peak intensity
(TPI) based on time-intensity curve (TIC) analysis were
measured by QLAB software (Version 4.1, Philips) (Fig. 2).

Before ACZ (500 mg Diamox®) intravenous injection,
Vm in the MCA and posterior cerebral artery (PCA) was

measured by CDS and PHI was evaluated on both sides.
The PHI was re-evaluated 15 and 30min after ACZ, via
right and left temporal windows, respectively (Fig. 1). Vm
in the ipsilateral MCA and PCA was measured just before
the PHI measurement. The CVR (%Δ) of CDS Vm and
PHI parameters were calculated before and after ACZ
administration (parameters after ACZ - parameters before
ACZ/ parameters before ACZ x 100).

Assessments of CVR on the basis of values before and
after ACZ were compared between the side with and the
side without pathological lesions on the basis of CDS and
other neuroradiological modalities in both groups, in terms
of: (a) CDS; Vm in the MCA and PCA; (b) PHI; contrast
area size; PI and TPI; and (c) Pearson’s correlation
coefficients (r) of CVR between PHI and CDS parameters.
Utilizing a paired t-test, a non-paired t-test, a chi-square
test, and a one-way analysis of variance, statistical
significance was set at p < 0.05. Informed consent was
obtained from patients and/or patients’ family members.

Results

(a) CVR evaluated by CDS in occlusive and non-
occlusive groups (Table 2)

In the occlusive group, significant Vm increases after
ACZ in the MCA and PCA were observed in both lesion
and non-lesion sides. Significant Vm increases were more

Table 1 Demographics in occlusive and non-occlusive groups

Parameter Occlusive group Non-occlusive group

No. of cases 15 16
Age 71 ± 13 65 ± 15
Gender (male/ female) 14/1 12/4
Lesion side
Right 5 3
Left 6 8
Bilateral 4 5
Diagnosisa

Cerebral infarction 15 7
ICAO 4 0
ICAS 7 0
MCAO 2 0
MCAS 2 0
Lacunae 0 7
ICH 0 6
SAH 0 3

a ICAO Internal carotid artery occlusion, ICAS internal carotid artery
stenosis, MCAO middle cerebral artery occlusion, MCAS middle
cerebral artery stenosis, ICH intracerebral hemorrhage, SAH subarach-
noid hemorrhage

178 T. Shiogai et al.



obvious in the non-lesion side of the MCA and in the lesion
side of the PCA. In the non-occlusive group, significant
Vm increases after ACZ were observed in both sides of the
PCA and in the lesion side of the MCA. However, there
was an increased Vm tendency only in the non-lesion side
of the MCA.

Side differences of CVR in the MCA and PCA were not
significant in either group.
(b) CVR evaluated by PHI in occlusive and non-occlusive

groups (Table 2)
In the occlusive group, significant increases of contrast

area size after ACZ were observed in both sides. Significant
increases of TPI after ACZ were observed only in the non-
lesion side. However, there was no significant increase of
PI after ACZ in either side or PHI in the lesion side. In the
non-occlusive group, a significant increase after ACZ was
observed only in the contrast area size of the lesion side and
PI in the non-lesion side. There were no significant
increases in other PHI parameters.

Side differences of CVR in all PHI parameters were not
significant in either group.
(c) CVR values between CDS and PHI parameters in

occlusive and non-occlusive groups (Table 2)
PHI CVR values, except for contrast area size, tended to

be lower than CDS CVR values in both groups. CVR based
on TPI in both sides of the occlusive group was
significantly lower than CVR based on the MCA Vm and
PCAVm. In the non-occlusive group, CVR based on PI in
the lesion side was significantly lower than CVR based on
MCA Vm, and CVR based on TPI was significantly lower
than CVR based on PCA Vm.
(d) Correlation between CDS and PHI CVR in occlusive

and non-occlusive groups (Table 3)
In the occlusive group, close and significant correlations

between CDS and PHI parameters were observed in the
non-lesion side, except for a correlation between PCA Vm
and TPI. The correlation coefficients in the lesion side
were always lower than those in the non-lesion sides.

Fig. 1 Acetazolamide (ACZ) CVR tests by transcranial power
harmonic imaging (PHI) in a 55-year-old subject were performed
5 months after atherothrombotic infarction caused by the left ICAO.
PHI images are represented before (a left, c right) and after (b left, d

right) ACZ bolus intravenous injection. Despite increased contrast
area size after ACZ (b), decreased size in the left side (d) is probably
due to a steal phenomenon [22]
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Furthermore, there was no significant correlation in the
lesion side.

In the non-occlusive group, close and significant
correlations between CDS and PHI parameters were
observed only between MCA Vm vs. contrast area size
and vs. PI in the non-lesion side. There were no significant
correlations between the other CDS and PHI parameters in
either side. The correlation coefficients in the lesion side
were always lower than those in the non-lesion side.

Discussion

(a) CVR evaluated by TCD and PHI

ACZ VMR utilizing TCD has been evaluated in various
types of stroke patients [1, 4, 13] including those with
lacunar infarction [11] and subarachnoid hemorrhage
(SAH) [1, 25], as well as non-stroke patients with and
without parenchymal lesions [1, 4]. The lesional side of
ICAS or ICAO, e.g. 80% ICAS [15, 16], 90–99% ICAS
[12], ICAO [8, 18], or symptomatic side of ICAS or ICAO
[12, 14], showed significantly decreased CVR by TCD or

CBF measurements in comparison with the contralateral
side. However, almost half of asymptomatic severe ICAS
(>70%) [7] and non-severe ICAS (≤80%) [16] cases
showed good CVR. Furthermore, aside from severe ICAS
(>90%), there were no CVR differences between less
severe stenosis (70–90%) and ICAO [12]. In our occlusive
group, there were no significant CVR side differences
between lesion and non-lesion sides (Table 2). These CDS
findings in the MCA are probably because our cases of
non-severe ICAS, MCAS and MCAO, ICAO or bilateral
lesions in the chronic stage were associated with good
collateral circulation in both sides of the brain tissue as
demonstrated by PHI.

Side differences of CVR were not significant in patients
with lacunar infarction [11] and aneurysmal SAH [25]. In
our non-occlusive group, four of seven patients with
lacunar infarction and one with SAH had bilateral lesions.
Furthermore, three patients with ICH (two frontal lobe and
one pons) did not have involvement of the MCA or PCA
territory. These etiological factors probably explain the
absence of significant CVR side differences evaluated by
either CDS or PHI between lesion and non-lesion sides in
our non-occlusive group (Table 2).

Fig. 2 Time-intensity curve (TIC) analysis before (a and c) and after
(b and d) ACZ administration. PHI contrast area size after ACZ (b)
appears larger than that before ACZ (a). On the TIC analysis, after

ACZ, PI increased and TPI decreased (d) in comparison with state
before ACZ (c)
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In the studies of ACZ CVR utilizing TCD and CBF
measurements, CVR derived from TCD was significantly
higher than that from 133Xe SPECT in normal subjects [24]
and tended to be higher than that found on Xe-CT in
various brain diseases and in occlusive ICA diseases [12].
However, these tendencies were not always seen in normal
subjects [3, 26], unselected neurological diseases [4], and
obstructive carotid diseases [14]. In our study, CVR based
on PHI parameters of PI or TPI tended to be lower than that
of PHI contrast area size or CVR based on CDS parameters
in both groups. PHI parameters of PI and TPI derived from
TIC analysis are not measured in the same units as CBF

data. If the dye-dilution principle [10] were applicable for
PHI, CDS measured CVR could be compared to calculate
CBF data derived from PHI parameters. Since there was
data scattering of calculated CBF based on our previous
observations utilizing ultrasonic gray scale harmonic
imaging in various neurological diseases, the calculated
CVR (%ΔCBF) was not always lower than CVR (%ΔVm)
in the MCA and PCA [19].

(b) Correlation of CVR between TCD and PHI

Correlations of CVR between TCD and CBF in
published studies have not always been consistent. Close

Table 2 Acetazolamide (ACZ) induced cerebral vasoreactivity (CVR) in occlusive and non-occlusive groups

Occlusive group (n=15) Non-occlusive group (n=16)

Lesion side Non-lesion side Lesion side Non-lesion side

Before After CVR Before After CVR Before After CVR Before After CVR
Parametersa ACZ ACZ (%) ACZ ACZ (%) SDb ACZ ACZ (%) ACZ ACZ (%) SDb

MCAVm 62±28 93±53* 47±61 74±27 106±48*** 42±3 ns 41±15 56±18*** 43±42 48±12 58±20 21±31 ns
PCA Vm 45±20 62±30** 39±37 42±13 51±14* 31±47 ns 26±7 35±12*** 38±33 33±8 45±11** 37±21 ns
Size 10±7 14±5* 65±69 10±3 14±4* 46±61 ns 15±12 18±12* 44±95 10±4 14±5 52±76 ns
PI 13±5 15±4 23±35 15±5 17±10 19±49 ns 17±10 19±11 13±43‡ 14±3 17±5* 21±28 ns
TPI 24±5 22±8 8±29‡‡,§§ 26±9 22±6* −12±20‡‡‡,§§ ns 23±10 25±11 17±54 27±11 27±9 20±36§§ ns

* p<0.05 in comparison with parameters before ACZ based on paired t-test.
** p<0.01 in comparison with parameters before ACZ based on paired t-test.
*** p<0.001 in comparison with parameters before ACZ based on paired t-test.
‡ p<0.05 in comparison with MCAVm based on non-paired t-test.
‡‡ p<0.01 in comparison with MCAVm based on non-paired t-test.
‡‡‡ p<0.001 in comparison with MCAVm based on non-paired t-test.
§ p<0.05 in comparison with PCA Vm based on non-paired t-test.
§§ p<0.01 in comparison with PCA Vm based on non-paired t-test.
aVm Time-averaged maximum velocity (cm/s), MCA middle cerebral artery, PCA posterior cerebral artery, Size contrast area size (cm2 ), PI peak
intensity (AU2 ), TPI time-to-peak intensity (s)
b SD Side differences, ns not significant.

Table 3 Correlation between transcranial CDS and PHI CVR in occlusive and non-occlusive groups

Correlation Coefficient (p valueb)

Occlusive group (n=15) Non-occlusive group (n=16)

Parametersa Lesion side Non-lesion side Lesion side Non-lesion side

MCAVm vs. contrast area size 0.45 (ns) 0.69 (p<0.01) 0.26 (ns) 0.76 (p<0.05)
MCAVm vs. PI 0.48 (ns) 0.64 (p<0.05) 0.21 (ns) 0.82 (p<0.01)
MCAVm vs. TPI −0.17 (ns) −0.65 (p<0.05) 0.04 (ns) 0.21 (ns)
PCA Vm vs. contrast area size 0.50 (ns) 0.67 (p<0.05) 0.30 (ns) 0.51 (ns)
PCA Vm vs. PI 0.37 (ns) 0.66 (p<0.05) 0.17 (ns) 0.50 (ns)
PCA Vm vs. TPI −0.36 (ns) −0.48 (ns) 0.01 (ns) 0.30 (ns)

aMCA Middle cerebral artery, Vm time-averaged maximum velocity, PCA posterior cerebral artery, PI peak intensity, TPI time-to-peak intensity
b Analysis of variance, ns Not significant
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correlation of TCD was observed with 133Xe CBF in normal
subjects (r = 0.75, p < 0.001) [26], with 133Xe SPECT in
cerebrovascular patients (r = 0.63, p < 0.019) [2] and in
obstructive carotid diseases (symptomatic side: r = 0.59, p <
0.004, asymptomatic side: r = 0.45, p = 0.04) [14], and with
Xe-CT in occlusive ICA diseases (r = 0.458, p < 0.04) [12].
However, there were no close correlations of TCD with Xe-
CT (regional CBF: r = 0.23, global CBF: r = 0.36) in a
vascular stenosis group [1], with 133Xe SPECT (regional
CBF: r = 0.08, hemispheric CBF r = 0.111) in unselected
neurological patients [4] or normal subjects (r = 0.05) [3].

In our study of both groups, correlations between CDS
and PHI parameters were almost always closer in the non-
lesion side (occlusive group: r = 0.48–0.67, non-occlusive
group: r = 0.21–0.82) than in the lesion side (occlusive
group: r = 0.17–0.50, non-occlusive group: r = 0.01–0.30).
This is probably because parenchymal pathology in the
medial temporal lobe, basal ganglia, and thalamus on the
lesion side affected the visualized PHI image. Indeed, PHI
has technical problems that mean it cannot visualize in the
ipsilateral temporal cortex, or frontal and occipital poles
outside the sector scan. In order to overcome these PHI
problems, new imaging techniques utilizing pulse inversion
harmonic imaging [6] or power modulation imaging [23]
are able to visualize contralateral hemispheres via unilateral
temporal windows. Another approach utilizing a refill
kinetic method of transcranial ultrasonic perfusion imaging
[21] would be viable for overcoming these problems.

In conclusion, in comparison with transcranial CDS,
CVR in brain tissue evaluated by transcranial PHI is easy to
disturb due to extra- and intra-cranial vascular occlusive
lesions as well as parenchymal pathologies.
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A new semi-invasive method for two dimensional pO2

measurements of cortical structures

Jan Warnat & Gregor Liebsch & Eva-Maria Stoerr &

Alexander Brawanski & Chris Woertgen

Abstract
Background Measuring brain oxygenation in patients with
TBI or SAH is of major interest. We present a new semi-
invasive method for two dimensional measurements of
cortical pO2.

Methods For this feasibility study, a porphyrin containing
sensor foil was placed directly on the cortex of intubated
and variably ventilated Wistar rats. The sensor was excited
with a light pulse and pictures of the foil’s pO2 dependant
emissions were captured with a CCD camera. After online
data processing, two-dimensional maps of cortex oxygen-
ation were displayed and analyzed using ROIs (here:
arteriole, vein, parenchyma) with a display rate of 7 Hz.
The size of one single measurement pixel was 0.03×
0.03 mm2.
Findings The mean pO2 over cortex arterioles was 20.3±
0.69, over veins 17.1±0.5 and over parenchyma 9.1±0.6
(mmHg±SD). The arterial pO2 showed a good correlation
to the pO2 in the ROIs (r=0.46–0.72, p<0.0001, n=198).
Comparing groups with different paO2 and paCO2 we found
significantly different pO2 values in the ROIs of the cortex.

Conclusions This prototype is capable of obtaining cortical
pO2 maps with excellent temporal and spatial resolution
and provides simultaneous imaging of the cortex structures.

Keywords Brain oxygen . Partial oxygen pressure .

Time-resolved luminescence imaging . Neuromonitoring

Introduction

The continuous measurement of cerebral tissue oxygen
tension is an important part of advanced neuromonitoring in
patients with SAH or TBI. There is evidence that periods with
low pbtO2 lead to an increase in secondary brain damage and
deterioration in outcome [2, 10, 11]. In clinical practice,
Clarke type electrodes or optical sensors are inserted in the
parenchyma of the white matter. The measured pbtO2 reflects
the regional oxygen concentration in the surrounding area of
the probe, probably equating to the end-capillary pO2 [7]. It
can be assumed that a volume of only a few cubic
millimeters is sampled [3, 7]. Furthermore, the possible
influence of nearby vessels is difficult to control.

We present a new method for two-dimensional measure-
ments of the partial pressure of oxygen of the cortical surface
structures. The technique is based on the detection of oxygen-
dependent quenching of the sensor luminescence [8, 9].
Although previously used for measurements on skin surfaces
[1], this method is for the first time evaluated for cortical pO2

detection. The setup provides a time-resolved two-dimensional
luminescence lifetime image [4, 8, 9] and the online
calculation of two dimensional maps of partial pressure of
oxygen distribution over the cortex under the sensor.

The feasibility of the system was tested with rodent
animals and the effects of variation of arterial pO2 and
pCO2 on cortical pO2 were investigated.
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Materials and methods

Animal preparation The experimental protocol was ap-
proved by the animal care committee and included ten
Wistar rats (376±33 g, Charles River), which were sedated,
endotracheally intubated and ventilated with a gas mixture
of isoflurane (1.2–1.5%), oxygen and nitrous oxide. The
left femoral artery was catheterized and the animals were
positioned in a stereotactic frame. Rectal body temperature
was kept stable between 36.5°C and 37.5°C using a
warming lamp. A craniectomy was performed on the right
hemisphere and the dura was carefully opened and
removed.

Setup for cortical oxygen measurement A light conducting
sterilized polymethylmethacrylate (PMMA) cylinder (diame-
ter 12/14 mm, length 50 mm) with the oxygen sensor foil
(polysulfone containing a platinum (II)-octaethyl-porphyrin,
surface area 110 mm2) was placed gently on the cortex and
was fixed with a holder. The colour CCD camera (AVT,
Germany; resolution 780×580, 10 bit=1,024 grey scale
values) was placed on axis over the probe. A ring of LED
light sources (λ=405 nm) was mounted on the camera
objective allowing light pulses entering the PMMA cylinder
to be conducted to the sensor foil. Vice versa light emissions
of the sensor foil were optically filtered by a 455 nm
longpass filter (GG435; Schott, Germany) and detected by
the camera through the cylinder. The LEDs and the camera
were precisely controlled by a custom made trigger box
(Biocam, Germany). A software program provided the online
view of the camera pictures, control of the trigger box and
the storage of the data (Biocam acquisition software). A
special evaluation-software was used for online calculation
and display of the resulting oxygen maps (IDL, Creaso). For
offline analysis the program provided functions to read out
the pO2-dependent grey scale values of each pixel of the
oxygen maps as well as of freely to determine rectangular
regions of interest (ROIs). Moreover the grey scale oxygen
maps can be converted into pseudocolour maps or three
dimensional profiles.

Measurement protocol and data acquisition The paO2 was
varied by altering the FiO2 between ∼10% and ∼100%.
Additionally, the paCO2 was modified by the ventilation
settings while the FiO2 remained constant at 30%. A blood
gas was drawn and afterwards a measurement cycle was
started. For each measurement cycle five subsequent sets of
images were obtained and stored on hard disk. Each image
set consisted of a normal colour image, a background
luminescence image, an image of the excitation and one of
the emission phases. The mean arterial blood pressure,
heart rate and rectal body temperature were recorded for
each measurement.

Data processing and analysis of pO2 maps A decay time
dependent parameter R was calculated by rationing the
image containing the luminescence intensities of the
excitation phase by the image containing the luminescence
intensities measured in the emission phase. A calibration
function was established for R versus pO2 using an adapted
Stern–Volmer relationship and R values were converted into
the corresponding values of partial pressure. The transfer
function was obtained by calibrating the sensor in a
chamber under defined oxygen partial pressure:

pO2 mmHg½ � ¼
0:95

1:225
R �0:05

� 1

0:0615
:

Regions of interest containing 10×10 pixels were set over
an arterial structure, a vein and a parenchymal area without
apparent vessels. Vessels were identified in the colour
image of each measurement set as well as in the
corresponding pO2 maps. The average values for R of each
ROI with its standard deviation were determined for every
measurement. Statistical analysis was performed with
Sigma Stat (SPSS inc.) using the Spearman rank order
correlation.

Results

In all experiments colour pictures and luminescence
pictures of the measurement region were obtained and
displayed simultaneously at approximately 7 Hz. The image
quality appeared to be good. The overall spatial resolution
was 30×30 μm2 per measurement pixel resulting in an
acceptable picture resolution. Structures of the cortex were
well recognizable (Fig. 1). Changes of cortical pO2 due to
variation of the FiO2 were immediately and well noticeable
throughout the experiments.

Altogether 225 measurement cycles with 63,000 single
data points were collected. The mean arterial blood pressure
ranged from 88.2±5.9 to 96.9±8.1 mmHg. There was no
correlation between changes in arterial blood pressure and
cortical pO2 (in all ROIs, p>0.05, n=198). The arterial pO2

changed throughout the experiments between 13.0 and
424.7 mmHg. The average arterial pO2 was 157.5±
102.2 mmHg. The paCO2 ranged from 33.5 to 46.0 mmHg
except for the pCO2 reactivity studies for which paCO2 was
altered between 25 and 68 mmHg. The body core
temperature remained relatively constant (36.8±0.6°C).

The mean cortical pO2 over arterial vessels was 20.3±
10.8 mmHg, over veins 16.9±8.0 mmHg and over the
parenchyma 9.4±7.7 mmHg. These groups were signifi-
cantly different (p<0.0005). The relationship of paO2 and
the cortex pO2 over an arteriole and a vein is shown in
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Fig 2. Arterial systemic pO2 correlated well with the
cortical pO2 over arteries (correlation coefficient 0.72, p<
0.001). Smaller, but still strong correlations (p<0.001) were
found between paO2 and pO2 over cortical veins (coeff.=
0.58) and over cortical parenchyma (coeff.=0.46). The
ROIs over a vein were used for an exemplary analysis of
paCO2 and paO2 effects. An increase of either paO2 or
paCO2 was followed by an increase of cortical vein pO2.
The comparison of groups with a paO2 below 80 mmHg,
between 80 and 120 mmHg and above 120 mmHg showed
significant (p<0.001) differences in mean cortical pO2

values: 8.1, 15.7 and 20.3 mmHg respectively. Groups with
a paCO2 below 30 mmHg, between 30 and 40 mmHg and
above 40 mmHg also showed an increasing and signifi-
cantly different cortical pO2 of 12.9, 14.3 and 16.9 mmHg
(p<0.009).

In order to evaluate the reproducibility we analyzed 106
randomly chosen sets of five subsequent measurements.
The average standard deviation for the pO2 was 1.78% of

b

a

Fig. 2 Relationship of arterial oxygen tension (paO2) with cortical
pO2 over an arteriole (a) and a vein (b). Individual data points of one
representative experiment

Fig. 1 a Conventional camera view through the PMMA cylinder.
Venous vessels can be recognized. b Calculated online pO2 map of the
same measurement. Bright pixels correspond to high pO2 values
indicating e.g. arterial vessels. Square ROI defined over an arterial
vessel. c Three-dimensional representation. The artefacts surrounding
the central measurement area may be excluded by further processing
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the average value for the sequence of five consecutive
measurements. The average variance for sets of five
subsequent measurements was 0.002. The maximum
deviation of one single measurement compared to the
average of the five consecutive measurements was 5.88%,
although this value was below 3% for 89% of the single
measurements.

The visualisation of the pO2 maps as grey scale images
appeared to be sufficient. Three dimensional representa-
tions may be more intuitive (Fig. 1); moreover the maps can
also be colour coded (not shown).

Discussion

This study shows the suitability of a new technique for the
in vivo measurement of cortical pO2 and its capability of
simultaneous measurements of distinct anatomical struc-
tures such as supplying and draining vessels. Despite the
technical limitations at this stage, the prototype produced
sufficient pO2 image maps of the cortex. The fast reaction
of the system even to smaller changes in FiO2 was
recognisable in the online maps and is resembled by the
strong correlation of the systemic arterial pO2 to the
obtained cortical measurements. The resolution and
the signal to noise ratio, although quite sufficient in the
present study, can certainly be increased by the integration
of a microscope and by optimisation of the light source and
the light conduction.

Since this kind of online imaging of the cortex
oxygenation is novel, there are no standard pO2 values
available. Data from intraparenchymal probes (e.g. Licox,
Rehau) may not be comparable, because these devices
measure an average pO2 in their surroundings and
moreover, are usually placed in the white matter with
unclear relation to the cortical vessels.

Single consecutive pO2 measures with polarographic
microelectrodes have been utilized to investigate the pO2

near to and in vessels of the rat cortex [5, 6, 12] and appear
to be consistent with our measures. However, true simul-
taneous measurements require a two dimensional system.

The correlation coefficients and p values show clearly
that systemic and cortical pO2-values are closely coupled
parameters and indicate the good reactivity of the measure-
ment system. The findings may not reflect normal physi-
ological conditions due to the relatively invasive approach
in this feasibility study. Possible effects of the invasive
craniectomy, pressure effects by the cylinder on the cortex
and effects the variation of the N2O content of the

ventilation gas are not considered. Since the sensor foil is
placed very close to the cortical vessels or parenchyma,
measurements over these regions should represent the true
local pO2. A different local pO2 may occur in some
distance to the sensor foil which then will not be detected.
This limitation applies for all local pO2 measurement
devices. The possibility to measure a bigger region of
cortex with the presented method may partly overcome this
limitation.

At this stage we can only speculate that measuring tissue
oxygenation of a whole cortex area might be advantageous
for monitoring patients and complementary to the detection
of local white matter oxygenation.
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The relationship between intracranial pressure and brain
oxygenation following traumatic brain injury in sheep

Robert Vink & Kartik D. Bahtia & Peter L. Reilly

Abstract
Background While it is understood that raised intracranial
pressure (ICP) after traumatic brain injury (TBI) may
negatively impact on brain tissue oxygenation (PbtO2),
few studies have characterized the inter-relationship be-
tween these two variables, particularly in a large animal
model that replicates the human gyrencephalic brain. The
current study uses an ovine model to examine the dynamics
of ICP and PbtO2 after TBI.
Materials and methods Five 2-year-old male Merino sheep
were anesthetized with isoflurane and impacted in the left
temporal region using a humane stunner. ICP and PbtO2

were then monitored over the following 4 h using a
Codman ICP Express monitoring system and a LICOX
brain tissue oxygen monitoring system, respectively. Two
additional sheep were anesthetized and monitored as sham
(uninjured) controls.
Findings Mean ICP 60 min following TBI was over
25 mmHg (p<0.05 versus controls) and by 4 h, values

were consistently greater than 30 mmHg (p<0.001). With
respect to PbtO2, values fell from mean control values of 52±
11 to 20±4 mmHg by 60 min (p<0.001) and by 4 h to 14±
3 mmHg (p<0.01). The sigmoidal relationship between the
two variables included a negative linear correlation when
ICP was between 13 to 27 mmHg.
Conclusions Our results suggest that TBI results in early
changes in ICP that are associated with profound declines
in PbtO2, and may indicate the need for earlier management
of ICP after TBI.

Keywords Neurotrauma . Brain swelling .

Intracranial pressure . Brain oxygen . Sheep

Introduction

Raised intracranial pressure (ICP) is widely thought to
account for a significant proportion of the resultant
mortality and morbidity after traumatic brain injury (TBI).
Indeed, a number of studies have supported an association
between raised ICP and neurological outcome [1, 2, 6],
with a recent systematic review of the literature demon-
strating that absolute ICP values are in fact predictive of
neurological outcome, with refractory ICP and response to
treatment being the most accurate predictors [14]. Despite
the importance of raised ICP to outcome, there have been
few significant improvements in the pharmacological
management of ICP since the implementation of mannitol
therapy, in part because of the lack of appropriate
experimental models that can duplicate the changes in ICP
that occur in clinical TBI.

A number of experimental studies have investigated the
dynamics of brain swelling after experimental TBI [3, 4,
10], although few have incorporated measurement of ICP,
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and none have measured both ICP and concurrent brain
oxygenation (PbtO2). Those studies that have investigated
ICP after TBI have generally used rodent models [5, 11, 13]
that in most cases incorporate a mass lesion effect due to
the severity or focal nature of the induced injury. Rodent
models also have inherent deficiencies including a small,
lissencephalic brain, small head size relative to body size
and a baseline ICP that is significantly different from that in
humans. Thus it is impossible to correlate these rodent
findings with what might occur in a gyrencephalic human
brain after injury.

In contrast to the rodent models, the use of large animal
models of TBI would permit the direct determination of
ICP and PbtO2 in a gyrencephalic brain with substantial
white matter domains. A large animal model has been
previously used for the investigation of ICP after TBI [9].
This porcine study also induced a focal injury of a high
severity to induce significant changes in ICP, presumably
related, in part, to mass lesion effects. PbtO2 was not
measured in this particular study. An alternative large
animal model of TBI using sheep has been developed at
the University of Adelaide, Australia [8] and uses a humane
stunner to produce an acceleration type of injury with
significant ICP changes. In the absence of skull fracture,
there is no development of significant mass lesions in this
model. This ovine model has also been well characterized
in terms of physiological and neuropathological responses
after TBI, and has been successfully used in a number of
pharmacological studies [15, 16]. We have therefore used
this sheep model of TBI to determine changes in ICP and
levels of PbtO2 following traumatic brain injury.

Materials and methods

Subjects and surgery

All studies were performed according to the guidelines
established by the National Health and Medical Research
Council for the use of animals in experimental research and
were approved by the Animal Ethics Committees of the
Institute of Medical and Veterinary Science and the
University of Adelaide.

Six 2-year-old male Merino sheep were impacted in the
left temporal region by a humane stunner as described in
detail elsewhere [8, 15]. Briefly, sheep were continuously
anesthetized and ventilated using 2.5% isoflurane in oxygen
(4 L/min). Animals were then placed into a prone sphinx
position, and restrained to the table, leaving the neck and
head mobile relative to the body. Impact injury was induced
at the midpoint between the left supraorbital process and
the left external auditory meatus using a Captive humane
bolt stunner armed with a number 7 red charge (model

KML, Karl Schermer and Co., Germany). We have
previously shown that this impact causes severe diffuse
axonal injury [8, 15]. A further two animals were used as
surgically prepared but not injured controls.

ICP and brain oxygen monitoring

After injury, animals were stabilized and the heads
restrained to the operating table to facilitate insertion of
ICP and PbtO2 probes between 15 and 30 min after trauma.
Following exposure of the skull, a 5.8 mm burr hole was
performed at a point 4 cm lateral to the sagittal midline on
the ipsilateral side, the dura matter opened and a calibrated
Codman Microsensor ICP transducer inserted such that the
tip of the sensor was 1.5 cm into the parenchyma of the left
parietal lobe. The probe was attached to a Codman ICP
Express monitoring system (Codman and Shurtleff Inc.,
USA) for digital recording. A second burr hole 1 cm lateral
to the sagittal midline and over the left fronto-parietal
suture allowed insertion of the distal end of a LICOX®
PbtO2 probe to a depth of 2 cm. The probe was attached to a
LICOX® brain tissue oxygen monitoring system (Integra,
USA) for digital recording. After insertion of the probes,
both burr holes were sealed using bone wax. ICP and PbtO2

was recorded every 30 min for a period of 4 h, after which
animals were euthanized and their brains removed for
assessment of possible mass lesions.

Statistical analyses

Statistical analyses were performed by repeated-measures,
two-way analysis of variance using PRISM (Graphpad, San
Diego, CA, USA). When the analysis of variance showed a
significant effect, the Bonferroni post hoc test was used to
establish group differences. All data are expressed as mean±
SD. A p value of ≤0.05 was considered significant.

Results

Of the six animals that were injured, one incurred a skull
fracture with dural tearing and significant intracranial
hemorrhage. This animal was eliminated from the study.
The remaining five animals did not show any significant
hemorrhage throughout the brain during post mortem
neuropathological examination and were thus considered
to be without mass lesions that could have contributed to
changes in ICP.

In control, non-injured animals, the mean ICP over the
4 h assessment period was 13±4 Hg m g (Fig. 1). Insertion
of the ICP transducer in control animals was associated
with a slightly higher value being recorded initially, but this
resolved within the next 30 min and no further changes
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were apparent for the remainder of the 4 h monitoring
period. In contrast, induction of TBI resulted in a highly
significant increase in ICP values relative to controls
(ANOVA, p<0.001). An immediate increase in ICP to
values over 20 mmHg occurred within the first 30 min, and
by 60 min, mean ICP was over 25 mmHg (p<0.05 versus
controls). ICP continued to increase with time such that by
4 h after injury, values were consistently greater than
30 mmHg (p<0.001 versus controls).

The mean PbtO2 in control animals over the 4 h
monitoring period was 52±11 mmHg (Fig. 2). The values
recorded in controls immediately following insertion of the
oxygen probe were initially high, but stabilized within 2 h
of insertion to a value of 44±6 mmHg. This extended time
necessary for the stabilization of the probe is a known
feature of such PbtO2 sensors. Despite the time necessary
for stabilization of the probe, there was a highly significant
(ANOVA, p<0.001) and early decrease in PbtO2 recorded
following TBI. By 30 min after injury, PbtO2 was
approximately 35 mmHg, while by 60 min, it had decreased

to 20±4 mmHg (p<0.001 versus controls). The PbtO2

continued to decline with time such that by 4 h, the value
was 14±3 mmHg (p<0.01 versus controls), or 27% of the
mean control values.

The interrelationship between the ICP and PbtO2 changes
are summarized in Fig. 3. The data was best fitted with a
sigmoidal curve (r2=0.66) showing oxygen saturation at
45 mmHg, which was similar to the normal values recorded
in sham, control animals. Minimum oxygen levels were
observed when ICP was above 27 mmHg. A linear
relationship between the two variables was noted when
ICP was between 13 and 27 mmHg (r2=0.58; p<0.001),
suggesting that brain oxygen values begin to fall as soon as
ICP rises.

Discussion

In the current study, we have demonstrated the utility of a
sheep model of TBI to investigate the interrelationship
between ICP and PbtO2 after brain injury. Prior to injury,
the normal ICP value in sham, control animals was
13 mmHg, while the normal PbtO2 value was 44 mmHg.
Both values are similar to normal ICP and PbtO2 values
previously reported in clinical studies [7]. Similarly, the
temporal kinetics and absolute values of ICP and PbtO2

changes after injury were similar to that previously reported
after clinical TBI [7], suggesting that the ovine model of
TBI used in the current study is ideal as an approximation
of the clinical situation, and may be used to study the
dynamic interrelationship between these two variables.

Increases in ICP were noted immediately after TBI
demonstrating the rapidity of events after trauma. By
30 min after trauma, the mean ICP value had increased to
above 20 mmHg, a value previously shown in itself to be
associated with increased mortality [2, 6]. Similarly, brain
tissue oxygen levels of less than 20 mmHg have been
associated with an increased mortality [12], and these

Fig. 2 Changes in brain tissue oxygen levels (mmHg) after traumatic
brain injury in sheep. Empty squares: sham controls; filled squares:
injured animals. Dotted line represents the mean PbtO2 value after
probe stabilization. *p<0.05, **p<0.01, ***p<0.001 versus sham
controls

Fig. 3 Relationship between ICP and PbtO2 after traumatic brain
injury in sheep. r2=0.66

Fig. 1 Changes in ICP following traumatic brain injury in the sheep.
Empty squares: sham controls; filled squares: injured animals. Dotted
line represents the mean ICP value after probe stabilization. *p<0.05,
**p<0.01, ***p<0.001 versus sham controls
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values were observed within 60 min after trauma. In
combination, such values both occur within 60 min after
trauma, and continued to deteriorate further with time. ICP
values of less than 20 mmHg have been widely considered
a treatment threshold in severe TBI patients since mortality
increases sharply with ICP values above this threshold [2].
Our findings support that 20 mmHg may be considered a
threshold given the interrelationship between ICP and
PbtO2. Indeed, in the current study, PbtO2 had already
declined by approximately 33% by the time ICP has risen
to this value. As ICP increased to 25 mmHg, PbtO2 declined
to only 45% of baseline values (20 mmHg). Clearly, any
sustained increase in ICP may render the brain hypoxic for
prolonged periods of time. Notably an ICP of 27 mmHg or
higher was associated with the very low PbtO2 (14 mmHg).
Whether this occurs clinically in severe TBI patients needs to
be further investigated as it may impact management
decisions, including the need for decompressive craniectomy.

In conclusion, our results suggest that changes in ICP
and PbtO2 occur very rapidly after TBI and reach critical
threshold values within the first hour after trauma. They
also highlight the need for early and effective management
of ICP given the linear relationship between a rise in ICP
and a decline in PbtO2 when ICP is between 13 and
27 mmHg. Given the ability of the ovine TBI model to
reproduce the clinical profile for ICP and PbtO2, further
studies using this model will be extremely useful in the
characterization of current and future ICP management
therapies.
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Abstract
Background In vivo microdialysis can be used to examine
the focal metabolism by measuring the extracellular
concentration of amino acids and other biochemicals in
the focal brain tissue in which the probe is placed. We
report two patients with traumatic brain injury who
underwent placement of dual microdialysis probes.
Materials and methods One probe was placed in the
penumbra zone and another in a region remote to the
injury. Multiple measurements of several biochemical’s
were made.
Findings In the first case, a 54-year-old man with right
acute subdural hematoma and right fronto-temporal contu-
sion was monitored. Quantitative analysis of in vivo
microdialysis was performed. While the extracellular
concentration of lactate and glycerol were higher in the
penumbra zone than in the region remote to the injury,
glutamate remained lower in the penumbra zone than in the
remote region. In the second case, dual microdialysis
probes were placed in a 56-year-old woman with left acute
subdural hematoma and left fronto-temporal lobe contusion.
Also in this case, the extracellular glutamate remained
lower in the penumbra zone than in the remote region.
Conclusions The reason why the extracellular glutamate
value remained lower in the penumbra zone than in the
remote region is unclear. The position of each microdialysis
probe was ensured by CT scan after the operation. It is
important to be aware of the limitations of performing
microdialysis in brain injured patients with a single probe.

Keywords In vivo microdialysis . Traumatic brain injury .

Lactate/pyruvate ratio . Glutamate

Introduction

In vivo microdialysis methods have been established for
monitoring patients with traumatic brain injury (TBI) [1–4].
In this unique manner, it is possible to quantify the
interstitial levels of biochemicals in contused human brains.
However, the data obtained from this monitoring reflects
cerebral metabolisms only in a small area of the brain tissue
where the catheter is placed, being unlike other monitoring
modalities such as ICP and SjvO2. Since in the clinical
setting, an evaluation of cerebral metabolism in a contused
human brain should be included in clinical decision
making, it is important to be aware of differences in focal
brain metabolisms between the penumbra zone [5] and the
area remote to the injury. Although in Europe and the
United States, many clinical institutions have introduced
this monitoring method for patients with TBI, most of them
have practiced with single microdialysis probe insertion. In
this report, we describe patients who underwent dual
microdialysis probe monitoring following TBI. Engström
et al. reported a study of 22 consecutive patients with TBI
using the in vivo microdialysis method, which showed that
interstitial glutamate levels were higher in the penumbra
zone than in the remote area [1]. Their findings are
consistent with our expectations; however they experienced
two exceptional cases showing gradual normalization for
glutamate levels in the penumbra zone. Elevated interstitial
lactate and glutamate levels observed during the microdialysis
monitoring period may be explicable to be following an
occurrence of ischemic insult in the brain, however it is
difficult to account for the cases to the contrary.

Therefore it is also important to be aware of the limited
capability of the measured area of a single probe.
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Materials and methods

Patients

Case 1 is a 54-year-old man who sustained a traumatic
brain injury after falling at a wharf. A head CT scan on
admission showed an acute subdural hematoma on the right
side, a right frontal lobe contusion and 12 mm midline shift
from the right to the left. This patient eventually underwent
decompressive hemicraniectomy. Microdialysis probes
were inserted, during this open surgery, into the right
frontal lobe as the penumbra zone and into the right
temporal lobe as the region remote to the injury (Fig. 1
upper).

Case 2 is a 56-year-old woman who sustained a traumatic
brain injury by falling off a moving bicycle. A head CT scan
on admission showed an acute subdural hematoma on the
left side, a left temporal lobe contusion and 5 mm midline
shift from the left to the right. This patient also eventually
underwent decompressive hemicraniectomy. Microdialysis
probes were implanted into the left temporal lobe cortex as

the penumbra zone and into the left frontal lobe as the region
remote to the injury (Fig. 1 lower).

Microdialysis method

Microdialysis probes (CMA 70, CMA Microdialysis,
Stockholm, Sweden) implanted into each of the targeted
regions were perfused with Ringer’s solution at a flow rate
of 0.3 µl/min. Dialysates were collected at 2-h intervals
during the study period. Extracellular levels of glucose,
lactate, pyruvate, glycerol, glutamate were analyzed using
conventional enzymatic techniques (ISCUS, a compact
portable microdialysis analyzer, CMA Microdialysis,
Stockholm, Sweden).

Results

In this investigation, microdialysis probes implanted into
the penumbra zone and a region remote to the injury.
Placement was confirmed by CT scans during the monitor-

Fig. 1 In Case 1, a head CT scan on admission showed an acute
subdural hematoma and a right frontal lobe contusion (upper right),
and microdialysis probes were confirmed to be implanted into right
frontal lobe and right temporal lobe with a review of the CT scans
performed after the open surgery (upper left). In Case 2, an acute

subdural hematoma and a left temporal lobe contusion were revealed
on a head CT scan (lower right), and microdialysis probes were
identified to be implanted into the left temporal lobe and frontal lobe
correctly (lower left)
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ing period after the open surgery in both cases (Fig. 1). Line
graphs showing the time course changes in extracellular
levels of glucose, lactate, pyruvate, and glycerol both in the
penumbra zone and in the remote region have been omitted,
because of space limitation.

In Case 1, the extracellular levels of glucose were lower
in the penumbra zone than in the remote region. Although,
interstitial levels of pyruvate were similar in the penumbra
zone and the remote region, interstitial levels of lactate
were higher in the penumbra zone than in the remote
region. That is why the lactate/pyruvate ratios were higher
in the penumbra zone than in the remote region (Fig. 2
upper). Similar to the changes in extracellular levels of
lactate, glycerol levels were higher in the penumbra zone
than in the remote region. Contrary to our expectations,
extracellular levels of glutamate were higher in the remote
region than in the penumbra zone (Fig. 2 lower).

In Case 2, the changes in the extracellular levels of
glucose, lactate, pyruvate, and glycerol were the same as in
Case 1. As shown in Fig. 3, also in Case 2, the changes in
interstitial glutamate levels were higher in the remote
region than in the penumbra zone (Fig. 3).

Discussion

Although in vivo microdialysis monitoring is useful for
quantifying the extracellular levels of biochemicals in the
cerebral cortex of human brain during the period of
intensive care following TBI. However, neuromonitoring
with only a single microdialysis probe might not fully
represent the state of extracellular levels of biochemicals
the entire brain. In fact, the results of this investigation
show that interstitial levels of lactate and lactate/pyruvate

Fig. 2 Extracellular levels of
lactate were higher in the
penumbra zone than in the
remote region and that of
pyruvate had no serious
difference between the two
areas; therefore the lactate/
pyruvate ratio was inevitably
higher in the penumbra zone
than in the remote region
(upper). Extracellular levels of
glutamate were higher in the
remote region than in the
penumbra zone (lower)

Fig. 3 Also in Case 2, similar
to Case 1, the changes in extra-
cellular levels of glutamate
were higher in the remote region
than in the penumbra zone
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ratios were higher in the penumbra zone, which indicates
ischemic insult in the penumbra zone, while levels of
glutamate were lower in the same lesion. As the data
obtained from the microdialysis monitoring should be
included in clinical decision making, in the two cases
shown in this study, if we monitored only with a single
microdialysis catheter placed in the region remote to the
injury, interpretation of the current condition of the
contused brain would be unknown and the plan for
treatment of the patients might be changed. Therefore, in
vivo microdialysis reflects the focal metabolism in only the
small area of the brain tissue in which the probe is placed,
but does not reflect the metabolism of the global cerebral
hemisphere. It may be risky to base the decision for
treatment of patients only on the results of single probe
monitoring for in vivo microdialysis. In order to avoid these
risks, we are continuing dual microdialysis monitoring for
patients with TBI.

The reason why interstitial levels of glutamate were
lower in the penumbra zone, where the lactate/pyruvate
ratio was higher, than in the remote region, is unclear. The
in vivo microdialysis study by Engström et al. included 22
consecutive patients with traumatic brain injury [1]. They
inserted microdialysis catheters into the penumbra zone and
outside the penumbra zone, and in some cases, into the
contralateral normal hemisphere. In their study, consistent
with our expectations, the glutamate levels were within the
normal range in ipsilateral and contralateral normal brain
tissue, however they were remarkably high in the penumbra
zone. The time course of changes in calculated lactate/
pyruvate ratios were similar to changes in the glutamate
levels. These results are in agreement with our expectations,
however it was notable that 22% of the catheters were not
located in the sites expected, although these catheters had
been inserted during open surgery. This misplacement of
microdialysis catheters means that it is sometimes difficult
to maintain the precise location of a microdialysis catheter
under control, even if it were placed under direct
visualization during open surgery. Furthermore, it is also
difficult to know the biological condition of the brain tissue
where the catheter is placed only with CT scan images.

These issues might be related to the discrepancy found in
the present investigation. In addition, Engström et al.
experienced two exceptional cases in which -a gradual
normalization for glutamate levels and lactate/pyruvate
ratios in the penumbra zone were observed. Unfortunately,
in relation to the exceptional two cases, comparison with
the time course changes in glutamate levels outside the
penumbra zone were not obtained in their study. These
exceptional cases in their study might correspond to our
two cases presented here. One reason may be that the
extracellular levels of glutamate become exhausted in the
penumbra zone following traumatic brain injury. In any
case, the question may arise as to whether a single
microdialysis catheter monitoring is reliable. Therefore,
dual microdialysis catheter monitoring, which enables us to
compare the time courses of simultaneous changing in
extracellular levels of biochemicals between the penumbra
lesion and the remote region, is appropriate for the
management of patients with severe TBI in our institution.
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In vitro comparison of two generations of Licox
and Neurotrend catheters
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Abstract
Background Clinical reports on brain tissue oxygen tension
differ in suggested threshold values for defining cerebral
ischemia using the Licox and Neurotrend/Paratrend system.

We evaluated in vitro performance of both first and second
generation devices.
Materials and methods Response rate and accuracy in
solutions with oxygen tensions from 0 to 150 mm Hg were
measured.
Findings Ninety-five percent Response times were 102±13
seconds for first generation Licox probes and 135±24 s for
Paratrend (n=6, each probe), with second generation probes
at 134±4 and 116±16 s respectively. At pO2 150 mmHg
Licox and Paratrend probes were accurate with 2.2% and
2.1% error, respectively and 2.6% and 4.1% for later
generation. At pO2 18 mmHg, Paratrend overestimated by
16.5% (absolute error range 2.18 to 4.18 mmHg), 7.4% for
Neurotrend, Licox underestimated by 1.8% (absolute error
range 0.08 to 0.52 mmHg) with 3.6% for the second
generation probe.
Conclusions Differences between the first generation probe
types, while statistically significant (p<0.001), may not be
clinically relevant. Overestimation of pO2 by Neurotrend
and small underestimation by Licox partially explain
differences in published thresholds for cerebral ischemia.
The Neurotrend was slightly more accurate and faster than
the Paratrend system.

Keywords Licox . Neurotrend .

Brain tissue oxygen monitors . Neuromonitoring .

Accuracy . In vitro

Introduction

Brain tissue oxygen tension (PbtO2) measurement is
available clinically since 1996 [17]. Depth and duration of
low PbtO2 values are related to poorer outcome [16]. There
are differences in the published oxygen values for cerebral
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hypoxia using the two most commonly devices used: Licox
and Neurotrend/Paratrend. To resolve whether accuracy of
these systems is a cause of this finding, we evaluated and
compared the in vitro performance of both first generation
devices and later available FDA approved probes under a
range of temperature and oxygen levels frequently encoun-
tered in brain tissue.

Materials and methods

Device description

Licox

The Licox device is a Clark-type polarographic oxygen
probe [2] developed by GMS mbH (Kiel, Germany). First
introduced in Europe in the early 1990’s, was the “Micro-
catheter pO2 probe”, model C1. Tissue temperature is
simultaneously monitored every 2 seconds with a separate
thermocouple (C8 temperature probe) or, less accurately,
central body temperature can be manually entered in the
measuring computer. Calibration was performed in the
factory and prior to use the relevant values had to be
entered in the measuring computer or, it could be calibrated
at room oxygen level in its sterile housing. In 2000, a
second generation probe, the C1.SB, was introduced with a
chip card containing the calibration information. In early
2001 the Licox system received FDA 510(k) clearance and
GMS was acquired by Integra Neurosciences. All Licox
oxygen catheters should be stored at 2°C to 10°C. The
accuracy according to the manufacturers was a sensitivity
error<20% and a zero error<0.7 mmHg for the first
generation probes. With the C1.SB probes this was changed
to a difference < 2 mmHg with values from 0 to 20 mmHg,
10% difference at 21–50 mmHg and a maximum 12%
difference at 51 to 150 mmHg, temperature was within
0,2%. These values were valid for 5 days of use.

Paratrend/Neurotrend

The Paratrend 7 monitoring system (Diametrics Medical
Incorporated, Buckinghamshire, England) was originally
designed for continuous intra-arterial blood gas measure-
ment. It used a polarographic Clark electrode for pO2

measurement, optical sensors for measurement of pH and
hydrogen ions, and a thermocouple for temperature mea-
surement. The monitor contains a barometric pressure
transducer. Each sensor is stored at room temperature and
calibrated in its tonometer filled with buffer solution with
gas mixtures of O2, CO2 and N2 just prior to use. In 1999 a
second generation sensor designed for intracranial tissue
monitoring, the Neurotrend, was introduced. The oxygen

sensor was changed to a fiber optode [6]. As of October
2004 production of Neurotrend and Paratrend catheters has
ceased.

In vitro testing

Unused first generation sensors (six each of C1, C8 and
Paratrend) were compared at 37°C with each of the
following four gas mixtures in random order: a (0% O2,
2% CO2, 98% N2), b (2.5% O2, 5% CO2, 92.5% N2), c (10%
O2, 10% CO2, 80% N2), d (21% O2, 2% CO2, 77% N2)

After calibration, probes were inserted through the cover
of a 500 mL glass tube filled with normal saline, held at a
constant temperature using a circulating water bath,
continuously bubbled with a gas mixture. After ≥20 min,
the probes and cover were transferred to a second container
being bubbled with another gas mixture. All data was down
loaded to a PC at 5 s intervals. The effects of temperature
(33°C, 35°C, 37°C, and 39°C) on response time and
accuracy were also measured using gas mixtures b and c.
Thermocouple accuracy was compared to a glass mercury
thermometer.

The equilibrium value under each condition was mea-
sured twice with each probe. The differences between
actual pO2 and measured pO2 at each condition were
determined, and mean values calculated. The actual partial
pressure is calculated from the difference in atmospheric
pressure and water vapor pressure multiplied by the gas
fraction in the mixture.

Later, the second generation sensors (six C1SB, six
Neurotrend) were compared under conditions as described
above. This time the catheters were placed in a buffer
mixture as used in the neurotrend tonometers, instead of
saline. The temperature accuracy of each system was not
evaluated as the thermocouple technology used in each
system had not changed from the first generation.

Data are presented as means±SD. Results are tabulated
for comparison of the measured pO2 for each probe
generation. Error is taken as an absolute number, with
means of both actual and percentage pO2 error shown with
standard deviation. For statistical analysis two tailed t-tests
were performed, a p-value of <0.05 was considered to be
statistically significant.

Results

At 37°C and 0% O2 the C1 and Paratrend devices measured
0.03±0.08 and 0.33±0.5 mmHg O2 (Table 1). At 2.5% O2

(pO2 calculated is 17.8 mmHg) the C1 measured 17.6±
0.4 mm (−1.8%) Hg and Paratrend devices slightly over
read the oxygen at 19.8±2.5 mm Hg (16.5%). The 95%
response times were 102±13 s for the first generation Licox
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probes and 135±24 s for the Neurotrend probes. The
accuracy of the catheters is not significantly influenced at
temperatures of 33°C to 39°C (Fig. 1).

With the later generation devices results are comparable
to the earlier results (Table 2). The measurement errors of
both catheter types are plotted in Fig. 2. At 37°C and 2.5%
O2 Licox measured 17.5±0.88 mmHg against 18.3±
1.87 mmHg for the Neurotrend. Combining the values at
different temperatures, the absolute differences from calcu-
lated values were significantly smaller for Licox then
Neurotrend at 0 mmHg (p=0.002) and 18 mmHg (p=
0.004). These differences between probe types were not
significant at 71 and 149 mmHg. The second generation
Licox probe had a 95% response time at 37°C of 134±4 s.
The Neurotrend was faster at 116±16 seconds respectively.
At lower temperatures the response time is significantly
longer for both Licox (170 s at 33°C vs. 133 s at 39°C) and
Neurotrend (134 s at 33°C vs. 109 s at 39°C).

We also examined the effect of recalibrating Licox
catheters before use in room air, this did not result in
improved accuracy compared to using the factory calibra-
tion settings from the smart card. Finally we examined three
expired Licox catheters (5 months beyond expiry date).
With smart card calibration the catheters under read by as
much as 15%. This improved after recalibration but
remained up to 6.5%.

The Neurotrend PCO2 measurements were always within
4.5% of the calculated values. The absolute error at a PCO2

of 35 mmHg and 37°C was 0.3±0.4 mmHg. There was no
effect of temperature on accuracy.

The pH was always within 2% of calculated values. At a
pH of 7.04 and 37°C the absolute error was 0.02±0.01. At
lower temperatures the Paratrend slightly under read the pH
and at higher temperatures it slightly over read. The
difference at a pH of 7.04 and 33°C was −0.079±0.023
and at 39°C was +0.001±0.012.

Table 1 Absolute and relative errors of pO2 measurements at different pO2 levels at 37°Celsius for first generation catheters

Oxygen % Calculated pO2 (mmHg) pO2 error±SD Measured pO2

Absolute error (mmHg) Percent error mm Hg

C1 Paratrend C1 Paratrend C1 Paratrend

0 0 0.0±0.1 0.3±0.5 0 – 0.03 0.33
2.5 17.8 0.3±0.2 3.0±0.8 1.8±1.0 16.6±4.2 17.7 19.8
10 71.2 1.4±1.0 3.7±0.5 2.0±1.4 5.1±0.7 70.8 74.3
21 149.6 3.1±2.8 3.2±3.7 2.1±1.9 2.1±2.5 147.9 148.2

Fig. 1 Absolute measurement error at pO2 of 18 mmHg for the four catheter types at different temperature levels from 33°C to 39°C. The Y-axis
represents the difference between measured and calculated values
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Discussion

Several studies have tried to define a PbtO2 value that is
critical for ischemia. However it is probably not possible to
have a clear cut off since PbtO2 is influenced by a great
number of factors, including PaCO2, PaO2 and CPP, but also
local characteristics as hematomas or contused tissue near
the probe [10, 12, 15]. Published critical values range from
8.5 to 20 mmHg. There is a remarkable difference in
reported critical values for the Paratrend and Licox system.
Two Paratrend studies cite values of 20 mmHg [4, 8]. The
reported values for the Licox system range from 8.5 to
15 mmHg [1, 9, 16]. This was a major incentive for our
study to examine if this is due to a calibration difference
between the two probe types. A study by Valadka et al
suggested this, as the Paratrend showed values of 7.0±
1.4 mmHg in a zero solution (Table 3) [14]. Our study did

show slightly higher values for the Para/Neurotrend system
but not to such an extent as to fully explain the reported
difference in critical values. The accuracy of the Licox
system was slightly better then the Para/Neurotrend system
at low O2 values. This has improved with the new catheters
with a mean error at approximately 18 mmHg decreasing
from 3.0 to 1.3 mmHg for the Para/Neurotrend system. For
the Licox this remained stable at 0.3 to 0.6 mmHg. One
study performed an in vivo comparison of both systems and
did not show a significant difference in measured values
[13]. Perhaps the difference in reported critical values can be
further explained by localization of the catheters, as the
oxygen sensing part is located proximally in the Paratrend
probe, several centimeters from the tip. This could have
caused the oxygen sensing part of these catheters to be
located in the grey matter which has higher pO2 values.
Conversely, the oxygen sensing area of the Licox catheter is

Table 2 Absolute and relative errors of pO2 measurements at different pO2 levels at 37°Celsius for second generation catheters

Oxygen % Calculated pO2 (mmHg) pO2 error±SD Measured pO2

Absolute error mmHg Percent error mmHg

C1SB Neurotrend C1SB Neurotrend C1SB Neurotrend

0 0 0.4±0.8 0.7±1.1 – – 0.4 0.7
2.5 17.7 0.6±0.6 1.3±1.3 3.6±3.4 7.4±7.4 17.5 18.3
10 70.8 1.5±1.1 2.0±2.2 2.1±1.6 2.9±3.1 71.3 71.6
21 148.8 3.9±2.8 6.0±4.2 2.6±1.9 4.1±2.8 152 154.1
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located near the tip, typically located in the white matter
which has lower pO2 values than grey matter. This effect can
also be enhanced by the smaller O2 sensing area of the
neurotrend catheter (1.4 mm) vs. the Licox (5 mm). It can
lead to greater standard deviation in measured values and
leads to extra concerns on placement of the catheters. It is
well known that there is significant heterogeneity in regional
cerebral blood flow and brain tissue tension. Thus, the larger
sensing area of the Licox catheter serves to average these
differences. We have also observed that, when measuring
PbtO2 in white matter of uninjured swine, small changes in
depth of placement leads to greater variability in Neurotrend
values than using the Licox system (unpublished results).
However this could be judged as a possible advantage by the
experts advocating placement of focal probes as close as
possible to the penumbra of lesioned tissue to monitor
secondary neurological damage [5].

Clinically our observed measurement error at low O2

values should pose no problems. The current largest error
of less then 8% at levels around 15 to 20 mmHg should
cause no extra difficulty in interpreting results.

The 95% response time of both systems is around 2 min.
With the first models, the Licox was modestly faster and
now the Neurotrend is slightly quicker to respond to
changes. In patients increases in arterial pO2 lead to a
plateau phase in PbtO2 within 15 min in 40% of patients
[18]. Thus for all current clinical situations the response
times seem ample. A recent similar in vitro study by
Hoelper et al. [7] reported 90% response times from 1% to
5% O2 of 129±27 and 55±19 for C1Sb and Neurotrend
probes respectively at 37°C. These are comparable to our
values of 102±2 (Licox) and 71±8 s (Neurotrend) for a
change of 0% to 21% O2.

The accuracy we found with the Neurotrend catheters
was within 3.5% for CO2 and within 0.5% for pH at these
levels. These values are comparable with reports on the
accuracy for the intravascular Paratrend catheters [11, 19]
and Neurotrend probes [7].

With the second generation devices, the Licox system
has not changed much in in vitro measurement character-

istics. The Para-/Neurotrend has become more accurate and
faster in O2 measurements using its fluorescent technology.

In 2004 Diametrics Medical Inc. suffered severe finan-
cial problems, ultimately leading to restructuring which
resulted in the immediate discontinuation of manufacturing
of the Neurotrend and Paratrend catheters in October 2004.

Integra developed a new catheter in the Licox range. In
April 2004 they received 510k FDA clearance for their
PMO probe. It combines the polarographic oxygen catheter
with an incorporated thermocouple. The technical specifi-
cations for the oxygen sensing part are identical to those for
the C1.Sb catheters.

Possible future refinements/developments could be the
incorporation of oxygen sensing elements with intrapar-
enchymous ICP transducers and/or thermal diffusion CBF
probes.

Conclusion

In vitro oxygen measurements at clinically relevant low
oxygen tensions are slightly different between these devices.
With regard to in vitro accuracy/reliability both systems
perform well. These differences are not clinically significant
and do not fully explain the discrepancies in critical brain
tissue oxygen thresholds previously reported for the Neuro-
trend and Licox monitors. The differences in the O2 sensing
areas of the devices may contribute to discrepancy. The fact
that the Licox catheter measures O2 near the tip of the device
which is typically located in the white matter versus the
Paratrend/Neurotrend catheter that measures O2 more prox-
imately nearer, or even in, the gray matter which has higher
reported O2 values is the most likely explanation for these
differences in reported critical thresholds.
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Table 3 Previous in vitro studies with Licox and Para/Neurotrend catheters

Study Year Catheter type Number 90% response time Sensitivity error % Zero error

Valadka [14] 1998 Paratrend 4 – ±8 7.0±1.4
Valadka [14] 1998 C1 37 – ±6 0.3±0.3
Dings [3] 1998 C1 12 – <3.9 −0.21±0.25
Hoelper [7] 2005 C1.Sb 12 129 (7 to

56 mmHg)
−4.5 to 9 –

Hoelper [7] 2005 Neurotrend 12 55 (7 to 56 mmHg) 4.8 to 26 –
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Cerebral metabolism monitoring during hypothermia
following resuscitation from cardiopulmonary arrest
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Abstract
Background The aim of the present study was to evaluate
cerebral metabolism monitoring during therapeutic hypo-
thermia for global ischemic brain damage after cardiopul-
monary resuscitation (CPR).
Methods Jugular venous sampling and positron emission
tomography (PET) were used. Seven comatose patients
with cardiopulmonary arrest underwent hypothermia treat-
ment as soon as possible after CPR. The body temperature
of these patients was maintained at 34°C for 72 h.
Rewarming was performed at a rate of 1°C/day. To monitor
jugular venous saturation (SjO2) and lactate (lac-JV), a
fiberoptic catheter was inserted into the jugular bulb.
Oxygen extraction fraction (OEF) was calculated using
the difference between arterial oxygen saturation (SaO2)
and SjO2.

18F-fluorodeoxyglucose (FDG) PET was per-

formed to investigate cerebral glucose metabolism at the
end of therapeutic hypothermia.
Findings The OEF was significantly increased at the end of
hypothermia in four patients with favorable outcome on the
Glasgow Outcome Scale (hypothermia onset 15.3±2.0% vs.
hypothermia end 30.3±2.8%, P<0.05). In three patients with
unfavourable outcome (severe or worse on the Glasgow Out-
come Scale), end hypothermia OEF tended to be low. There
was also a reduction in FDG uptake in these three patients
with unfavourable outcome. The lac-JV was significantly
decreased at the end of hypothermia treatment compared with
hypothermia onset (27.7±7.4 vs. 6.0±3.0 mg/dL, P<0.05).
Conclusions The measurement of cerebral metabolism
parameters, especially OEF, might be useful for estimation
of hypothermia therapy in patients with unconsciousness
after resuscitation after cardiac arrest.

Acta Neurochir Suppl (2008) 102: 203–206
# Springer-Verlag 2008

T. Nakamura (*) : T. Itano
Department of Neurobiology, Faculty of Medicine,
Kagawa University,
1750-1 Ikenobe, Miki,
Kita, Kagawa 761-0173, Japan
e-mail: tanakamu@kms.ac.jp

T. Itano
e-mail: toshi@kms.ac.jp

T. Nakamura :N. Kawai : T. Tamiya : S. Nagao
Department of Neurological Surgery, Faculty of Medicine,
Kagawa University,
1750-1 Ikenobe, Miki,
Kita, Kagawa 761-0173, Japan

N. Kawai
e-mail: nobu@kms.ac.jp

T. Tamiya
e-mail: tamiya@kms.ac.jp

S. Nagao
e-mail: snagao@kms.ac.jp

Y. Kuroda :N. Torigoe :Y. Abe : S. Yamashita :K. Kawakita
Department of Emergency and Critical Care Medicine,
Faculty of Medicine, Kagawa University,
1750-1 Ikenobe, Miki,
Kita, Kagawa 761-0173, Japan

Y. Kuroda
e-mail: kuroday@kms.ac.jp

N. Torigoe
e-mail: osakanach46@yahoo.co.jp

Y. Abe
e-mail: abekulo@kms.ac.jp

S. Yamashita
e-mail: sum-ygc@umin.ac.jp

K. Kawakita
e-mail: kenfact@kms.ac.jp



Keywords Cardiopulmonary arrest . Hypothermia therapy .

Cerebral metabolism . Oxygen extraction fraction

Introduction

Hypothermia induction has proven useful for the treatment
of global cerebral ischemia following cardiopulmonary
arrest (CPA) [1]. However, comatose survivors from CPA
do not always regain consciousness after hypothermia
treatment. Furthermore, the exact mechanisms for this
effect cerebral resuscitation are still uncertain. In order to
better understand the pathophysiological effects of this
therapy, cerebral metabolic monitoring may be use.

The aim of the present study was to undertake cerebral
metabolism monitoring during therapeutic hypothermia for
global ischemic brain damage after cardiac arrest. Jugular
venous sampling and positron emission tomography (PET)
were used.

Materials and methods

Patients

Between March 2004 and June 2006, seven patients
admitted to the Kagawa University Hospital who remained
comatose following resuscitation from CPA were consid-
ered for this study. The criteria for inclusion were an
estimated interval of 5 to 15 min from the patient’s collapse
to the first attempt at resuscitation and an interval of no
more than 60 min from collapse to restoration of sponta-
neous circulation [4]. Patient outcome was judged at
leaving hospital according to Glasgow Outcome Scale.

Hypothermia therapy

The patients were paralyzed by pancuronium and artificially
ventilated. Anesthesia was induced and maintained by

continuous intravenous injection of midazolam. Jugular
venous temperature, used as a substitute for brain tempera-
ture, was monitored during hypothermia therapy. The body
temperature of these patients was reduced by the use of
cooling water blankets until the jugular venous temperature
decreased to 34°C. Hypothermia (34°C) was maintained for
72 h. Rewarming was performed at the rate of 1°C/day.

Monitoring

To monitor jugular venous temperature, jugular venous
oxygen saturation (SjO2) and jugular venous lactate levels,
a fiberoptic catheter (Abbott Laboratories, North Chicago,
IL, USA) was inserted percutaneously into the internal
jugular bulb in all patients. The location of the fiberoptic
catheter was confirmed radiologically in all patients in
order to avoid the contamination of blood from an
extracranial source. Arterial and jugular venous blood
samples were obtained at the same time for determination
of oxygen saturation and lactate level. A normal range of
the SjO2 is from 55% to 75%. The OEF was calculated as
follows: OEF ¼ 1� SjO2=SaO2ð Þ � 100½ �. The OEF is
used as a monitor of adequacy of cerebral oxygen delivery
and is normally between 25% and 45%. A normal range of
jugular venous lactate is between 4 and 16 mg/dL.

PET procedure

Dynamic 18F-fluorodexoxyglucose (FDG) PET was per-
formed using an ECAT EXACT HR scanner (Siemens/CTI,
Knoxville TN, USA) in three-dimensional acquisition
mode. The in-plane reconstructed resolution was 4.7 mm
full-width at half-maximum. Patients had no caloric intake
for at least 5 h before administration of FDG. Serum
glucose levels were examined before FDG injection with
dynamic acquisition of PET started immediately after an
intravenous tracer injection. Dynamic emission data in
three-dimensional mode were acquired for 60 min follow-
ing bolus injection of FDG [5].

Fig. 1 Jugular venous oxygen saturation (SjO2, left panel), oxygen
extraction fraction (OEF, middle panel), and jugular venous lactate
(right panel) at onset and end of hypothermia therapy (HT). The

dashed lines represent normal values for these parameters. Patient’s
outcome was judged at leaving hospital according to Glasgow
Outcome Scale (favorable: GR and MD; unfavorable: SD, VS, and D)
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Statistical analysis

Differences between the values of each parameter (SjO2,
OEF and lac-JV) at the start of and the end of hypothermia
treatment were analysed by unpaired t test. Differences
were considered statistically significant at P<0.05.

Results

In three cases of favorable outcome (defined as moderate,
or good on the Glasgow Outcome Scale), the SjO2 and OEF
were normalized by hypothermia. Although there were no
significant SjO2 changes in patients with favorable out-
come, the OEF was significantly increased at the end of
hypothermia in these patients (15.3±2.0% vs. 30.3±2.8%,
P<0.05; Fig. 1, left and middle panels).

In four cases of unfavorable outcome (severe or
vegetative on the Glasgow Outcome Scale), high levels of
SjO2 and low levels of OEF were found even if hypother-
mia therapy was performed (Fig. 1, left and middle panels).

There were significant decreases in lac-JV at the end of
hypothermia treatment (27.7±7.4 vs. 6.0±3.0 mg/dL, P<
0.05), regardless of the patient’s outcome (Fig. 1, right panel).

Figure 2a shows a PET scan from a patient who regained
consciousness (case 5). The whole brain CNRGlc was
maintained at the end of hypothermia. In contrast, there was
reduction in FDG uptake in a patient with an unfavourable
outcome (Fig. 2b, case 6; Table 1).

Discussion

Previous clinical and experimental studies have shown that
hypothermia therapy may have beneficial effects on severe
disturbances in consciousness caused by CPA, cerebral
ischemia, head injury and subarachnoid hemorrhage [1, 4,
7–9]. The mechanisms of the beneficial effects of hypo-
thermia therapy are still uncertain. Cerebral metabolic
monitoring might lend insight into intracranial pathophys-
iology during this treatment [7, 9].

Continuous SjO2 measurement allows real time assess-
ment of cerebral oxygen delivery. In general, global
cerebral hyperemia and ischemia are defined as an SjO2

of greater than 75% and less than 55%, respectively. A
previous study reported that extreme hyperoxia of internal
jugular venous blood is a signal of irreversible brain damage
and near brain death [6]. High SjO2 values are probably

Table 1 Summary of patients

Case Age (years) Gender Etiology of CPA ECG on arrival Witness Outcome (GOS)

1 53 F Heart disease VF (+) Unfavorable (VS)
2 76 M FBAO Asystole (+) Unfavorable (VS)
3 52 M Crush injury Asystole (+) Unfavorable (VS)
4 45 M Heart disease VF (+) Favorable (GR)
5 9 M Near-drowning Sinus (+) Favorable (GR)
6 42 F Hanging Asystole (−) Unfavorable (VS)
7 54 M Brugada syndrome VF (+) Favorable (GR)

F female, M male, CPA cardiopulmonary arrest, FBAO foreign-body airway obstruction, ECG electrocardiogram, VF ventricular fibrillation, GOS
Glasgow Outcome Scale, VS vegetative state, GR good recovery

Fig. 2 Cerebral glucose metabolism (CMRGlc) evaluated by 18F-
fluorodexoxyglucose positron emission tomography. a Favorable
outcome case: 9-year-old male patient with cardiopulmonary arrest
(CPA) due to near-drowning (case 5 in Table 1). b Unfavorable
outcome case: 42-year-old female patient with CPA due to hanging
(case 6 in Table 1). Patient’s outcome was judged at leaving hospital
according to Glasgow Outcome scale (favorable: GR and MD;
unfavorable: SD, VS, and D)
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primarily a consequence of a decrease in cerebral oxygen
consumption. High values of SjO2 in patients who experi-
enced CPA might be a sign of severe brain damage [10].

In the present study, the values of OEF in patients with
favorable outcome were significantly normalized. However,
there were no significant changes in SjO2 in these cases.
The difference between OEF and SjO2 is that the OEF is
also related to SaO2. Patients with severe consciousness
disturbance following resuscitation from CPA tend to be in
poor clinical condition, especially with regard to respiratory
and circulatory function. Thus, monitoring parameters that
reflect systemic oxygen delivery may help to more
adequately estimate cerebral oxygen delivery [2].

The present study shows that hypothermia treatment
significantly reduced lac-JV levels, regardless of patient
outcome. Lactate clearance is associated with improved
outcome in post-cardiac arrest patients [3]. The decreased
lac-JV levels after hypothermia treatment might indicate
that this therapy could improve aerobic metabolism
following CPA.

In the present study, there was a reduction in FDG
uptake in patients with an unfavourable outcome. However,
it is difficult to perform PET studies during hypothermia
treatment. The present study did not show any clear early
glucose metabolism in the brain during hypothermia for
CPA. Further studies are required to clarify glucose
metabolism in the early phase of hypothermia treatment
following CPA.

Conclusions

The measurement of cerebral metabolism parameters,
especially OEF, might be useful for estimation of the
effectiveness of hypothermia therapy in patients with
unconsciousness after resuscitation from cardiac arrest.
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Nitric oxide in acute brain injury: a pilot study
of NOx concentrations in human brain microdialysates
and their relationship with energy metabolism
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Abstract
Introduction This pilot microdialysis study in acute brain
injury patients assessed the relationship between nitric
oxide products (total nitrite plus nitrate, termed NOx) and
energy-related molecules: glucose, lactate, pyruvate, gluta-
mate and glycerol.
Methods Twelve patients (11 major head-injury and one
subarachnoid haemorrhage) were studied, 11 of which had
single catheters and one had two catheters, in the cerebral
cortex. Catheters were perfused at 0.3 μL/min with CNS
perfusion fluid. Collection vials were changed hourly.
Microdialysates were analysed for energy-related molecules
on a CMA600 or ISCUS analyser, and for NOx using a
purge vessel (VCl3 plus HCl at 95°C, purged with nitrogen)
connected to a Sievers NOA 280i analyser.

Findings The mean of mean NOx concentration (±SD) for
the 13 catheters was 32.7±16.8 μmol/L, and the lactate/
pyruvate ratio was 38.6±20.1. Increasing NOx concentra-
tions correlated significantly with decreasing lactate/
pyruvate ratio (Spearman r=−0.79, p=0.0065), with de-
creasing lactate concentration (r=−0.59, p=0.042), and
with increasing glucose concentration (r=0.71, p=0.018).
Conclusions These pilot data suggest that in injured brains,
higher concentrations of nitric oxide are associated with
more favourable metabolism. Nitric oxide may act benefi-
cially by increasing blood flow and delivery of oxygen and
glucose. Further patients are being recruited.

Keywords Microdialysis . Nitric oxide .

Acute brain injury (human) . Energymetabolism

Introduction

Nitric oxide (NO) is well known for its ability to relax
blood vessels and in addition has many other biological
effects [4, 9, 12]. NO is synthesised from L-arginine, by
nitric oxide synthase (NOS), which requires NADPH and
molecular oxygen [4]. Constitutional forms of NOS are
endothelial (eNOS) and neuronal (nNOS), whilst in
inflammation an inducible form (iNOS) is produced in
activated macrophages and other cell types. NO itself is a
short-lived, highly reactive species but its major products
nitrate and nitrite (collectively termed NOx) can readily be
measured retrospectively in biological samples as markers
of nitric oxide production. NO is auto-oxidised (by oxygen)
to nitrite and this process is catalysed by metals or
metalloproteins [15]. In blood, the half-life of nitrite is
about 10 min, as nitrite reacts rapidly with hemoglobin
to form nitrate under oxygenated conditions or iron-
nitrosylhemoglobin under deoxygenated conditions [15].
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Neuroglobin, a heme protein in brain can also oxidise
nitrite, as can cytoglobin [15].

Recently, in TBI patients, Hlatky et al. [9] found a
significant relationship between increasing NOx concen-
trations in brain microdialysates and increasing regional
cerebral blood flow, suggesting that the microdialysate NOx

values were reflecting NO production by eNOS. The
present study’s aim was to assess the relationship (if any)
between NOx and energy-related molecules.

Materials and methods

Patient selection

The study was approved by the Cambridge Local Research
Ethics Committee and assent obtained from the next of kin.
Patients over the age of 16 years with acute brain injury
(traumatic brain injury (TBI) or subarachnoid haemorrhage
(SAH)) requiring ventilation and intracranial pressure
monitoring were eligible for the study. The major exclusion
criterion was patients with deranged clotting and/or low
platelets, which precluded the placement of a microdialysis
catheter. None of the patients had any significant previous
neurological conditions (disease or injury) or family history
of neuro-degenerative disease.

Microdialysis technique

Microdialysis catheters (one per patient) were inserted into
the cerebral cortex (not close to a focal lesion), in
conjunction with an ICP transducer (Codman, Raynham,
MA, USA) using a triple lumen cranial access device
(Technicam, Newton Abbot, UK). In one TBI patient an
additional catheter was inserted close to a focal lesion via a
bone flap. The catheters were CMA71 (100 kDa molecular
weight cut-off), or in one case (SAH) CMA70 (20 kDa
molecular weight cut-off). The catheters were perfused
with CNS Perfusion Fluid (NaCl 147 mmol/L, KCl
2.7 mmol/L, CaCl2 1.2 mmol/L, MgCl2 0.85 mmol/L) at
0.3 μL/min with hourly vial changes. The vials were
analysed at the bedside using a CMA600 or ISCUS
analyser (see below) and then stored at −80°C for
subsequent NOx analysis. Microdialysis monitoring was
started as soon as possible following admission to the
Neuro-critical care unit.

Microdialysate analysis

Energy related molecules The bedside CMA600 or ISCUS
analysers (CMA Microdialysis AB) were used to determine
the extracellular concentrations of glucose, lactate, pyruvate
and glycerol (and/or glutamate) at the time of collection.

The lactate/pyruvate ratio was calculated as a marker of
anaerobic metabolism.

Nitric oxide products (NOx) Total nitrate and nitrite were
analysed by injecting 5 μL of each microdialysate sample
into a purge vessel containing a solution of vanadium (III)
chloride (50 mmol/L) in hydrochloric acid (1 mol/L) at
95°C, continuously purged with a stream of nitrogen gas,
connected to a Sievers 280i nitric oxide analyser (GE
Analytical Instruments, Boulder, CO, USA). The principle
of the assay is that vanadium (III) chloride converts nitrate
and nitrite into nitric oxide, which is then reacted with
ozone inside the nitric oxide analyser to produce nitrogen
dioxide, which sensitively detected by virtue of its
chemiluminescence.

Statistical analysis

Data for microdialysate parameters, namely NOx, glucose,
lactate, pyruvate, glycerol, glutamate and the lactate/
pyruvate (L/P) ratio were expressed as mean (±standard
deviation) for each catheter, and relationships between
parameters were assessed by Spearman’s rank correlation,
using StatView (version 5) software.

Results

Brain microdialysis was carried out in 12 patients (11
traumatic brain injury (TBI), one subarachnoid haemor-
rhage (SAH)). Each patient had a microdialysis catheter
inserted via a cranial access device into the frontal cortex,
or in the SAH case into the parietal cortex, not close to a
focal lesion. One of the TBI patients had an additional
catheter (frontal) inserted via a bone flap, close to a focal
lesion. The total number of catheters evaluated was thus 13.
Details of patient demography are shown in Table 1. Mean
concentrations (±SD) of NOx and energy-related molecules
for each patient are shown in Table 2. The mean of mean
concentration of NOx (±SD) for n=13 catheters was 32.67±
16.82 μmol/L. Mean of mean concentrations of the energy-
related molecules were: glucose 1.02±0.51 mmol/L (n=
12), lactate 3.95±1.87 mmol/L (n=13), pyruvate 121.0±
46.5 μmol/L (n=13), glutamate 36.94±55.42 μmol/L (n=
4), glycerol 120.9±60.0 μmol/L (n=11), and the lactate/
pyruvate (L/P) ratio 38.62±20.11 (n=13).

Illustrative case examples (four patients) of time-courses of
microdialysate NOx concentrations are shown in Fig. 1, and
the corresponding concentrations of energy-related mole-
cules (glucose, lactate, pyruvate, glycerol and L/P ratio) for
one of these patients are illustrated in Fig. 2. The general
qualitative pattern of behaviour (with quantitative inter-
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patient variations) was that NOx concentrations within-
patient were relatively higher at earlier time-points compared
with later time-points, in agreement with the findings of
Hlatky et al. [9] in TBI, and those of Sakowitz et al. [18] in
SAH. Patient 12 (Fig. 1d) died soon after the collection of

the last microdialysate vial, by which time, following a
period of fluctuation, NOx concentrations had declined to
low levels (6.2–12.1 μmol/L for the last five vials).

In order to establish the overall relationships (taking
together all the patients in the study) between NOx and each

Table 2 Mean (±SD) microdialysis results for NOx and energy-related parameters in the 12 patients (13 catheters)

Patient
number

NOx

(μmol/L)
L/P ratio Glucose

(mmol/L)
Lactate
(mmol/L)

Pyruvate
(μmol/L)

Glutamate
(μmol/L)

Glycerol
(μmol/L)

1 26.9±4.1 25.2±4.7 1.4±0.2 3.5±0.8 140.1±29.3 – 66.2±9.9
2 71.1±12.6 23.4±3.1 1.0±0.1 2.5±0.3 108.3±14.5 – 44.0±9.7
3 61.3±36.0 26.0±8.3 1.2±0.3 1.8±0.6 75.9±19.8 – 61.2±29.6
4 21.7±9.0 34.9±5.6 0.6±0.3 2.7±1.2 77.8±36.2 – 85.5±33.6
5 20.1±4.1 52.2±10.6 0.8±0.3 8.0±0.5 159.1±28.4 – 209.7±39.5
6 27.3±6.5 33.7±7.8 0.5±0.1 3.3±0.3 101.4±15.4 – 195.3±84.1
7(A) 46.8±42.8 29.2±16.3 1.7±0.7 3.2±1.7 118.9±61.2 – 96.0±150.1
7(B) 22.1±7.2 39.6±5.7 0.9±0.2 2.3±0.3 59.1±10.2 – 154.8±55.8
8 27.9±6.2 21.8±3.0 – 5.2±0.9 241.6±44.9 18.0±4.1 116.1±24.3
9 33.9±7.5 29.4±2.8 1.6±0.4 2.9±0.6 98.2±13.9 – 99.3±25.5
10 20.0±6.2 88.4±167.2 0.4±0.3 4.8±2.1 118.3±64.7 119.6±152.1 –
11 28.4±6.7 27.9±2.1 1.8±0.7 4.1±0.8 148.2±29.1 4.5±3.4 202.2±35.7
12a 17.2±9.2 70.4±76.6 0.4±0.2 7.0±3.5 126.4±38.4 5.7±22.1 –

For patient 7, (A) denotes catheter A inserted via bone-flap, (B) denotes catheter B inserted via cranial access device. The microdialysates were
analysed at the bedside (on a CMA600 or ISCUS) for energy-related molecules, then the same specimens, if sufficient volume remained, were
analysed in the laboratory for NOx. CMA600/ISCUS data were then matched to NOx data on a vial-by-vial basis, and any vials with CMA600/
ISCUS data but without NOx analysis were excluded from the data analysis
NOx total nitrate plus nitrite, L/P lactate/pyruvate ratio, – not analysed
a SAH patient, the rest of the patients were TBI

Table 1 Patient demography

Patient number Age (years) Sex GCS Injury (CT) Craniotomy
performed

Microdialysis start
post-injury day

Microdialysate vial
sequencea evaluated
for NOx

Outcome

1 35 M 7 2 No 2 1–26 (n=25) MD
2 19 M 7 2 No 5 1–27 (n=23) GR
3 17 F 3 3 No 2 1–27 (n=23) GR
4 51 F 11 5 No 1 21–51 (n=20) Dead
5 42 M 3 2 No 2 10- 42 (n=18) Dead
6 44 M 3 5 Yes 1 3–26 (n=21) Dead
7 (A)b 35 M 3 6 Yes 1 1–47 (n=15) Dead
7 (B) 22–47 (n=25)
8 51 M 12 6 No 4 1–26 (n=26) MD
9 17 M 3 2 No 1 2–28 (n=25) SD
10 42 M 5 5 Yes 3 2–18, 93–108 (n=30) SD
11 70 F 8 2 No 2 4–24 (n=20) Dead
12c 41 M 8 SAH No 2 249–285 (n=30) Dead

GR good recovery, MD moderately disabled, SD severely disabled
aMicrodialysate vials were collected hourly after start of microdialysis, and analysed at the bedside (on a CMA600 or ISCUS) for energy-related
molecules. Not all vials had sufficient microdialysate volume remaining for NOx analysis, so n (the number of vials analysed) is less than the total
number of vials in the sequence
b Patient 7 had an additional microdialysis catheter (A) inserted via a bone flap, close to a focal lesion. In Patients 1–11 all other microdialysis
catheters (including patient 7’s catheter B) were via a cranial access device, not close to a focal lesion, and were located frontally, except in patient
12 where the catheter was parietal
c Patient 12 was subarachnoid haemorrhage (SAH); all the rest were head-injury (TBI)

Nitric oxide in acute brain injury: a pilot study 209



of the energy-related parameters, Spearman’s rank correla-
tion was performed, using the mean concentrations in
Table 2. Increasing concentrations of NOx correlated
significantly with increasing glucose concentration (r=
0.71, p=0.018, n=12), with decreasing lactate concentra-
tion (r=−0.59, p=0.042, n=13), and with decreasing L/P
ratio (r=−0.79, p=0.0065, n=13) within the brain micro-
dialysates (Fig. 3a,b,e). There was no significant correlation
of NOx with pyruvate (r=−0.18, p=0.53, n=13) or with
glycerol (r=−0.55, p=0.0845, n=11) (Fig. 3c,d). Only four
of the patients had glutamate measurements, so correlation
between NOx and glutamate was (as expected) non-
significant (r=−0.4, p=0.49, n=4).

The outcomes of the patients (Table 1) were assessed at
6 months post-injury. Figure 3f shows the graph of mean
L/P ratio vs NOx with the data-points differentiated for

outcome. Interestingly, the two individuals (patients 2 and
3) with the highest mean NOx (71.1 and 61.3 μmol/L
respectively; Table 2) were the only two who made good
recovery within this group of 12 patients. Whether there is
any true statistically significant relationship between high
NOx and favourable outcome remains to be determined, by
studying more patients. Patients 2 and 3 had mean L/P
ratios of 23.4 and 26.0 respectively, which were near the
low end of the group (Table 2), but even so, L/P ratios of
about 25 or more are generally considered “pathological”.
NO might thus conceivably exert other beneficial influen-
ces on outcome, besides effects on energy metabolism.

Discussion

This pilot study has shown, in acute brain injury patients,
that as brain microdialysate NOx (total nitrate plus nitrite)

Fig. 2 Illustrative case example of time-courses of molecules related
to energy metabolism in brain microdialysates following acute brain
injury (patient 11, TBI). For this patient, microdialysis commenced
2 days post-injury, and the graphs illustrated represent the first day of
microdialysis. The graphs illustrate a glucose (millimol per litre), b
lactate (millimol per litre) and the lactate/pyruvate (L/P) ratio, c
pyruvate (micromole per litre) and d glycerol (micromole per litre).
The microdialysates were the same samples that were analysed for
NOx, illustrated in Fig. 1b

Fig. 1 Illustrative case examples of time-courses of brain micro-
dialysate NOx concentrations (micromole per litre) following acute
brain injury. For the respective days on which microdialysis
commenced post-injury, see Table 1. The graphs illustrate a patient
2 (TBI) for the first day of microdialysis; b patient 11 (TBI) for the
first day of microdialysis; c 1 and 2 patient 10 (TBI) for the first day
and fourth day of microdialysis respectively; d patient 12 (SAH) for
the final 2 days of microdialysis, 10 days after the start
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increases, glucose increases, lactate decreases, and the L/P
ratio decreases. These data suggest that in injured brains,
higher concentrations of NO are associated with more
favourable metabolism. NO may act to increase blood flow
and delivery of oxygen and glucose, shifting metabolism
towards the TCA cycle. This suggests a beneficial role for
NO, discussed in more detail later. Also, nitrite can act as
an in vivo “store”, which can be mobilised back to NO
under the appropriate biological conditions [15]. However,
NO is potentially able to exert adverse effects as well as
beneficial effects. NO can react with thiols, amines and
heme proteins to form nitrosothiols, nitrosamines, nitro-
sohemoglobin and iron-nitrosyl-hemoglobin [15]. NO can
likewise react with neuroglobin and cytoglobin [15], heme
proteins found in brain. Notably, NO can react with
superoxide radical anion, a product of NAD(P)H oxidase
of phagocytes or from electron leakage from mitochondrial
electron transport chains, forming highly reactive perox-
ynitrite, which can nitrate proteins and damage cells [1, 12].
Besides vasodilation, NO has anti-inflammatory effects, at
least partly due to its ability to reduce NFkappaB

activation, e.g. leading to down-regulation of chemokine
MCP-1 [19]. NFkappaB regulates NOS transcription [10,
13], thus NO production constitutes a self-limiting negative
feedback loop [6–8, 11]. In contrast, peroxynitrite sustains
NFkappaB [8], potentially allowing NO production to
escalate.

NO synthesis appears to play an important role in
surviving the initial few hours after TBI, evidenced by an
experimental study in which inhibition of NO synthesis by
pre-treatment with L-NAME (L-nitro-arginine methyl ester)
led to more than 67% mortality within 3 h following injury,
versus 1% in untreated animals [2]. L-NAME does not
discriminate between the three isoforms of NOS. There is
evidence, from experimental TBI studies with selective
inhibitors, for deleterious roles of nNOS and iNOS in the
early and later stages respectively [4]. eNOS is considered
to have a beneficial role in preserving cerebral blood flow,
at least in the early stages after TBI [4].

A known effect of NO is that it can potentially inhibit
mitochondrial respiration, by binding to cytochrome c
oxidase and other proteins of the electron transport chain,

Fig. 3 Bivariate scattergrams
of NOx concentration (micro-
mole per litre) plotted against
a glucose (millimol per litre),
b lactate (millimol per litre),
c pyruvate (micromole per
litre), d glycerol (micromole per
litre), e the lactate/pyruvate ratio
and f the lactate/pyruvate ratio
with data-points differentiated
for outcome, measured in hu-
man brain microdialysates
(acute brain injury). Each data-
point represents the mean value
for each of the microdialysis
catheters evaluated (see
Table 2). Statistical evaluation
was by Spearman’s rank
correlation
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thereby shifting cellular energy metabolism towards non-
oxidative metabolism (glycolysis) [12]. However, the
overall behaviour of NO in the context of cellular
respiration is multifactorial and complex [12, 14]. Our
findings suggest that the dominant effect of NO is to shift
energy metabolism away from glycolysis, evidenced by the
falling L/P ratio with increasing NOx seen in human brain
microdialysates. This improvement in energy metabolism
may be a result of increased blood supply, probably due to
the activity of NO generated by eNOS, thereby relaxing
blood vessels. This is consistent with our findings, in
human brain microdialysates, of (a) increasing glucose
concentrations and (b) falling lactate concentrations, in
relation to increasing NOx concentrations. Our findings are
also consistent with those of Hlatky et al. [9] who found
that increasing NOx in human brain microdialysates was
significantly related to increasing regional cerebral blood
flow. Besides our present study, we are only aware of only
one other study of human brain microdialysate NOx in
relation to cerebral energy metabolism. This was in ten
SAH patients, by Sakowitz et al. [17]. Like us, they found
significant correlations of increasing NOx with increasing
glucose and with decreasing lactate in brain microdialy-
sates. However, unlike us, they found no significant
relationship between NOx and the L/P ratio. The reason
for this apparent discrepancy is unknown, but might be at
least partly due to differences in pathology as well as to the
evident differences in NOx assay methods and statistical
methods employed in the two studies.

A limitation to brain microdialysis in patients is that of
variation in the timing of the microdialysis, in relation to
the time of injury. This is unavoidable, as it is dictated by
the circumstances of the injury and subsequent clinical
considerations. Another constraint was availability of
sufficient volume of microdialysate for NOx analysis, since
part of each sample had already been used up at the
bedside, for the analysis of energy-related molecules. The
patients’ microdialysates available for analysis in this study
thus of necessity represent sampling for different periods of
time, which undoubtedly influences the results. Brain
biochemistry following acute brain injury is a dynamic
process, as exemplified in Figs. 1 and 2, and expressing the
concentrations as averages for each patient (Table 2) clearly
masks the time course. However this approach is justifiable
as our aim was to establish the overall relationships, taking
together all the patients in the study, between NOx and each
of the energy-related parameters. An assumption of the
present study is that NOx is a surrogate marker for NO.
Whilst NO can be measured directly using an appropriate
electrode in experimental and in vitro systems, there is (to
our knowledge) no NO electrode available for use in human
brain, thus no alternative to measuring NOx. In support of
this approach, Cherian et al. [2] found that in experimental

TBI studies, changes in microdialysate NOx were similar to
those of NO measured directly with an electrode, though
the latter was more effective at measuring rapid transient
changes. Another assumption is that we are measuring
“genuine” levels of NOx rather than insertion artefacts.
Cherian et al. [2] found that careful removal and re-
insertion of an NO electrode into rat brain produced
minimal changes in NO levels, but whether the micro-
dialysis catheter’s insertion is similarly non-perturbing for
NOx levels is as yet unknown. Another limitation is that we
do not know to what degree the distance of the catheter
from lesions is likely to influence levels of NOx and of
the other microdialysate parameters. In the present study,
all but one of our patients had one catheter each, not close
to a focal lesion, and only one of our patients had two
catheters, respectively perilesional (A) right frontal and
non-perilesional (B) left frontal, precluding any firm
conclusions to be drawn at this stage. In an experimental
study, TBI-induced gene expression, including IL-1β and
iNOS, far exceeded the primary impact site and was also
seen at distant sites in brains [16]. Monitoring at a distant
site is thus potentially able to yield useful information.

In conclusion, our present small pilot study of 12
patients shows that as microdialysate NOx increases,
glucose increases, lactate decreases, and the L/P ratio
decreases. These findings suggest that in human acute
brain injury, NO may improve blood supply, delivering
more oxygen and glucose to brain tissue, and shifting
metabolism in favour of the TCA cycle. Whilst we do not
yet have enough data to make a proper statistical
evaluation of NO in relation to outcome, it is interesting
to note that patients 2 and 3, who had with the two highest
mean microdialysate NOx concentrations (71.1 and
61.3 μM respectively) were the only individuals within
the group of 12 to progress to good recovery (Tables 1
and 2; Fig. 3f). This raises the question of whether
pharmacological augmentation of NO production would
be a useful therapy in acute brain injury. Administration of
L-arginine, tetrahydrobiopterin and erythropoietin each
produced an increase in brain NO together with improved
cerebral blood flow, in experimental TBI [3, 5]. Whether
analogous treatments in patients after acute brain injury,
using these or other NO-increasing agents, would have a
similar effect, and most importantly improve outcome, has
yet to be investigated.
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The brain monitoring with Information Technology
(BrainIT) collaborative network: data validation results
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on behalf of the BrainIT Group (www.brainit.org)

Abstract
Background The BrainIT group works collaboratively on
developing standards for collection and analyses of data
from brain injured patients towards providing a more
efficient infrastructure for assessing new health technology.
Materials and methods Over a 2 year period, core dataset
data (grouped by nine categories) were collected from 200
head-injured patients by local nursing staff. Data were
uploaded by the BrainIT web and random samples of
received data were selected automatically by computer for

validation by data validation (DV) research nurse staff
against gold standard sources held in the local centre.
Validated data was compared with original data sent and
percentage error rates calculated by data category.
Findings Comparisons, 19,461, were made in proportion to
the size of the data received with the largest number
checked in laboratory data (5,667) and the least in the
surgery data (567). Error rates were generally less than or
equal to 6%, the exception being the surgery data class
where an unacceptably high error rate of 34% was found.
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Conclusions The BrainIT core dataset (with the exception
of the surgery classification) is feasible and accurate to
collect. The surgery classification needs to be revised.

Keywords Clinical network . TBI .Methodology . Internet

Background

The BrainIT group works collaboratively on developing
standards for collection and analyses of data from brain
injured patients towards providing a more efficient infra-
structure for assessing new health technology (http://www.
brainit.org). The group have defined a core dataset collected
using PC based tools as part of an EC funded study (QLGT-
2000-00454). A series of meetings spread over one year
enabled the group to define a minimum set of data that can
be collected from all patients with traumatic brain injury
(TBI), which would be useful in most research projects
conducted in this population of patients. The core-dataset
includes nine categories:

1. Demographic and one-off clinical data (e.g.: pre-
neurosurgical hospital data, first and worst CT scan
data etc.),

2. Daily management data (e.g.: use of sedatives, analge-
sics, vasopressors, fluid input/output balance etc.),

3. Laboratory data (e.g.: blood gas, haematology, bio-
chemistry data etc),

4. Event data (e.g.: nursing manouevres, physiotherapy,
medical procedures (line insertion), calibrations etc.),

5. Surgical procedures,
6. Monitoring data summary (e.g.: type and placement

location of ICP sensor, BP lines, etc.),
7. Neuro Event Summary (e.g.: GCS scores, pupil size

and reactivity),
8. Targeted Therapies (e.g.: mannitol given for raised ICP,

pressor given for arterial hypotension etc.),
9. Vital monitoring data (e.g.: minute by minute BP, ICP,

SaO2 etc.).

A three year follow up EC funded study (QLGC-2002-
00160) enabled the group to develop IT methods to collect
the core dataset and to assess the feasibility and accuracy
for collection of this core-dataset from 22 neuro-intensive
care centres [1]. Data validation research nurse staff were
hired on a country by country basis to check samples of the
collected data against gold standard clinical record sources
in order to quantify the accuracy and therefore the
feasibility for collection of the BrainIT core-dataset using
the group IT based data collection methods. This paper
describes the results of analysis of 200 patients data in
whom validation data was also acquired independently by
data validation research nurses. The error rates classed by

data category are presented and discussed. These validation
results calculated on a subset of patients provides an
estimate of the data quality for future analyses on the full
patient cohort of 350 patients collected as part of the EEC
funded study.

Materials and methods

Over a 2 year period, core dataset data (grouped by nine
categories: as presented in the background section) were
collected from 200 head-injured patients by local nursing
staff.

Clinical data is entered by bedside nursing staff on hand
held PDA’s which, in collaboration with Kelvin Connect
Ltd [2], implemented the BrainIT core dataset definition in
a flexible and easy to use hand-held PDA based system. A
training course was held for the data validation nursing staff
in Glasgow on the use of this data collection instrument
which supported data entry in six European languages. An
anonymisation routine removed patient identification ele-
ments from the collected data and labelled the patient data
file with a unique BrainIT study code generated from the
BrainIT web-site. A local database held in each centre
linked the anonymised data to local centre patient id
information which was needed during the data checking
stage of the study. Anonymised data was uploaded via the
BrainIT web upload services. A server side data converter
tool converts data from centre based format into BrainIT
data format generating nine data category files which are
imported into the BrainIT database. A validation request
tool samples 20% of the data sent for each data category
and generates a validation request file listing the time-
stamps and data items to be checked by local data
validators. Data validators enter into a data validation tool
the requested data items for checking from source docu-
mentation held in each local centre. Validation data is
uploaded to the BrainIT data coordinating centre via the
website and using data validation checking software tools,
the validated data is checked against the data items
originally sent from which percentage accuracy data is
calculated. As part of this validation process, in addition to
the categorical and numeric clinical data being checked for
accuracy, we also assessed the minute by minute monitor-
ing data too. Random samples of monitoring data channels
uploaded (e.g.: ICP, SaO2) were selected and validation
staff asked to manually enter the hourly recorded values
from the nurses chart (or local gold standard data source)
for the first and last 24 h periods of bedside monitoring for
a given patient for a given channel. These “validation”
values could then be compared with a range of summary
measures (e.g.: mean, median) from the computer based
monitoring data acquired from the patient.
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Results

In total, 19,461 comparisons were made between collected
data elements and source documentation data. The number
of comparisons made per data category was in proportion to
the size of the data received for that category with the
largest number checked in laboratory data (5,667) and the
least in the surgery data (567) (Fig. 1). Table 1 summarises
error rates by data class. Error rates were generally less than
or equal to 6%, the exception being the surgery data class
where an unacceptably high error rate of 34% was found.

In the surgery data category, nursing staff had to choose
surgical procedures from a fixed list of procedure types: (1)
ICP placement, (2) Evacuation of Mass Lesion, (3)
Elevation of depressed skull fracture, (4) Removal of
foreign body,(5) Anterior Fossa repair for CSF Leak, (6)
Placement of Extra Ventricular Drain, (7) Active external
decompression (with bone removal and duroplastia), (8)
Other. This classification system was used in an attempt at
simplification and reducing the burden of data entry.
However, through discussions with local nursing and data

validation staff it was found that there was particular
confusion over when to record ICP sensor placement and
the presence of skull fractures as the primary surgical
procedure. Typically, these procedures occur during the
same operative procedure as for example “evacuation of
mass lesion”. Confusion over coding these two procedures
accounted for the majority of errors in this data category.

We also checked the detection rate of acute events (e.g.:
nursing management, physiotherapy, blood samples etc.). It
was found that short duration events were rarely missed but
longer duration events such as transfer to CT or theatre
were more likely to be not recorded. Through discussions
with local nursing and data validation staff it is believed
that the intense nursing activity just prior to and following a
transfer is more likely to lead to omissions in recording
these events on research systems.

Figure 2 shows a scatter plot of computer monitored
minute by minute ICP data averaged over 60 min (ICPavg)
plotted against nurses chart end hour values (ICPvalid)
collected by the data validation nurses. There is a good
correlation between the two sets of data with a linear

Fig. 1 Pie chart showing the
distribution of the 19,461 data
validation comparisons which
were made in proportion to the
size of the data received with the
largest number checked in labo-
ratory data (5,667) and the least
in the surgery data (567)

Table 1 Percentage error rate by data type class with description of common error types

Data class Error rate (%) Common errors

Laboratory 2 pCO2, FiO2 value
Demographic 4 Monitoring on arrival at neurosurgery, intubation on arrival at neurosurgery
Neuro observations 5 Pupil Size, GCSv (code 1 Vs Unknown)
Monitoring summary 5 ICP type, ICP Location
Daily management summary 5 Infusion type (bolus vs infusion or both), drug number (1, > 1)
Targeted therapy 6 Non-standard target, no Target specified
Surgeries 34 ICP placement, Skull no., mass lesion
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regression best fit R2 value of 0.9773. Figure 3 is an
Altman and Bland plot showing the average bias (−0.15
mmHg) and 95% confidence limits (0.12, −0.45) for the
computer monitored end hour averaged data Vs the nurses
chart end hourly recorded values collected by the validation
nurses.

Discussion

Good clinical practice dictates that as part of clinical trial
design, acquired data must be checked for accuracy against
gold standard data sources. This is often implemented
through either employing a contract research organisation
or independent research nurse staff to perform this duty. In

large multi-centre clinical trials, costs to hire research nurse
data validation staff can become prohibitively expensive
and feasible only if significant industry or research council
funding support is provided. Now with the adoption of the
new medical device standard ISO-14155, even small medical
device studies are expected to provide some form of check
on the accuracy of data.

To our knowledge, this study conducted by the BrainIT
group is one of only a few projects to attempt to
prospectively assess the data capture error rate within an
academic environment [4]. We have shown that it is
feasible to collect the BrainIT dataset from multiple centres
in an international setting with IT based methods and the
accuracy of the data collected is greater than or equal to
94%, with the exception of the surgery data type which

Fig. 2 Scatter plot of computer
monitored minute by minute
ICP data averaged over 60 min
(ICPavg) plotted against nurses
chart end hour values (ICP-
valid). Linear regression best fit
R2 value=0.9773

Fig. 3 Altman and Bland plot
showing the average bias
(−0.15 mmHg) and 95% confi-
dence limits (0.12, −0.45) for
the computer monitored end
hour averaged data Vs the
nurses chart end hourly recorded
values collected by the valida-
tion nurses
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must be revised. We have also shown that computer
collected minute by minute vital signs data, summarised
as end hour averages, correlated well with nursing chart end
hour recordings. This allows the end hour averaged
computer records to be used in database analyses assessing
nurses chart recorded detection of events with computer
based sampling. These validation results calculated on a
subset of patients provides an estimate of the data quality
for future analyses on the full patient cohort of 350 patients
collected as part of the EEC funded study which was
conducted over the same time period by the same staff
using the same data methods. Clearly though, future data
collection projects will generate datasets under differing
data collection conditions and will require a separate
validation stage if we wish to maintain our confidence in
the level of data accuracy. However, the costs of maintain-
ing such a data validation network is prohibitively high. To
maintain a full time data validation nurse within each
participating country costs in excess of 1 Million Euro’s per
year. Such large running costs for an academic network is
not sustainable in the long term and a more cost-effective
solution for data validation must be found.

One promising approach being adopted by the BrainIT
group is developing collaborative research with experts in
Grid based secure access technology. Grid technology
covers more than just access to networks of high end
servers in order to solve computationally intensive prob-
lems. There is a considerable amount of expertise and
middleware software solutions now available that provide
secure access to distributed medical datasets so that the
right people see the correct data in the appropriate context
[3]. Such an approach, once local and national IT policy staff
are satisfied with the security, will enable remote data
validation systems to directly query hospital based gold
standard data sources for data checking. Clearly some data

validation staff will still be required to support system
queries but increased use of automatic data validation
procedures should significantly reduce the cost burden to
conduct multi-centre clinical trials. Towards this end, the
BrainIT group as part of an EEC funded framework VII
project plan to assess such an approach in 6 neuro-intensive
care centres equipped with the latest Grid technology.
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Abstract
Background The BrainIT project was conceived in 1997
and has grown into an international collaboration with the
purpose of gathering high time resolution data from head
injured patients utilising standardised methodologies.

Materials and methods From 1998, 22 participating neu-
roscience centres collected three main types of information:
demographic, physiological data and clinical treatment
information. A data collection solution was provided for
each centre dependent on their existing facilities and data
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were collected for the duration of monitoring as defined by
the routine care in each centre. On completion of ICP
monitoring all personal information was removed and then
transferred to Glasgow via the internet where it was converted
into a standard format and entered into a central database.
Outcome was measured using the extended Glasgow Out-
come Score using an interview questionnaire.
Findings Data has been obtained from a total of 349 patients
(277 male and 72 female) The age of these patients ranged
from 1 to 87 years (median 31); 145 had been involved in a
traffic accident and 32 were pedestrians; 78 had suffered a fall;
24 were assaulted and the remaining 70 of other causes. A
large amount of physiological data was collected (e.g. BP
2,531 days, ICP 2,212 days in total). This dataset has provided
the opportunity to perform unique analysis and these include
the statistical features of blood pressure, diurnal variations in
ICP, optimal sampling rate determination and a comparison of
summary measures of secondary insults.
Conclusions This challenging collaboration has brought
together a large number of centres and developed a
successful clinical research network focussed on improving
the treatment of head injured patients. It has successfully
collected a vast quantity of high quality data that provides a
rich source for analysis and hypothesis testing.

Keywords Brain injury .Monitoring .

Collaborative network . Information technology

Introduction

Head injured patients provide very rich but diverse data
from physiological monitoring, patient demographics,
treatment and imaging sources and with advances in
technology the measurement and recording of high time
resolution data as paper based methods is readily available.
In comparison, paper based methods, often used in
pharmacological studies, may underestimate the severity,
length and frequency of secondary insults [7].

The increasing need to ensure that clinical practice is
based upon a sound evidence base requires methods and
analyses that are capable of replication. Research studies
also need to be completed in a timely manner so that
changes or improvements in aspects of care do not
introduce confounding factors that might affect the analysis
and results. In addition data are collected in different ways,
formats and time resolution and can be described by
different summary measures (e.g. 1 h reading, average over
1 h, rolling means etc.) and this can make it very difficult to
compare studies from different centres. There is therefore a
need to work collectively to ensure common standards and
methods are employed for the collection of data.

In 1997 the BrainIT network evolved from discussions
within a group of multi-disciplinary researchers working in
the field of head injury. From the outset the underlying ethos
was one of openness and collaboration: anyone can join,
organisation was non-profit making and time was given
voluntarily. All BrainIT studies contribute to a common
database to which contributing members have free access.
The primary objectives of the BrainIT group were defined as:

1. To develop and disseminate standards for the collec-
tion, analysis and reporting of intensive care monitor-
ing data collected from brain injured patients.

2. To provide an efficient multi-centre infra-structure for
generating evidence on the utility of new forms of
invasive and non-invasive intensive care monitoring
and methods for improving the care and outcome of
brain-injured patients.

3. To develop and use a standardised database as a tool for
hypothesis generation and the development, testing and
validation of new data analysis methodologies.

Materials and methods

Three preliminary meetings brought European collaborators
together to define the core dataset [6]. This described the

Fig. 1 Structure of the BrainIT
group
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format, frequency and units in which commonly measured
variables should be stored. The minimum requirements were
for invasive blood pressure and intracranial pressure to be
monitored and recorded at a one-minute time resolution.

A European Union Framework V grant [3] provided the
resources for a multi-centre pilot study to collect high
resolution data from head injured patients. This required
that equipment was deployed to participating sites for the

Fig. 2 Patient recruitment to
date

Fig. 3 Analysis of “missed”
insults when using hourly aver-
aged readings of ICP
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collection of physiological, demographic and clinical
information. The aim was to recruit and collect data from
ten patients from each centre. Centres were coordinated, by
a national validation centre where data validation staff were
employed. The structure of the group is shown in Fig. 1
which depicts the way in which individual centres
communicated with the national validation centres. There
is both vertical and horizontal integration and individual
centres are actively encouraged to communicate, participate
and share information and resources with other centres.

Over the period between 1998 and 2006 data capture
systems were deployed in high dependency and intensive
care units in 21 participating neuroscience centres. The
demographic information included age, cause, GCS, CT
scan, pupil reaction and times of transfer; physiological
data included minute by minute recording including ICP,
CPP, MAP SaO2.

A web site (http://www.brainit.org) was designed and
this provided several different functions:

1. Upload of data from centres
2. Requests for data validation and outcome assessment
3. Distribution information and results
4. Discussion forum for different groups (steering com-

mittee, data validators etc)

A data validation system was proposed so that data
could be checked for accuracy. Firstly data from the acute
phase was transmitted to Glasgow and inconsistencies
identified. A request to correct any missing or out of range
values was made. Then a request for validation of a 20%
sample would be made to the data validator. Six months
later a request for outcome assessment would be made,
recorded and the validated data entered into the database.

Rules for publication of data were defined simply as
publication can only be from validated data and manu-
scripts must be circulated to the Steering Group for
comment prior to submission.

Results

At the end of the Framework V project, BrainIT had
successfully collected and validated data from 200 head
injured patients. This required the provision of data
collection tools for the demographic, clinical management
and physiological data. In collaboration with a commercial
company (KelvinConnect Ltd, Glasgow) a PDA solution
was produced to capture demographic and clinical data. A
variety of different solutions to capturing physiological data
were required as it was dependent upon the monitoring
equipment used in each centre. Three main approaches
were used, first a bedside computer running the Edinburgh
Browser software [4], second a commercial product

(ICUPilot, CMA Microdialysis AB) or thirdly an in-house
solution that particular centres had already developed for
other research works.

To date a total of 349 patients (277 male and 72 female)
have now been transmitted to the coordinating centre in
Glasgow (Fig. 2). The age of these patients ranged from 1
to 87 years (median 31). One hundred and forty-five had
been involved in a traffic accident and 32 were pedestrians;
78 had suffered a fall and 24 were assaulted. A large
amount of physiological data was collected (e.g. BP
2,531 days, ICP 2,212 days in total).

This dataset provides the opportunity to perform unique
analyses and the statistical features of blood pressure have
been described [5]. Further work related to the diurnal
variations in ICP, optimal sampling rate determination and a
comparison of summary measures of secondary insults are
also underway. For example, Fig. 3 shows the percentage of
insults that are missed when end hour averages are
compared with minute-by-minute readings. Using a thresh-
old of 20 mmHg the duration of missed insults was
calculated for distinct 1-h periods. The percentage of ICP
insults missed compared to the end hour value was highest
with shorter duration insults although significant numbers
of insults greater than 10 min in duration were still missed.
The group has also been able to undertake a survey of
traumatic brain injury management [2] and the evaluation
of a new pressure monitoring device [1].

Discussion

This challenging collaboration has successfully developed a
clinical research network focussed on improving the
treatment of head injured patients. It has brought together
a large number of centres capable and willing to undertake
clinical research across the network. It has also successfully
collected a vast quantity of high quality data that provides a
rich source for analysis and hypothesis testing.

Clinical research networks such as BrainIT have the
capacity to undertake research in a new way. The ethos of
BrainIT is to foster an open collaboration, to data share and
develop computer based data collection standards. The
more members that join the BrainIT group, the more
projects are formed. This will generate more data for the
database and therefore generate more hypotheses. This will
create more project ideas that will in turn generate more
data. It is this cyclical process with an open collaborative
approach which is at the heart of the BrainIT concept

The advantages are the ability to: standardise methods,
store data in a compatible format and, because of the size of
the network, studies can be done much quicker. There are
benefits in bringing together different healthcare professio-
nals who have a combined interest in a particular area to
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produce a larger intellectual mass. These combine to
produce benefits for the patient, the primary goal, but there
are also advantages for the academic researchers and
industry, both pharmaceutical and device manufactures.

The main disadvantages are that considerable time and
effort are required to set up and maintain the network.
There are resource implications in running the network by
supporting centres and researchers and although consider-
able effort is made towards fully funding centre activities,
during periods of low funding, centres may be required to
absorb costs. On-going maintenance is required and
individuals or groups may lose focus and/or interest
particularly if regular meetings or projects of interest are
not provided. Individual differences may surface so that the
group is not always working together as a cohesive unit. If
these barriers to progress are identified and the group are
aware of them then strategies can be put in place to
minimise their potential for creating a problem.

A good research network has the ability to answer
important clinical questions that are beyond the capability
of singles centres. They require a common enthusiasm and
but the output from the group can be greater than the sum
of the constituent parts.
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Pilot application of fractal characterisation and its response
to change on physiological wave forms

Martin Shaw & Ian Piper

Abstract
Background Over the last two decades the advances in
analysis techniques for physiological time series data have
been moving from the classical statistics to a more
nonlinear or chaos based approach to looking at patterns
in the variability of the time series. From this work it can be
shown that physiological time series exhibit complex multi-
fractal properties. So by designing a classification based on
this nonlinear and chaotic nature you can detect changes
and alterations in the underlying physiological processes.
Methods Applying a proven relationship between the
wavelet modulus maxima representation and the Hölder
exponent we could assess the multi fractal nature of the of
the signal detection underlying changes in the physiology.
Using two distinct techniques one global and the other
localised in time, classification of two distinct the time
series was carried out firstly via the analysis of the
distribution of the Hölder exponents over all scales of the
signal and secondly via a moving window application of
the mean Hölder function.
Findings The distribution methodology did not return
significant results though this is probably more to do with
the signal than the technique. The trending approach shows
a predictive nature with slope being linked to increased
instability in the signal content.
Conclusions Overall this study has shown the applicability
of the techniques which definitely warrant further refine-
ment and study.

Keywords Wavelets . Fractals .Mathematical modelling .

Wave form analysis . ICP

Introduction

Over the last two decades analysis techniques are moving
from classical stochastic process analysis using basic
statistics to more nonlinear systems or chaos theoretical
based approaches which are looking at patterns in the
variability of the time series.

It has been shown that physiological time series exhibit
complex multi-fractal properties [1]. So by designing a
classification and analysis based on this nonlinear and
chaotic nature of the time series we should be able to detect
changes and alterations in the underlying physiological
processes. To this end two different analysis scenarios were
tested. Firstly looking at the overall wave form and
characterising its fractal nature and secondly looking at
the trending of a window of its fractal nature with time.

Materials

We studied a number of randomly selected ICP waveforms
from the BrainIT dataset (http://www.BrainIT.org) and used
the R [4] statistical package for algorithm implementation
and analysis.

Methods

The main idea used in the initial analysis and fractal
characterisation of the wave form leverages the relationship
between the mathematical properties of a wavelet transform
and a signals’ localised fractal nature.
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Wavelets [3] can be thought of as a time–frequency
analysis technique analogous to a Fourier transform but
without the inherent frequency related problems of the later
approach. This is mitigated by the fact the convolution is
carried out with a scaling factor and a translational factor
applied to the convolving function. Like Fourier transforms
they can either be continuous or discrete the former
implying that all scales are calculated the later only integer
scales. The actual transform is carried out via Eq. 1:

Wf s; bð Þ ¼ 1

s

Z1

�1
f ðxÞy x� b

s

� �
dx: ð1Þ

This is a scalable convolution with the = function being
called a mother wavelet function and the scaled “s” and
translated “b” function is known as a daughter function. In
all of the later analytic tests a Mexican hat wavelet mother
wavelet (Eq. 2) was used:

y pð Þ ¼ 1� p2
� �

e�p=2; ð2Þ
which is the second derivative of the Gaussian function.
Figure 1 below is an example analysis using the above
mother function on an ICP wave form.

Mandelbrot [2] defines a fractal as self similar signals
repeating at different scales within the same signal. He also
defines the Hurst exponent as a way of characterisation of
the scaling properties of the signal that then can be thought
of as an overview of the whole signal. However as we are
interested in the signal on a more localised level, there is a
related value known as the Hölder exponent [5]. This
essentially characterises the singularities of a signal at a
single scale level. Where a singularity is defined to be a
discontinuity in a signal where the differential of the signal
is not continuous at that point. It can be shown that the
Taylor expansion [6] of the wavelet transform that Eq. 3
holds over the set of all singularities of the time series:

Wf s; x0ð Þ ffi sj jh x0ð Þ ð3Þ

where x0 is the set of all singularities, h(x0) is defined to be
the Hölder exponent of the singularity at x0 however
calculation of “h” by this method is not efficient but by
using an optimised partitioning function and counting
argument [6] the “local” Hölder exponent can be calculated.

Firstly the wavelet modulus maxima transform
(WMMT) is performed and then the ridges are extracted
from this view [5]. This ridge representation of the signal is

Fig. 1 a Original ICP wave
form, b a 2d wavelet modulus
maxima transformation of a, c a
3d representation of b, d ridge
extraction from b
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all that is required to calculate the local Hölder exponent;
this should make the analysis more efficient as no
redundant information needs to be processed. This form is
in fact a representation of all the singularities in the signal.

(Fig. 1b,d). Then by using a partitioning function 4 over the
set of all singularities Ω(s) at a given scale “s”:

Z s; qð Þ ¼
X

Ω sð Þ
Wf wi sð Þð Þð Þq ð4Þ

Fig. 2 Comparison of stable (a) and changing (b) local Hölder exponent distributions over all scales

Fig. 3 ICP signal (a) and corresponding mean Hölder exponent trend (b)
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we can define the mean wavelet transform value of all
singularities at that scale s to be (Eq. 5):

M sð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Z s; 2ð Þ
Z s; 0ð Þ

s

: ð5Þ

Finally, the mean Hölder (h) is then calculated by
solving for the slope of the straight line function 6:

log M sð Þð Þ ¼ h log sð Þ þ C: ð6Þ

It can then be shown [6] that the local Hölder exponent
at scale s is calculated by Eq. 7:

ĥsSLslo
ffi log Wf sloð Þð Þ � log M sð Þð Þ

log sloð Þ � log sSLð Þ ð7Þ

where slo is the minimum scale used and sSL is the sample
length.

This paradigm can be understood in terms that the signal is
caused by the physiological system and this signal contains
fractal content or information which is directly related to the
underlying physiology. This implies that changes to physiol-
ogy will directly alter the signal and hence the information
contained within. By using the above analysis techniques we
gain an overview of this fractal information. To test these
ideas, two general applications of the above method are
presented; Firstly a global signal overview by looking at local
Hölder distributions and secondly a more localised view of
the data looking at the trending of the mean Hölder exponent.

This first methodology can be thought of as an overview
of the signals local Hölder exponent as a global look at the
nature of the singularities of the time series and it should
present a snap shot of the underlying physiology across the
time range something akin to a fingerprint of the signal.
ICP wave form data from a random patient was sampled
from the BrainIT database and was split into a number of
equal lengths. A “stable” segment where the signal remains
relatively steady and the amplitude of the number of
singularities remain low and a “changing” section, where
the signal becomes more unstable and the amount and
amplitude of the signal singularities increases. The local
Hölder exponent calculated for each of these sections and
the distribution of the local Hölder was then plotted and
analysed over all scales (Fig. 2).

The second analysis technique to be applied looks at the
change or trend in the mean Hölder calculation over the full
time course of a signal. It could be thought of as a moving
average approach to looking at the Hölder exponents of a
signal. This should represent the time course of changes in
physiology of the patient.

Again six ICP wave form signals were randomly
sampled from the BrainIT dataset and these were then
cleaned and a moving window approach was created to
allow the repeated application of the mean Hölder function
along the time course of the original signal. The window
size used for this analysis was 200 min with a 100-min
overlap. The choice of this window size was arbitrarily
defined by the signal length from previous testing. Once
this approach was applied to the signals a linear regression
was applied to give an over all trend for the calculated
mean Hölder exponents (Fig. 3).

Results

For the first analysis looking at the distributions, as can be
seen from (Fig. 2) there is not much if any separation in the
distributions and this is representative of all samples tested. In
the analysis on trending of the mean Hölder it can be seen to
be inversely proportional to signal fractal information content.
However quantification of this is difficult as we would need
an independent measure of the stability to statistically compare
it with the trend gradient. That said over all the samples tested
the gradient does show a predictive ability (Fig. 3).

Discussion

In the first analysis the lack of separation is not totally
unexpected as the differences in the ICP signals tested
between stable and changing sections are not greatly different
mathematically, minimally deterministic and based on more
random processes and so less likely to have much fractal
“information” content. If this is the case then this technique
should be then aimed at more deterministic signals such as
looking at B wave activity in the ICP trend for example.

In the second analysis the predictive nature of this technique
is a promising start though it will require further study to firstly
statistically prove and secondly to find the optimal size for the
moving window and still provide enough signal to accurately
represent it with the mean Hölder exponent.

Overall this pilot study has shown the applicability of the
techniques and as such it has only scratched the surface of
how these approaches could be applied and of the implica-
tions of the links between the physiological systems and the
fractal information content of the signals they produce.

Conflict of interest statement We declare that we have no conflict
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The predictive value of ICP as compared to magnetic
resonance imaging in comatose patients after head injury

R. Firsching & F.-W. Roehl & D.-H. Woischneck &

N. John & M. Skalej

Summary
Introduction While highly increased intracranial pressure
(ICP) is of high predictive value indicating a fatal outcome,
the predictive value of moderately increased ICP early after
head injury remains uncertain. We compared the predictive
value of ICP to the predictive value of magnetic resonance
imaging (MRI) early after head injury.
Methods 55 patients with a Glasgow Coma Scale (GCS) of
less than 8, for more than 24 hours after head injury were
investigated. Outcome was classified according to the
Glasgow Outcome Scale (GOS). All patients received
registration of ICP upon arrival at the hospital and an
initial cranial computerized tomography scan. An MRI

study was subsequently performed within 10 days of
admission. The highest mean ICP registered within one
hour in the first day of admission and the location of lesions
as identified by MRI were related with outcome.
Results ICP was neither related with mortality nor with
GOS of survivors. The location of lesions as depicted by
MRI proved to be statistically significantly related with the
GOS (p<0.001). Age proved to be clearly and significantly
related with outcome (p=0.019).
Conclusions Our current MRI findings suggest that the
location of the initial brain injury lesion correlates with
outcome at 6 months. No such correlation could be
identified for intracranial pressure on the first day after
head injury (p=0.766).

Keywords Head injury . Intracranial pressure .Magnetic
resonance imaging . Outcome

Introduction

The role of intracranial pressure (ICP) after head injury
remains a topic of continued interest. In the older literature,
the correlation of ICP and cerebral perfusion pressure
(CPP) has been reported to be inferior to or at most similar
to the correlations with clinical signs [5]. With magnetic
resonance imaging (MRI) emerging as a new option of
possible predictive value [2], we present a comparison of
the prognostic value of ICP recording and MRI after head
injury.

Patients and methods

55 comatose patients received ICP monitoring upon
admittance after a head injury. Coma persisted for a
minimum of 24 hours. ICP was measured intraventricularly
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in 49 patients and epidurally in 6 patients. On the first day,
high ICP levels are rare. The highest mean ICP over a
stretch of 60 minutes within the first 24 hours was taken
into account for further analysis. Sedation was reduced to
the minimum necessary to ensure adequate ventilation [2].
No measures were taken to treat ICP. MRI was obtained
within 10 days of the injury (median 3 days) and
evaluated by the neuroradiologist, who was blinded to
the clinical findings. The ICP values (Table 3, in mmHg)
and the location of lesions on MRI (MRT Grade) were
correlated with mortality or outcome of survivors as

specified by the Glasgow outcome score (GOS) at 6 months
after the injury. The location of lesions on MRI was
classified in 4 grades as specified earlier [2]. The
classification reflected the correlation of the location of
lesions on MRI with outcome as identified with statistical
means in an earlier study (see Fig. 1) [2]:

Grade I lesions of the hemispheres only,
Grade II unilateral lesion of the brain stem with or without

a grade I lesion,

Fig. 1 MRI of patients with a)
Grade I: supratentorial contu-
sions only b) Grade II: unilateral
lesion of the mesencephalon c)
Grade III: bilateral lesion of the
mesencephalon d) Grade IV:
bilateral lesion of the pons

Table 1 P-values of the correlations between the variables of interest

Variable GOS ICP MRI AGE

ICP 0.766 - - -
MRI <0.001 0.711 - -
Age 0.019 0.005 0.897 -
Gender 0.211 0.752 0.317 0.366

Table 2 Contingency table with number of patients (n=55) for
combination between MRI Grade and Glasgow Outcome Score

Glasgow Outcome Score

MRT Grade 1 2 3 4 5
I 7 0 5 11 5
II 0 2 2 3 0
III 3 9 3 0 0
IV 4 0 1 0 0
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Grade III bilateral lesion of the mesencephalon with or
without a grade II lesion,

Grade IV bilateral lesion of the pons with or without a
grade III lesion.

The univariate correlations between the categorial
variables (GOS, MRI, gender) were analysed using Fisher’s
exact test. An one-way ANOVA was performed with the
categorical variables (MRI, GOS, gender) as main factor
and the continuous variables (ICP and age, respectively) as
dependent variables. A logistic regression with age, ICP
and their cross effect respectively age and MRI with
interaction was used to identify their effect on the mortality.
Finally we computed sensitivity and specificity from
contingency tables to look for cut-points in MRI Grade
and ICP to identify the prognostic value using a ROC
analysis. For this procedure the GOS was divided in two
groups (1+2) and (3–5) respectively.

All statistical decisions were 2-tailed with a significance
level of α=5% without α-adjustment. The critical proba-
bility p supported the interpretation. The results should be
interpreted in an exploratory manner.

Results

Table 1 shows the p-values for the univariate correlation
between the variables of interest. MRI (p<0.001, Fisher’s
exact test) and age (p=0.019, ANOVA) have a clear
influence on the outcome. No such correlation could be
identified for intracranial pressure on the first day after head
injury (p=0.660, ANOVA).

Frequencies of the contingency table (Table 2) show this
cross effect between MRI findings and outcome. The
correlation between age and ICP is also significant (p=

Table 3 Raw data of 55 comatose patients who received ICP
monitoring upon admittance after a head injury

ID Gender Age GOS ICP MRT Grade Day of MRT

1 f 22 4 30 1 4
2 m 83 1 31 4 2
3 m 34 3 18 3 2
4 m 27 4 15 2 4
5 m 46 5 12 1 3
6 m 55 1 32 1 7
7 m 48 1 38 1 2
8 f 10 3 18 4 2
9 m 23 3 15 1 7
10 m 17 5 15 1 2
11 m 46 2 30 3 6
12 m 76 1 25 1 1
13 m 46 1 40 4 8
14 m 77 4 23 1 2
15 m 15 2 26 3 3
16 f 62 2 18 3 7
17 f 80 4 10 1 3
18 m 28 4 22 1 2
19 m 49 2 25 3 8
20 m 79 1 20 1 6
21 f 28 2 28 2 4
22 m 68 4 15 1 1
23 m 18 2 38 3 4
24 f 52 2 20 3 3
25 m 38 5 23 1 7
101 f 19 3 32 3 1
102 m 10 5 32 1 0
103 m 52 2 17 3 9
104 m 35 4 5 2 0
105 m 39 3 42 1 3
106 f 21 3 40 3 1
107 m 20 5 35 1 5
108 f 16 3 28 1 1
109 m 38 3 33 1 7
110 m 21 4 53 1 6
111 m 53 2 68 2 2
112 m 38 3 20 2 2
113 m 4 4 76 1 6
114 m 30 2 54 3 0
115 m 29 3 13 1 ?
116 m 19 4 34 1 4
117 m 46 4 14 1 4
118 m 21 4 30 1 0
119 f 15 4 50 1 1
120 f 16 4 44 2 2
121 m 46 3 40 2 3
122 f 60 2 33 3 0
123 m 80 1 15 1 3
124 m 21 1 60 3 0
125 m 18 1 44 4 0
126 f 40 1 22 4 0
127 m 58 1 38 3 3
128 m 68 1 7 1 1
129 m 56 1 30 1 8
130 m 12 1 46 3 10 Fig. 2 Prognosis of mortality for different cut-points of ICP (- - - -)

and respectively MRI (——)
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0.005, Pearson correlation) but no correlation was found
between ICP and outcome (p=0.766, ANOVA). Table 3
shows the raw data of the 55 analysed comatose patients.

In logistic regression to modelling the mortality (GOS=
1) with age, MRI and their cross effects, both had a p-value
(p=0.008 respectively p=0.024) below the significance
level but in a model with age (p=0.028) and ICP (p=
0.094), ICP did not reach this level.

These results were underlined by the ROC analysis. The
ROC function of ICP to GOS has no recognizable cut-point
(see Fig. 2) and the area under the curve (AUC) with a
value of 0.615 is smaller than the AUC of 0.758 for the
ROC function of MRI to GOS (see Fig. 2).

Discussion

It was not the purpose of this analysis to question the
overall benefit of ICP monitoring for targeted management
of increased ICP after head injury [1]. The early warning
function and the predictive value of the registration of ICP,
however, remains uncertain.

All patients in this series received ICP monitoring upon
admittance, but some patients emerged from coma shortly
after 24 hours had elapsed with subsequent termination of
ICP monitoring. The time frame of 24 hours of ICP
monitoring was relevant to all patients analysed.

Age statistically appeared to be the most important
predictor of outcome. This is consistent with older reports
in the literature [3].

MRI also shows a statistically strong correlation with
outcome, but 7 deaths in patients with a slight head injury
diminished this correlation. This may well be explained
with the multiple injuries of these 7 patients, who were

older than the average patient of this series. Death occurred
within 6 months of the injury in 2 cases not clearly related
with the head injury.

Peak ICP values within the first 24 hours after head injury
did not correlate with outcome. Given the importance of
secondary events, it would be important to measure ICP over
longer periods of time following injury in future studies.
Over 20 years ago, Miller et al. [4] reported that exceedingly
high ICPs correlate with mortality. Efforts such as our
current study continue to further advance our understanding
of the relationship between ICP and outcome. From this
study we concluded that MRI may be useful adjunct for
predicting outcome following TBI. This may be particularly
relevant to relatives of the comatose patient.

Conflict of interest statement We declare that we have no conflict
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Metabolic disturbance without brain ischemia in traumatic
brain injury: A positron emission tomography study

Nobuyuki Kawai & Takehiro Nakamura &

Takashi Tamiya & Seigo Nagao

# Springer-Verlag 2008

Abstract
Background Cerebral ischemia is believed to be an impor-
tant mechanism of secondary neuronal injury in traumatic
brain injury (TBI).
Methods In this study, we performed 15O2 positron emis-
sion tomography (PET) studies to measure the cerebral
blood flow (CBF) and oxygen metabolism (CMRO2) in the
pericontusional region in a total of 15 patients (11 males, 4
females, aged 15–81 years) who sustained TBI with
contusional hematoma. PET studies were performed a mean
of 13.5±9.1 days (range 2–33 days) after TBI occurred.
Findings The areas of pericontusional tissues located
10 mm away from the cerebral contusion exhibited mildly
decreased CBF (89%) and severely suppressed CMRO2

(67%) when comparison was made with the remote cerebral
cortex. Severely suppressed oxygen metabolism in the
pericontusional tissue was observed not only in the acute
stage, but also in the subacute stage after TBI, whereas
blood flow was slightly recovered in the subacute stage. We
also compared the PET findings obtained in the acute or
subacute stage after TBI and structural abnormalities on
late-stage MRI in 5 patients. The area of flow defect on the
CBF-PET image developed into irreversible tissue damage
(necrosis) in the chronic stage. The area of hypoperfusion

surrounding the lesion partly resulted in tissue necrosis:
however, a large part of the hypoperfused tissue survived in
the chronic stage. Again, a significant portion of oxygen
hypometabolism surrounding the lesion did not develop
into tissue necrosis.
Conclusions We conclude that impaired cerebral blood
flow and metabolism in the pericontusional region is
observed even in the subacute stage after TBI and is
unlikely to cause severe further neuronal damage.

Keywords Brain contusion . Cerebral blood flow .

Cerebral metabolic rate of oxygen .

Positron emission tomography

Introduction

In traumatic brain injury (TBI) there is increasing evidence
for the existence of a ‘traumatic penumbra’ - tissue that is
most at risk of secondary ischemic neuronal injury and that
will be most affected by changes in physiology or
therapeutic interventions. Conventional management of
TBI is based upon the premise that ischemia is a critical
pathophysiological mechanism of secondary injury, and
treatment of patients has focused on the maintenance of
systemic oxygenation and cerebral perfusion pressure as a
means of minimizing such injury. Recent positron emission
tomography (PET) studies have demonstrated regional
ischemia early after TBI, and shown that increases in
ischemic tissue volume correlate with a poor Glasgow
Outcome Score 6 months after the injury [2]. In contradis-
tinction to these studies, two previous PET studies
performed in TBI patients both early and late after the
injury failed to show an elevated incidence of brain
ischemia [3, 4]. A recent combined microdialysis and PET
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study also demonstrated that the incidence of brain
ischemia even in severe TBI patients is very low [9].

In this article, we describe the results of PET studies in the
cerebral hemodynamics and the oxygen metabolism in
perilesional and remote areas of brain contusion from the
acute stage to the subacute stage in patients with TBI. We also
discuss the ultimate fate of pericontusional areas which
showed impaired cerebral blood flow and oxygen metabolism
by comparing initial PET images and late-stage MR images.

Materials and methods

Fifteen patients (11 males and 4 females, mean age: 53.9±
18.0 years, mean GCS on admission: 10.2±3.1) with brain
contusion were included in this study. Four patients
underwent surgery for intracranial hemorrhage. Six patients
were treated with brain hypothermia or intensive normo-
thermia. All patients underwent 15O-gas PET to measure
the regional cerebral blood flow (rCBF), cerebral metabolic
rate of oxygen (rCMRO2) and oxygen extraction fraction
(rOEF) at the acute or subacute stage after TBI (2–33 days,
mean 13.5±9.1 days). PET data obtained from 13 control
subjects (7 males and 6 females, mean age: 60.8±
11.7 years) were used as controls. Patients who required
sedatives or anesthetics were not enrolled in this study,
because these drugs significantly influence the cerebral
blood flow and metabolism. Regions of interest (ROIs)
were defined on the co-registered initial CT images super-
imposed on the PET images. The contusion was determined
visually as the area showing an abnormal CT appearance
and outlined on the CT and PET co-registered image at the
level of the contusion center. The pericontusional and
remote cortices were set on the cortex 10 mm and 30 mm,
respectively, apart from the contour of the brain damage.
Follow-up late-stage MRI studies were performed in 5
patients 2–14 months after the injury. The area of structural
abnormality was identified and outlined on the FLAIR or
T2-weighted MR images, and then projected onto co-
registered PET images of CBF and CMRO2.

15O gas-PET scanning

Before emission scanning, a 5-minute transmission scan
using a 68Ge rod source was obtained to correct tissue
attenuation. Intermittent arterial blood sampling and radio-
activity measurements were performed throughout PET
scanning using a catheter implanted in the brachial artery to
obtain the arterial input function. One-minute inhalation of
C15O (2 GB/min) followed by a 3-minute static scanning
and 3 blood samplings were obtained to measure the
cerebral blood volume (CBV). The C15O2 slow bolus
inhalation method was used to measure the cerebral blood

flow (CBF). A 10-minute dynamic scanning (30 s × 1; 15 s ×
10; 30 s × 10; 60 s × 2) was performed following 2 min of
slow bolus inhalation of C15O2 gas (1.5 GB/min). The
arterial input function was determined by frequent arterial
blood sampling. Finally, after a 7-minute inhalation of 15O2

(0.5 GB/min), the steady-state O2 image was scanned and 3
arterial blood samplings were obtained for 5 min to
determine the oxygen extraction fraction (OEF) and the
cerebral metabolic rate for oxygen (CMRO2).

Results

1) PET values in the pericontusional area

Regional hyperemia (rCBF: 55–60 ml/100 g/min) was
observed in three patients in perilesional or adjacent areas
of the brain contusion. The rCBF in the pericontusional
areas was significantly lower than that of the remote areas
(39.2±4.4 vs. 44.2±3.7 ml/100 g/min, P<0.05) (Fig. 1a).
The rCMRO2 in the pericontusional areas was also
significantly lower than that of the remote areas (1.67±
0.63 vs. 2.49±0.70 ml/100 g/min, P<0.01) (Fig. 1b). The
rOEF in the pericontusional areas was 0.28±0.08 and this
value was significantly lower compared with that in the
remote areas (0.36±0.09) (Fig. 1c). The relative reduction
of the rCMRO2 (33%) and the rOEF (25%) in the
pericontusional areas compared with the remote areas was
much greater than the reduction of the rCBF (12%). The
PET values obtained in the remote areas were not
significantly different from the values obtained in the
controls (CBF: 45.6±2.8 ml/100 g/min, CMRO2: 2.74±
0.43 ml/100 g/min, OEF: 0.34±0.05).

2) PET values in the remote areas: relationship with injury
severity and prognosis

When we compared the PET values in the remote areas
between patients with severe TBI (initial GCS≤8) and non-
severe TBI (initial GCS≥9), there were no significant
differences in the rCBF (45.8±4.1 vs. 43.4 ml/100 g/min),
rCMRO2 (2.46±0.68 vs. 2.51±0.74 ml/100 g/min) and
rOEF (0.36±0.06 vs. 0.37±0.10) (Fig. 2a). Again, when we
compared the PET values in the remote areas between
patients with favorable outcome (GR/MD) and unfavorable
outcome (SD/VS), there were no significant differences in
the rCBF (43.5±3.6 vs. 45.3±3.9 ml/100 g/min), rCMRO2

(2.54±0.76 vs. 2.42±0.64 ml/100 g/min) and rOEF (0.37±
0.09 vs. 0.35±0.09) (Fig. 2b).

3) PET findings and ultimate fate of contusional brain injury

We compared the PET findings obtained in the acute or
subacute stage after TBI and structural abnormalities on
late-stage MRI in 5 patients (Fig. 3). The area of flow
defect on the CBF-PET image developed into irreversible
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tissue damage (necrosis) in the chronic stage. The area of
hypoperfusion surrounding the lesion partly resulted in
tissue necrosis: however a large part of the hypoperfused
tissue survived in the chronic stage. Again, a significant
portion of oxygen hypometabolism surrounding the lesion
did not develop tissue necrosis. The result was more
evident when the PET examination was performed in the
subacute stage after TBI.

Discussion

We investigated the cerebral hemodynamics and oxygen
metabolism in focal brain lesions and remote areas of brain
contusion and contusion with traumatic intracerebral hema-
toma. Of course, some of the patients might have had
pathophysiological factors of diffuse brain injury. The PET
values obtained in the remote areas (normal findings on CT

Fig. 2 Comparison of PET values in the remote areas between the
patients with severe TBI (initial GCS≤8) and non-severe TBI (initial
GCS≥9) (A), and between patients with favorable outcome (GR/MD)

and unfavorable outcome (SD/VS) (B). PET values were not
correlated with initial injury severity and neurological outcome

Fig. 1 Comparison of rCBF (a), rCMRO2 (b) and rOEF (c) in the
pericontusional (PC) and ipsilateral remote (R) areas of contusional
brain injury. Their values were also compared with control subjects

(Control). The rCBF, rCMRO2 and rOEF in the pericontusional areas
were significantly lower than those in the remote areas (**, P<0.01)
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scan) were not significantly different from the values
observed in the controls. The present study revealed that the
areas of pericontusional tissues located 10 mm away from the
cerebral contusion exhibited mildly decreased CBF (88%)
with severely suppressed CMRO2 (67%) and OEF (75%),
when comparison was made with those in the remote areas.
Severely suppressed oxygen metabolism in the pericontu-
sional tissue was observed not only in the acute stage, but
also in the subacute stage after TBI, whereas blood flow was
slightly recovered in the subacute stage.

Several lines of evidence from clinical brain injury
research suggest that ischemia occurs frequently in TBI.
These data are most evident for the initial 12 hours after
injury in which brain-imaging studies as well as whole
brain oxygenation monitoring have shown that ischemia
occurs in 30% of the population [1]. In contradistinction to
these studies, two previous PET studies performed in TBI
patients both early and late after the injury failed to show an
elevated incidence of brain ischemia [3, 4]. A recent
combined microdialysis (MD) and PET study at a mean
time of 36 hours after injury also demonstrated that the
incidence of brain ischemia in TBI patients is very low [9].

In focal brain injury, studies of rCBF have revealed a
pericontusional zone of low rCBF, which often corresponds to
hypodensity on CTscans [7]. A recent intracerebral MD study
revealed that the lactate/pyruvate (L/P) ratio in the pericontu-
sional zone was elevated 24 hours after injury and continued
to increase during the following 10 hours [5]. A trend toward
normalization of the L/P ratio was observed during the next
day [5]. The L/P ratio is considered to be a marker of the
relative redox state of the tissue, with increases in the L/P ratio
indicating cerebral ischemia. Our PETstudy is restricted to the
period of observation from post-injury Day 2 and cannot
address the incidence of ultra-early brain ischemia. The mean
CMRO2 value observed in the pericontusional area was
1.67 ml/100 g/min (67% of the remote area) in our patients. A
previous primate ischemia study demonstrated that CMRO2

was the best predictor of reversible or irreversible brain
damage and the critical metabolic threshold level appeared to
be a reduction of oxygen metabolism to between 61% and
69% of the corresponding contralateral region [6]. Since
CMRO2 is a measure of mitochondrial oxidative function,
reduced CMRO2 in the pericontusional area represents
mitochondrial dysfunction without apparent local ischemia.

Fig. 3 Comparison of the PET findings obtained in the acute (a) or
subacute (b) stage after TBI and structural abnormalities on late-stage
MRI. The area of hypoperfusion and hypometabolism surrounding the

lesion partly resulted in tissue necrosis: however, some part of the
hypoperfused and hypometabolized tissue survived in the chronic
stage
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We compared the PET findings obtained in the acute
or subacute stage after TBI and structural abnormalities
on late-stage MRI in 5 patients. Classic PET studies in
stroke patients determined thresholds for irreversible
tissue damage for CBF and CMRO2 as 12 ml/100 g/min
and 1.4 ml/100 g/min respectively, with a penumbral CBF
threshold of around 20 ml/100 g/min [8]. These thresholds,
in particular the at-risk CBF threshold of 20 ml/100 g/min,
have been used in a number of studies of TBI to define
viable and non-viable tissue. Our study demonstrated that
the area of flow defect or severe hypoperfusion (usually
below 10–15ml/100 g/min) in the brain contusion developed
irreversible tissue damage (necrosis) in the chronic stage.
Although the area of hypoperfusion surrounding the lesion
partly resulted in tissue necrosis, a large part of the
hypoperfused tissue survived in the chronic stage. Again, a
significant portion of oxygen hypometabolism surrounding
the lesion did not develop into tissue necrosis. This was less
evident when the PETstudy was performed in the acute stage
and more evident when the PET examination was performed
in the subacute stage after TBI. This result suggests that the
area of disturbed oxygen metabolism around the brain
contusion was spreading to the surrounding tissue: however,
the area of secondary disturbed oxygen metabolism did not
develop into tissue necrosis.
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Concordant biology underlies discordant imaging findings:
diffusivity behaves differently in grey and white matter post
acute neurotrauma

Virginia F. J. Newcombe & Guy B. Williams &

Jurgens Nortje & Peter G. Bradley & Doris A. Chatfield &

Joanne G. Outtrim & Sally G. Harding &

Jonathan P. Coles & Bala Maiya & Jonathan H. Gillard &

Peter J. Hutchinson & John D. Pickard &

T. Adrian Carpenter & David K. Menon

Abstract
Background Cerebral edema is a common sequelum post
traumatic brain injury (TBI). Quantification of the apparent
diffusion coefficient (ADC) using diffusion tensor imaging
(DTI) may help to characterize the pathophysiology of
brain swelling.
Methods Twenty-two patients with moderate-to-severe TBI
underwent magnetic resonance (MR) imaging, including
DTI, within five days of injury. The mean ADCs in whole

brain white matter, whole brain grey matter and entire brain
were calculated and compared to twenty-five controls.
Findings A significant decrease in the grey matter ADC (p<
0.001), significant increase in the white matter ADC (p<
0.001) and no significant change in the whole brain ADC
(p=0.771) was observed. No significant correlation was
found between DTI parameters in any of the three regions
of interest (ROI) and GCS, time to scan, intracranial
pressure (ICP) before and during the time of the scan,
cerebral perfusion pressure at time of scan, or Glasgow
Outcome Score (GCS). Conclusions; The decrease in ADC
seen in the grey matter is consistent with cytotoxic edema.
The increase in ADC in the white matter indicates damage
that has led to an overall less restricted diffusion. This
study assists in the interpretation of the ADC by showing
that the acute changes are different in the whole brain
white and grey matter ROIs post TBI.

Keywords Neurotrauma . Acute brain injury .

Diffusion tensor imaging .Magnetic resonance imaging .

Cerebral edema

Introduction

Cerebral edema is common post traumatic brain injury
(TBI) and is associated with poorer outcome [14]. Its
sequelae may include raised intracranial pressure (ICP),
brain herniation with consequent compression of vital
structures, and impaired cerebral perfusion and ischaemia.
However, its mechanism in diffuse injury after acute
neurotrauma is not well understood.

By characterizing the natural displacements of water
molecules, diffusion weighted imaging (DWI) may provide
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insight into the microscopic architecture of the brain in both
normal and pathological states. The diffusion tensor can be
used to describe the magnitude of water diffusion (apparent
diffusion coefficient, ADC), how directional the diffusion is
(anisotropy) and the orientation of that direction (eigenvec-
tors/eigenvalues). The latter measures are often used to
describe the substantial directional differences in water
diffusivity in highly organised white matter. However, as the
diffusion in greymatter is usually isotropic in nature, the ADC
is a better measure to investigate grey matter. The ADC, often
referred to as mean diffusivity, characterizes the overall
presence of obstacles to diffusion, which includes cellular
and extracellular structures. This makes it a useful tool to
describe how brain tissue may change in an edematous state.
Previous studies have associated restricted diffusion with
cytotoxic edema, and increased diffusion with vasogenic [14].
However, the exact causes of these imaging changes are not
well understood [10, 11].

It has been well described that the diffusivity of water is
higher in grey than white matter in healthy volunteers, due to
their structural differences. Any changes seen post TBI are,
therefore, likely to be different in these two tissue types.
However, to date, we have not found any studies that contrast
changes in pure white and grey matter regions of interest
(ROIs). The aim of this analysis was to assess whether the
diffusion changes seen in cerebral edema secondary to diffuse
traumatic brain injury using DTI are indeed different in grey
and white matter, and to see if this informs about the formation
of edema in the acute phase of injury.

Methods

Imaging protocol

22 patients (13 male, 9 female) underwent imaging using a
3 Tesla Bruker MedSPEC S300 scanner (Bruker Medical,
Ettlington, Germany) within five days of injury. To ensure
that our analysis was not dominated by pathophysiology in
the vicinity of focal lesions, only patients with a Marshall
grade of 3 or less (diffuse injury) were included. The
imaging protocol included a 3D T1-weighted structural
sequence (fast spoiled gradient echo (SPGR), repetition
time (TR) 19•18 ms, echo time (TE) 5.0 ms) as well as spin
echo planar diffusion weighted imaging (12 non-collinear
directions, 5 b values equally spaced from 329 to 1590 s/
mm2, 4 b=0 images). The diffusion weighted parameters
were: 20×20 cm field of view, 100×100 matrix size, 27
axial slices, 5 mm slice thickness, TR=6000 ms, TE=
100 ms, diffusion sensitizing duration=23•5 ms (δ); with
separation (leading edge to leading edge)=60 ms (Δ).
Twenty-five age matched controls (healthy volunteers, 17
male, 8 female) underwent an identical imaging protocol.

Image analysis

ADC maps were created using in-house software based on
the method proposed by Basser and Pierperoli [4].
Statistical parametric mapping software (SPM5) was used
to segment the SPGR image into grey and white matter
regions of interest (ROIs), which were then transformed
into binary masks (Fig. 1) [21]. The grey and white matter
regions were added together to create a whole brain ROI.
To help aid the accuracy of co-registration the skull and
extracranial soft tissue were stripped from the SPGR
images using the Brain Extraction Tool [20]. The stripped
SPGR was then coregistered to the b=0 diffusion weighted
image (T2) using the vtkCISG non-linear normalised
mutual information algorithm [24]. The coregsistration
transformation matrix was applied to the three ROIs and
the mean ADC was calculated in each one.

Statistics

All statistical analyses used SPSS (SPSS 14•0, Chicago,
IL, USA). Following assessment for normality, non-
parametric data comparisons were performed on the
diffusion data using Mann-Whitney U (MWU) for
unpaired tests. Student’s t-test (two-tailed) was used to
perform parametric comparisons. The relationships be-
tween clinical parameters including ICP (during and
before the scan), cerebral perfusion pressure during the
scan, mean arterial pressure (MAP) during the scan,
Glasgow Coma Score (GCS) and Glasgow Outcome
(GOS), and ADC were assessed using Spearman’s rank
correlation. Results with p-values<0•05 were considered
to be statistically significant.

Results

Patient characteristics

The mean (± standard deviation, SD) age for the 22 patients
(35±13 years) was not significantly different to that of
controls (34±14 years) (p=0.65). The median GCS of the
patient group at admission was 6 (range 6 to 11). Subsequent
deterioration meant that all patients required sedation and
mechanical ventilation for control of intracranial hyperten-
sion by the time they were recruited to the study. The median
(interquartile range, IQR) Injury Severity Score was 21 (16
to 32) and APACHE II 19 (15.5 to 23). The median time to
scan was 28 (range 7 to 109) hours. The mean CPP during
the scan was 70±11 mmHg. The mean ICP during the scan
was 19.6±4.4 mmHg and in the twelve hours prior the scan
17.8±4.7 mmHg. The median Glasgow Outcome Score
(GOS) was 3 (range 1 to 5).
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Imaging results

There was no significant difference in the ADC in the whole
brain ROI (median (interquartile range) (×10–3 mm2/s))
between cases and controls (0.74 (0.72 to 0.75) vs 0.74
(0.73 to 0.75); p=0.771) (Fig. 2). The cases showed a
significant decrease in the grey matter ADC compared
to controls (0.77 (0.75 to 0.79) vs 0.80 (0.79 to 0.82);
p<0.001). In contrast there was a significant increase in the
ADC of patients in the white matter ROI (0.67 (0.65 to
0.70) vs 0.63 (0.62 to 0.65); p<0.001). No significant
correlation was found between any of the three ROIs and;
GCS, injury-scan interval, mean intracranial pressure (ICP)
at time of scan or the twelve hours before the scan, cerebral
perfusion pressure at time of scan and GOS.

Discussion

This study demonstrates that the changes in MR imaging
characteristics, as described using diffusion tensor imaging,
are different in grey and white matter after moderate-to-
severe acute brain injury. It is likely that similar pathological
mechanisms in regions with large structural differences may
underlie the apparently discordant results of changes in
diffusivity post acute neurotrauma.

There have been several animal studies using DWI
following brain injury. Barzo and colleagues, using an
impact acceleration model in rats, reported a hyperacute,
transient increase in ADC that occurred in the first 60
minutes followed by a reduction in ADC that lasted a for at
least 14 days [3]. A controlled cortical impact model in rats
looking at the hippocampus also found an increase in ADC.

However, in this model it lasted for 72 hours [18]. In
contrast, other studies and/or model types have found
decreases in ADC in the first 24 to 72 hours [1, 12, 18, 22]
with the longer time course investigations reporting a
subsequent increase in diffusivity [1, 18, 22]. The variations
seen in these studies are likely to reflect not only the
specific injury model used, but also the ROIs selected and
the time of imaging post injury. Despite their differences,
all of these animal models created lateralized/contusional
lesions and therefore may not reliably reflect the patho-
physiology that occurs in human shearing injuries.

There are few human studies investigating acute neuro-
trauma (within one week of injury) changes in ADC in
non-focal injuries. Maramarou et al. imaged patients with
moderate-to-severe TBI between 40 and 220 hours post
injury, and found a decrease in ADC that corresponded to
an increase in brain water volume in a hemispheric (mixed
grey and white matter) region of interest (ROI) [15, 16].
The authors interpreted these findings as showing that
cytotoxic edema was the predominant cause of increase in
brain volume [15, 16]. While at least one study has found a
decease in white matter ADC in the splenium [7], most
other studies have found ADC to increase in normal
appearing white matter ROIs which included the corpus
callosum and internal capsule [6–8]. None of these studies
looked at pure grey matter ROIs.

Exactly what the diffusion tensor describes in terms of
microstructure, and thus the mechanism of how it
changes in pathological states, is not clearly understood.
Cytotoxic edema may lead to restricted diffusion in the
grey matter by restricting the relatively free diffusion of
extracellular water, with a concurrent relative increase in
the less easily diffusible intracellular component.

Fig. 1 An example of the probability maps for the grey and white matter regions of interest (ROI) created by segmenting the SPGR in a healthy
volunteer. These were converted into binary maps and added together to create a whole brain ROI

Concordant biology underlies discordant imaging findings 249



Changes in the cellular membrane, including regulation
of water channels like aquaporin-4 as has been seen in
animal studies of TBI, may also help to explain the
changes observed [2, 9, 13, 23].

In contrast, white matter is a highly directionally
organised structure. The myelin sheaths, microtubules,
neurofilaments, and the structuring of the axons into
bundles are all thought to contribute to its anisotropic
nature. Histological studies have shown that these structural
elements may all be damaged in a cascade of molecular
events after acute brain injury within the axons [5, 19]. We
have previously investigated whole brain white matter in
acute brain injury and found a decrease in fractional
anisotropy (FA) [17]. This was secondary to an increase
in the radial diffusion, but was not accompanied by a
change in diffusion on the longitudinal axis. These findings
support the hypothesis that the increased diffusivity seen at
this stage is consistent with edema, most likely cytotoxic, as
a predominant cause. If this is indeed the case, then a
concordant microstructural change (i.e. local cellular
edema) could explain the discordant imaging findings in
grey and white matter.

The lack of significant correlations between various
clinical parameters and the ADCs in either the grey or white
matter ROIs may be due to the large ROIs analysed. A
more targeted analysis with smaller ROIs may make the
results more sensitive and specific, as may larger patient
numbers. A further limitation is the large variation of
timing of scans post injury which ranged from 7 hours to
4.5 days, as changes in ADC secondary to edema acutely
are likely to be dynamic during this period.

Conclusions

The changes in diffusivity seen in the acute phase of
traumatic brain injury are consistent with cytotoxic edema.
The differences seen in the grey and white matter ROIs
emphasise the need to separate these structures when
investigating pathological changes. Analysis of diffusivity
in this way may offer a way to observe cerebral edema
over time, thus giving more insight into the disease
process. This technique offers the potential to be a
biomarker for edema progression and resolution in acute
brain injury.
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Qualitative aspects of cranial CT perfusion scanning
in a mixed neurosurgical patient collective

S. Wolf & N. Kuckertz & M. Bauer & L. Schürer &

C. Lumenta

Abstract
Background In patients with ischemic stroke, computer
tomography (CT) perfusion imaging provides rapid infor-
mation on the penumbra adjacent to the infarct core. For
neurosurgical patients with acute brain injury, the value of
CT perfusion is undecided up to now. We present our
experience in a series of 78 examinations in 35 patients
with acute intracranial pathology.
Methods CT perfusion was performed with a Siemens
Emotion Duo® CT scanner using a single slice at the level
of the upper basal ganglia. Color maps of time to peak
(TTP), cerebral blood flow (CBF) and cerebral blood
volume (CBV) were analyzed according to qualitative
criteria. Quantitative evaluation with self-defined regions
of interest was not performed due to repeatability problems
and inconsistent data.
Findings TTP showed an interhemispheric difference in
45% and regional prolongation in 16% of the scans. Global
TTP was prolonged in 60%, while global CBF was reduced
in 43%. Two patients showed hyperemia. A CBF/CBV
mismatch, indicating non-infarcted penumbra at risk, was
seen in 67%. Six patients with aneurysmal SAH showed
reduced CBF, and consecutive angiography confirmed
vasospasm in every case.

Conclusions CT perfusion scanning gives valuable infor-
mation at a low risk and with negligible additional time
after a routine cranial CT. In our opinion, this modality may
have considerable impact on the clinical management of
severely brain injured patients in future.

Keywords CT perfusion . TTP. CBF/CBVmismatch .

Vasospasm

Introduction

While the theoretical concept was already developed in
1980 [1], computer tomography perfusion (CT perfusion)
became technically feasible in the last decade with the
advent of CT scanner technology fast enough to perform
single examination slices with a frequency of one per
second. Using contrast agent, information on cerebral blood
flow is acquired with repeated images at the same level
[13]. Within minutes after a conventional cranial CT, CT
perfusion is able to reliably assess still viable tissue in
patients with acute ischemic stroke [15]. A reduction in
cerebral blood flow (CBF) with preserved or even elevated
cerebral blood volume (CBV), called CBF/CBV mismatch,
is indicative for penumbra, while infarcted areas show a
matched decrease in both parameters [12]. Neuroradiologic
imaging with diffusion-weighted MRI or CT perfusion
provides a better understanding of the pathophysiology of
acute stroke and is considered gold-standard in contempo-
rary decision making, when considering thrombolysis
treatment options [11].

For neurosurgical patients with acute brain injury, the
value of CT perfusion scanning is undecided up to now. We
present our experience with this emerging modality in a
mixed neurosurgical patient collective.
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Methods

78 perfusion CT examinations from 35 patients treated in
our neurosurgical intensive care unit were analyzed
retrospectively. All but three patients were comatose or
required sedation to tolerate mechanical ventilation or for
control of intracranial pressure. Most frequent diagnosis
was severe aneurysmal subarachnoid hemorrhage in 24
patients. CT perfusion examination was performed on
clinical demand on the discretion of the attending neuro-
surgeon. Elevated intracranial pressure was treated in every
patient prior to CT perfusion scanning to exclude a possible
confounding pressure related impact on cerebral blood
flow.

After a conventional native CT examination, CT perfu-
sion was performed with a Siemens Emotion Duo® CT
scanner (Siemens AG, Erlangen, Germany) using a single
slice usually at level of the upper basal ganglia to visualize
parts of the ACA, MCA and PCA vascular territories. 50 ml
of iodinated contrast agent (Isovist® 370 mg/ml) was

injected with a flow of 8 ml/sec in the proximal port of a
central line with a luminal width of 14 G or 16 G. Color
maps of time to peak (TTP), cerebral blood flow (CBF) and
cerebral blood volume (CBV) were analyzed according to
their qualitative appearance, as well as presence or absence
of a CBF/CBV mismatch. Every examination was reviewed
by a dedicated neuroradiologist and a neurosurgeon
specialized in neurosurgical critical care. In case of
disagreement on the interpretation, consensus was found
via discussion.

For quantitative assessment, regions of interest were
marked on the scans and numeric evaluation performed as
proposed by the manufacturer of the CT scanner. DICOM
copies of the scans were used to assess the repeatability of
quantitative values for CBF, CBV and TTP. However, using
this approach, we had large discrepancies in values gained
between different observers as well serially for the same
person. Therefore, a more formal statistical evaluation of
quantitative CT perfusion measurement values was not
performed in the current study.

Fig. 1 Time course of vasospasm after aneurysmal hemorrhage.
Upper row: Prolonged TTP and CBF/CBV mismatch in the whole
brain, particularly in the frontal white matter (arrows). Lower row:

Improvement in CBF/CBV mismatch and decrease of TTP after two
days of repeated endovascular treatment, with residual interhemi-
spheric difference (right side better)
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Results

In 15 patients one PCT was performed, two in six patients,
three in five patients and four in nine patients. In 40
examinations (52%), a hypodense lesion reflecting infarc-
tion or the rim of a contusion or intracerebral hemorrhage
was noticed on the native slice. Concerning information
additionally available from CT perfusion, TTP showed an
interhemispheric difference in 35 (45%) and a prolongation
in a circumscribed vascular territory, either a branch of
MCA or ACA, in 12 scans (16%). Global TTP was increased
in 47 (60%), while global CBF was reduced in 34 (43%) of
the examinations. Two patients showed hyperemia. A CBF/
CBV mismatch, indicating non-infarcted penumbra at risk,
was seen in 52 (67%) of the scans. In follow-up examina-
tions, 19 (44%) were rated as improved, five (12%) as
unchanged and 19 (44%) showed deterioration.

Following CT perfusion, new neuromonitoring probes
for regional CBF and/or brain tissue oxygenation were

implanted in four patients and in two other patients the
existing probes were relocated to the vascular territory
indicated at risk. Together, CT perfusion changed the prior
neuromonitoring strategy in 8% of cases. Six patients with
aneurysmal SAH who showed reduced CBF with CBF/
CBV mismatch proceeded to angiography, where vaso-
spasm was confirmed in every case.

Illustrated findings

Case 1 This patient progressively lost consciousness after
aneurysmal SAH and so far uneventful recovery after
clipping of a left-sided MCA aneurysm. CT perfusion
revealed prolonged TTP and severe CBF/CBV mismatch,
predominantly in the frontal white matter (Fig. 1, upper
row). Vasospasm was confirmed with immediate angiogra-
phy. After two days of repeated endovascular treatment
with intraarterial nimodipine, TTP showed marked im-
provement and the CBF/CBV mismatch regressed. The

Fig. 2 TTP elevation in the distal MCA after skull base meningioma surgery

Fig. 3 Hyperemia after aneurysmal SAH

Qualitative aspects of cranial CT perfusion scanning in a mixed neurosurgical patient collective 255



hemispheric difference in TTP was still a pathologic finding
(Fig. 1, lower row).

Case 2 This patient underwent surgery for an extensive
skull-base meningioma. Intraoperatively, the MCA had to
be reconstructed due to tumor involvement. Postoperative
examination revealed a weakness of the left arm. CT
perfusion showed prolongation of TTP in a distal branch of
the MCA territory (Fig. 2). CBF appeared slightly reduced,
but without mismatch to CBV.

Case 3 This female patient became drowsy and obtunded
on the tenth day after aneurysmal SAH. Transcranial
doppler sonography showed marked elevation of flow
velocities suggesting vasospasm; however, CT perfusion
revealed hyperemia in CBV with adequate CBF and normal
TTP. No evidence for vasospasm was seen (Fig. 3). There-
fore, repeat angiography was postponed. The patient’s
clinical status improved markedly after treatment of her
elevated blood pressure and further recovery was uneventful.

Discussion

In neurosurgical patients, the primary objective for CT
perfusion imaging resembles the clinical situation after
ischemic stroke: to facilitate decisions on the therapy for
brain tissue still vital, but pending at risk for infarction.
This perfusion-oriented therapeutic paradigm is the concept
underlying contemporary neuromonitoring with focal brain
tissue oxygenation or regional CBF probes [10, 17]. After
traumatic brain injury, early CT perfusion may add
prognostic information with higher sensitivity and specific-
ity for contusion detection than native scans [20]. In several
small series it was used to identify patients with vasospasm
after aneurysmal SAH and to guide medical and endovas-
cular therapy [5, 16, 19].

Our results support these findings. TTP prolongation or
CBF/CBV mismatch both give additional information
compared to conventional brain scans and sole ICP
monitoring in the ICU. In 8% of the present series we
used the information of CT perfusion to place or replace a
regional monitoring probe. If CT perfusion suggested
vasospasm after subarachnoid hemorrhage, angiography
confirmed the diagnosis in all patients.

The information from CT perfusion discussed so far is
qualitative. Two strategies for quantitative CT perfusion
evaluation exist. Both involve the drawing of a region of
interest (ROI) on the native scans and calculation of the
corresponding values of TTP, CBF and CBV.

A simple approach mirrors the ROI at the midline and
calculates the radio of the values from both sides [18]. This

relies on the presence of uninjured brain to serve as a
comparison and tries to avoid the inaccuracies of absolute
value calculation described below. However, in contrast to
stroke perfusion imaging, in the neurosurgical setting there
may be no unaffected hemisphere and global cerebral blood
flow impairment may be present, rendering ratio calculation
not sufficient for quantitative analysis.

Several algorithms exist for the calculation of absolute
values from CT perfusion studies [7]. The Siemens
Emotion Duo® software uses contrast agent flow in the
superior sagittal sinus for value calculation, without
necessitating definition of an arterial structure for contrast
inflow. Using this approach, we were unable to get even
remotely close to clinically acceptable limits of agreement
for either intra- or interobserver repeatability [3]. We
consider this a problem of the algorithm and software used
for evaluation and not a limitation of CT perfusion
technology per se. While the venous outflow in the sagittal
sinus is considered crucial for CBF and CBV calculation [8,
14], methods including arterial inflow may be superior [2,
15]. Using these, CT perfusion is able to accurately assess
brain perfusion, using Xenon-CT and PET for validation [4,
9]. The next step in research is to correlate calculated CT
perfusion parameters with the measurement results from
focal monitoring probes, thus providing further insight in
both technologies [6].

Conclusion

CT perfusion scanning is easy to implement in the clinical
setting and gives valuable information at low risk for the
patient with negligible additional time after a routine cranial
CT. The pace of technological development is fast and tries
to increase the spatial resolution with multi slice scanners
as well as reliably providing absolute values for assessment
of the cerebral circulation. In our opinion, CT perfusion
may have considerable impact on the clinical management
of severely brain injured patients in future, either in
complementing advanced neuromonitoring or even for
defining indications for decompressive surgery.

Conflict of interest statement We declare that we have no conflict
of interest.
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Study of perfusion in and around cerebral contusions
by means of computed tomography

Bart Depreitere & Richard Aviv & Sean Symons &

Michael Schwartz & Walter Coudyzer & Guy Wilms &

Guy Marchal

Abstract
Background Several authors have found low absolute
values of cerebral blood flow (CBF) in both contusion core
and pericontusional parenchyma of head-injured patients by
means of Xenon Computed Tomography (CT). Perfusion
CT has become available as a new and validated tool for
studying CBF in patients. The aim of the present study was
to assess the relation between volume expansion of
contusions and pericontusional CBF measured by perfusion
CT.
Methods Eight head-injured patients with a contusion on
the admission CT head scan underwent a perfusion CT scan
within 48 hours post trauma. The patients received standard
head injury management. The eventual maximum contusion
volume was assessed on the follow up plain CT scans.
Findings Expansion of the contusion was observed in 6
patients. Reduced CBF was found in all contusions with
absolute CBF values below 10 ml/100 g/min in the CT
hyperdense/mixed density areas and below 20 ml/100 g/min
in the surrounding hypodense areas. Penumbra areas, when

defined by a mean transit time > 150% and cerebral blood
volume > 2 ml/100 g, were limited to thin concentric rims
surrounding the ischemic cores. We could not find a pattern
of CBF that predicted contusion expansion.
Conclusions Based on the present preliminary data there is
no indication that contusion expansion can be predicted on
the basis of pericontusional CBF data.

Keywords Cerebral contusion . Cerebral blood flow .

Penumbra . Perfusion computed tomography

Introduction

Cerebral contusions often expand in the first days following
the trauma. In a study by Oertel et al., in which computed
tomography (CT)-scans of the first 24 hours post trauma
were analyzed, 51% of the intraparenchymal hemorrhagic
lesions had grown during this time interval [7]. The
pathophysiology behind this volume expansion is not
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completely understood yet. It is clear, however, that the
deleterious events that are induced by the mechanical
distortion, are not confined to the contusion core. Excitato-
ry amino acids and inflammatory cytokines diffuse from the
contusion core into the pericontusional area, already
vulnerable by the sustained – sublethal - mechanical
distortion [5, 9, 10]. As a consequence, the pathological
cascades going on in the core also set off in the pericontu-
sional area. One pathological phenomenon is that the
microvasculature in the pericontusional area is compro-
mised. Ultrastructural studies have revealed two direct
causes of arteriolar occlusion: 1/ expression of ICAM-1
(intercellular adhesion molecule) leading to the endothelial
adherence of leucocytes and thrombocytes; and 2/ enor-
mous swelling of the astrocytic endfeet (podocytes) by K+

uptake [3, 8]. This vascular occlusion may lead to ischemia.
Two studies that have used the Xenon-CT technique to

assess regional cerebral blood flow (CBF) in and around
contusions have demonstrated that contusions behave as
ischemic lesions with a necrotic core – with CBF values
below the threshold for viability - and a penumbra zone in
which the CBF increases with increasing distance to the
core. In the study by von Oettingen et al. [11] a series of 17
patients with cerebral contusions underwent Xenon-CT at a
mean time interval of two days after the trauma. A close
correlation was found between the ischemic CBF values
and the volume of atrophy on the follow up CT-scans, the
mean CBF in the contusions being 5.9 ml/100 g/min. The
CBF studies further indicated pericontusional zones of low
CBF at risk for secondary ischemic insults. Schröder et al.
[8] performed CBF studies by Xenon-CT in 11 head injured
patients with contusions. The Xenon-CT study immediately
followed the diagnostic CT-scan. They found a mean CBF
value of 17.5 ml/100 g/min for edematous pericontusional
areas and mean CBF of 39.9 ml/100 g/min for non-
edematous pericontusional tissue.

While CT-scanning has become the mainstay of acute
radiological diagnosis, perfusion CT allows for a rapid
qualitative and quantitative evaluation of cerebral perfusion
by generating maps of CBF, cerebral blood volume (CBV)
and mean transit time (MTT). After a contrast bolus is
delivered and a time-density curve is derived for each pixel,
CBF is calculated based on the concept of conservation of
flow. Quantitative CBF values generated by perfusion CT
have been validated by comparison with Xenon-CT [12].
The broad availability of CT-scanners and their low cost
compared to other techniques make perfusion CT an elegant
technique, particularly in those situations where patients
already undergo CT for primary diagnostic reasons. The
aim of the present study was to assess the relation between
volume expansion of contusions and the CBF in the
pericontusional area measured by perfusion CT.

Material and methods

Four head-injured patients who were admitted to Sunny-
brook Health Sciences Centre (Toronto, Canada) between
February and June 2006 and who demonstrated a cerebral
contusion on their admission CT head scan underwent a
perfusion CT scan following the admission CT scan and at
approximately 24 hours post trauma. The CT protocol was
performed on a 4- and 64-slice CT GE (Lightspeed and
VCT, GE Milwaukee, Wis, USA). Perfusion CT imaging
was collected in two phases with the following parameters:
80 kVp, 190 mA, 3–5 s delay, injection of 0.5 ml/kg (30–
50 ml) Iohexol (300 mg/ml) at a rate of 4 ml/sec. The first
phase consisted of a 45 s cine scan at 1 rotation/second and
was followed by a second phase with one rotations/second
every 15 seconds for an additional 75 seconds. Perfusion
CT studies covered a 20 mm-40 mm slab with 4–8 5 mm
sections. These were centered to cover the contusion seen
on the plain CT.

In four patients with a cerebral contusion admitted to the
University Hospitals Leuven (Leuven, Belgium) between
October 2006 and February 2007, a single perfusion CT
scan was performed within 48 hours post trauma. The latter
was performed on a 16-slice Philips CT (Philips Brilliance,
Eindhoven, The Netherlands) using equivalent parameters
to the ones described in the Toronto protocol.

Patient ages ranged between 19 and 87 years. Admission
Glasgow Coma Scores ranged between 3 and 15. None of
the patients had coagulation deficits. All patients received
standard head injury management which consisted of
neurological observation in 5 patients and of intracranial
pressure (ICP) monitoring with management of raised ICP
by sedation, optimization of cerebral perfusion pressure and
ventricular drainage in 3 patients. All patients underwent a
CT head scan 24 hours post trauma. Later CT head scans
were performed on clinical indication. All patients under-
went at least one later follow up CT head scan in the week
following the trauma. For volume measurements, the
contusions were defined as the hyperdense or mixed density
lesions excluding the hypodense rim surrounding them. The
maximum contusion volume was defined as the largest
volume of the contusion on the follow up CT head scans
performed in the first week post trauma. While standard
head injury management also includes surgical removal of
mass lesions when indicated, none of the patients in the
present study required a decompressive surgical interven-
tion, except for one patient in whom a contusionectomy
was performed at day 8. In this patient the contusion
volume on the CT scan immediately prior to the surgery
was considered the maximum contusion volume. This is a
pilot study in preparation of a larger study on perfusion in
cerebral contusions. The study was approved by the local
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ethics boards in both centres. All data were analyzed using
Philips Extended Brilliance Workspace software.

Results

A total number of 23 contusions were found (1–8 per
patient). Twelve contusions were situated in the frontal
lobes, 8 in the temporal lobes, 2 in the rolandic area and 1
in the occipital lobes. Timing of the perfusion CT scan
ranged between 18 and 48 hours post trauma in Leuven.
The Toronto patients had the first perfusion CT scan
between 1.5 and 13 hours post trauma and the second
between 24 and 37 hours post trauma.

Exploration of CBF in and around the contusions
showed that CBF values were lowest in the hyperdense/
mixed density zones, with absolute values below 10 ml/
100 g/min. In the hypodense pericontusional zones,
absolute CBF values generally varied between 5 and
20 ml/100 g/min. The normal appearing parenchyma
immediately surrounding this showed a mixture of normal
and increased CBF values (Fig. 1). When penumbra
zones were visualized using the method developed by
Wintermark et al. [13] for ischemic stroke patients
(ischemic core defined by CBV < 2 ml/100 g and penumbra
defined by MTT > 150% of normal and CBV > 2 ml/
100 g), penumbras appeared to be limited to very thin
rims (Fig. 2). Comparison of the CBF data in the 4 patients
that underwent a perfusion CT scan on admission and
about 24 hours later demonstrated that the area of CBF
reduction closely followed the contusion and pericontu-
sional hypodense area and expanded where the latter
expanded. In six patients a marked expansion of the
contusion was seen on the follow up CT scans. We could
not find any pattern in the CBF data that allowed for
prediction of contusion expansion, either in the hyper-
dense/mixed density core of the contusion, the hypodense
pericontusional area, or in the surrounding, normal appear-
ing parenchyma.

Discussion

No real consensus exists on the management of cerebral
contusions. Some authors have promoted a more or less
aggressive attitude with early resection of contusions in
order to protect the pericontusional tissue [8]. Others,
however, emphasize the heterogenity of contusions con-

Fig. 1 Left frontal hyperdense contusion with hypodense pericontu-
sional area. CBF values were: 1/6.26 ml/100 g/min; 2/2.16 ml/100 g/min;
3/9.30 ml/100 g/min; 4/20.62 ml/100 g/min; 5/78.71 ml/100 g/min;
6/53.55 ml/100 g/min; and 7/103.04 ml/100 g/min

Fig. 2 a. Left frontal contusion.
b. Visualization of ischemic core
(white) and penumbra (black+
indicated by arrows) as defined
by Wintermark et al. [13]
(see text)
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taining portions of brain that may be viable [6]. The only
consensus seems to be that large contusions with substantial
mass effect should be removed surgically [1, 2, 4]. By the
time a contusion has expanded it may already have had a
detrimental effect. A reliable predictor of contusion
expansion would therefore help in the selection of patients
that could benefit from early contusionectomy. Based on
our preliminary data, there is no indication that contusion
expansion can be predicted based on pericontusional CBF.
The present study confirms that absolute CBF is reduced
inside the contusions and – somewhat less dramatically – in
the hypodense pericontusional areas, which is in keeping
with the Xenon-CT studies by Schröder et al. and von
Oettingen et al. [8, 11]. However, when applying the
method by Wintermark et al. [13] to differentiate penumbra
from ischemic core (see results section), both contusion and
most of the hypodense pericontusional area were included
in the ischemic core and the penumbra was limited to a thin
rim surrounding the core in all cases. This is different from
the situation in ischemic stroke, where large penumbra
zones are usually seen. Of course, thresholds for tissue
viability are not necessarily the same in traumatic brain
injury and ischemic stroke.

In all cases of contusion expansion in the present study,
tissue that appeared normal on the initial CT scans evolved
to hypodensity on the later scans. CBF values in this tissue,
measured before the expansion, were not reduced. More
research is definitely required in order to better understand
the pathophysiology of expansion of cerebral contusions.
This research should not just focus on CBF, but also on
CMRO2 and possible mismatches between both. Although
the above observation was true in all expanding contusions,
the low number of subjects is a limitation of the present
study. The ideal timing for perfusion studies after the head
injury cannot be deduced, since only 4 patients underwent a
repeat perfusion CT scan.

Finally, the present study has convincingly shown to us
that perfusion CT can easily be performed in head-injured
patients. Current multi-slice scanners allow for sufficient
spatial coverage to study CBF in and around large focal
lesions. Therefore, perfusion CT is a practical method for
obtaining a snapshot of quantitative regional CBF.
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Magnetic resonance measurement of blood and CSF flow
rates with phase contrast - normal values, repeatability
and CO2 reactivity
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Summary
Background Similarity in flow pulsatility has been pro-
posed as a basis for semi-automated segmentation of vessel
lumens for MR-based flow measurement, but re-examina-
tions of salient aspects of the methodology have not been
widely reported.
Methods 12 normal control subjects underwent repeated
(3*Baseline+1*5%CO2) phase contrast measurements of
CSF flow through the cerebral aqueduct and foramen
magnum, and CBF through the 6 large cranial vessels at
the level of the 1st vertebra. Average flows were calculated
for regions temporally correlated (0.3≤Rthreshold≤0.95) to
user defined seed points and their 3x3 neighbours.

Results Arterial CBF averaged 710ml/min, with low variabil-
ity (±4%/17%, intra-individual/group CV respectively) and
was the only flow to respond significantly to 5%/mmHg CO2.
Venous outflow was much smaller (298ml/min ±10%/
72%), possibly due to the weak venous pulse and variable
venous anatomy. Average CSF flows exceeded the clas-
sical 0.4ml/min CSF production rate and were highly
variable – aqueduct: 0.6ml/min (±50%/93%), foramen
magnum: -2.7ml/min (±158%/226%).
Conclusions This preliminary analysis identified procedur-
al steps that can improve the accuracy and repeatability of
MR flow measurements, but the process remains user-
dependent for the weakly pulsatile foramen magnum CSF
and venous flows where variability remains a significant
confound even to relatively large perturbations such as
CO2 administration

Keywords Magnetic resonance imaging .

Flowmeasurement . Phase contrast . Cerebral blood flow

Introduction

Magnetic Resonance Imaging (MRI) has long-established
its place in the diagnosis of neurological disorders through
conventional static images of cerebral anatomy, and increas-
ingly through functional measures reflecting perfusion and
responses to neuronal activation. In this latter category is the
measurement of tissue movement including the dynamics of
blood flow, which can be observed through velocity-induced
phase differences (phase contrast PC) encoded by incorporat-
ing additional magnetic field gradients into the imaging
sequence [4]. PC MRI was originally developed for cardiac
applications, but measurements are possible in smaller vessels
and other fluid conduits in the body. In the neurosurgical
domain, CSF stroke volume through the cerebral aqueduct has
been used to predict hydrocephalus outcome [10]. Measure-
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ments of the pulsatile arterial inflow, venous outflow and the
CSF oscillations at the level of the Foramen Magnum (FM)
are of further interest as they form the elements of a recently
proposed method for non-invasive prediction of the intra-
cranial pressure (ICP) based on modelling of the dynamic
volume balance in the intracranial cavity [3].

A consideration affecting the readiness of PC-MRI for
routine use is the need for reproducible methods for
identifying the region of flow, be it a blood vessel or a
CSF-filled canal. This is particularly an issue in-vivo where
independent measurements are not generally feasible. Sim-
ple methods such as signal intensity thresholds, and user
defined boundaries are prone to significant inter- and intra-
operator variability, with consequent adverse effects on
reproducibility. The similarity in the temporal characteristics
of the flow waveform between voxels within each vessel has
been proposed as a means to reduce the user-dependence of
boundary definition. Typically however, such a technique
still requires a user-defined starting point and cut-off
threshold for operation. We have found few literature reports
on in-vivo methodological assessment of the importance of
these user choices. Moreover, there is a need to verify the
limited experimental data against the normal values, accura-
cy, repeatability and physiological sensitivity of flow
measurements obtained by PC-MRI for describing the
intracranial blood and CSF flows. In this study, therefore,
we present a preliminary examination of the impact of the
choices underlying pulsatility-based segmentation on the net
flows in a small group of normal subjects under repeated
measurements in normo- and hypercapnic conditions.

Methods

12 normal control subjects (10 male, 2 female; aged, 32±
10 years) underwent MR imaging in a 1.5 T MRI Scanner
(Signa Excite, GE Medical Systems, WI, USA). All
subjects provided written informed consent for their
participation in this study, which was approved by the
appropriate regional ethical committee for medical research.
The examination lasted approximately 1 hour. The scanning
parameters and positioning for the primary investigation
were based on the recommendations prescribed for non-
invasive ICP measurement [1, 3]. The protocol involved
planning scans followed by 2D gradient-echo PC flow
measurements of 1) CSF flow through the cerebral aqueduct
(venc=9 cm/s, range 6–11 cm/s); 2) FM (venc=7 cm/s);
and 3) blood flow through the 6 large cranial vessels at the
level of 1st vertebra (venc=70 cm/s). PC images were
reconstructed for 32 time points in a single heart cycle at
the resolution of 0.55×0.55 mm and 6 mm slice thickness.
The acquisitions were retrospectively triggered using a
finger pulse oximeter, and had repetition and echo times in

the ranges TR=13.3–16.4 ms, and TE=6.3–7.4 ms respec-
tively (specific value fixed depending on the value of venc)
and a flip angle α=15°. The flow measurements were
initiated after the subjects had acclimatized to the scanner
environment for roughly 15 minutes, during which time
conventional MRI and MRA sequences of the head were
performed. These included sagittal T1-weighted MRI, time-
of-flight and phase contrast MRA, as well as required
planning scans which were performed once at the outset of
measurements for each subject and subsequently used to
define the imaging plane for each scan perpendicular to the
expected flow pathway(s). In each subject we performed 4
cycles of three measurements (aqueduct, FM and blood
flow) with each cycle requiring roughly 9 minutes. The first
three cycles were performed under normoxia (baseline) and
the final cycle during administration of a 5% CO2 mixture
in air (hypercapnia) using a simple non-rebreathing circuit
The order of the three measurements was permuted for each
cycle, with the initial order having been randomly chosen
for each subject. If phase wrapping was noted in any of the
measurements as part of the first cycle of measurement for
a subject, the velocity encoding range for the corresponding
subsequent measurements on that subject was increased
according to the estimated peak velocity.

Signal magnitude and phase subtraction images were
generated for each PC scan, and all images were exported in
DICOM format for off-line analysis. The PC signal magnitude
images were segmented to exclude low signal regions such as
bone and air cavities and phase maps were then phase
unwrapped [8]. For each subject, the internal carotid arteries,
internal jugular veins and vertebral arteries were examined
bilaterally (total 6 vessels) to describe the intracranial blood
supply while the aqueduct and FM were extracted to
characterize CSF flow. The region of interest (ROI) for each
structure was segmented based on a threshold of the
correlation coefficient (R) describing temporal similarity of
the velocity waveform in neighbouring voxels to a seed point
(SPt) manually placed near the vessel centre in fashion
similar to that proposed by Alperin [2]. Region-growing from
the SPt incorporated into the ROI those contiguous points
with R above a preset value. The resulting area was used to
calculate average velocity waveforms across its constituent
voxels, the volumetric flow and their respective mean values.
For background correction, the temporal and spatial mean
velocity was determined for each image from a large ROI
located in the midbrain or spinal cord that contained no
visible vessels or CSF spaces. The values were subtracted
from each image and the flow values re-calculated.

Two tests to measure the robustness of the segmentation
process were undertaken. In the first, the ROIs were defined
from at least two SPts placed manually near the centre of the
vessel using correlation thresholds ranging from R=0.3 to
R=0.95. In the second, the impact of small variations in seed
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placement was examined by recalculating the flow param-
eters using each member of the 3×3 neighbourhood of the
original SPts. Software for SPt placement and flow calcu-
lations was written in-house using IDL (Interactive Data
Language, ver. 6.1, Research Systems Inc., CO, USA).

Results

Out of a total of 48 imaging data sets (each with three
scans), one normocapnia dataset was lost due to a recon-
struction error and two were incomplete - one hypercapnia
measurement due to excessive heart rate variability which
prevented correct acquisition, and one normocapnia mea-
surement. The duration of a single measurement depended
strongly on the heart-rate and its variability, but there was
no significant difference between the average duration of

2.7±0.9 minutes under normocapnia and 2.8±1.6 min
under hypercapnia (p=0.4).

An example of the dependencies of the flow velocity
estimates in the studied anatomic structures on R-threshold
and seed point for a single subject is presented in Fig. 1.
Decreasing the correlation threshold from 0.95 to 0.3
resulted in a steady decrease in the flow velocity in arteries
and cerebral aqueduct. This resembles the pattern expected
of laminar flow with a central maximum velocity diminish-
ing toward the lumen edge. In contrast, the velocities in the
FM and veins showed more complicated patterns of
dependence on R and placement of seed points. Differences
in velocity waveforms within the veins, coupled with the
muted venous pulsation led to progressive inclusion of
different sub-parts of the vein as R decreased from high to
intermediate values, and then inclusion of boundary voxels
and eventual leakage into neighbouring structures as the R

Fig. 1 Example (case 1, normo-
capnia) dependencies of calcu-
lated flow velocity on the
correlation threshold R (x-axis)
used to define flow lumen area
for a) a single internal carotid
artery (ICA) showing a decrease
in mean velocity with decreas-
ing R-value consistent with
laminar flow decreasing from a
central maximum, and sensitivi-
ty to the placement of seed
points only for the highest val-
ues of R. This pattern is repro-
duced in neither b) a jugular
vein nor c) the foramen mag-
num. These structures are also
characterised by relatively large
variability due to manual place-
ment of seed points (Man.
Seed), further exacerbated for
seed points in their closest (3×
3) neighbourhood. d) Although
the sensitivity to the seed place-
ment in the cerebral aqueduct is
pronounced at high R-values the
flow estimates are relatively
consistent at intermediate R-
values indicating that the seg-
mented regions converge
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decreases further. On the basis of velocity, the transition to
including non-flowing adjacent tissue was not apparent for
the arteries, veins or aqueduct. But for the FM, contami-
nation by adjoining veins was seen and likely explains the
substantial increase in mean velocity at low R thresholds.

The volumetric flow was calculated as the product of
cross-sectional mean velocity and area at each time point
and integrated over all the cardiac cycle. The resulting
values are shown across the range of correlation thresholds
and seed points in Fig. 2 for the same subject as Fig. 1.
Over a range of low to intermediate correlation thresholds,
the total arterial and aqueductal flows were only weakly
dependent on the correlation coefficient. In both these
cases, the impact of the positioning of the seed point
diminished with decreasing R threshold. A similar appear-
ance holds for the FM at correlation coefficients above 0.5,
but the variance increased consistently as the R threshold
decreased. The venous flow, presented in Fig. 2b, did not

show a plateau region but increased in close to linear
fashion with decreasing R-threshold. The calculation of the
venous flow depended strongly on the selection of the seed
point as indicated by relatively large whiskers. Even
departures by 1 pixel from the manually positioned seed
points seemed to have significant potential to change the
estimates of flow.

The above observations indicate that the value of the
correlation threshold was a major predicting factor affecting
the final flow estimates. On the basis of maximizing intra-
individual consistency of flow values, R=0.6, appears to
present a reasonable default value for arterial, aqueduct and
foramen flow measurement, for which representative numeric
assessments and measures of their variation are reported in
Table 1. The table also shows the substantial effect of
background correction on the CSF flow estimates, bringing
them significantly closer to physiologically expected values,
while having very little effect on the blood flow values. A

Fig. 2 Dependence of the volu-
metric flow on the correlation
threshold R and the position of
seed points for the tested ana-
tomic structures in the same case
as in Fig. 1. a) For both manu-
ally placed seeds (Man. Seed)
and their neighbours (3×3) the
flow in single carotid artery
(ICA) reaches a relatively stable
value for R<0.7. b&c) this
pattern is not reproduced in the
jugular vein, and exists only
over a limited range for the
foramen magnum. Both depend
heavily on the selection of
thresholds or small deviation in
positioning of the seed points.
d) The estimate of flow in
cerebral aqueduct reached a
narrow plateau across mid-range
R, but suboptimal choice of seed
points has large effect on the
values
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consequence, however, of reducing the mean values of CSF
flow was that the variance relative to the mean tended to
increase. Background correction had the further effect of
reducing the representative sensitivity of flow estimates to
the choice of R value around R=0.6 (determined by the ratio
of fractional change in flow estimate to the mean flow for a
change of 0.1 in correlation coefficient threshold).

Overall, there were no significant differences in the
mean values obtained for the user-selected seed points and
those of their 3×3 neighbourhood. The alternative seed
points (Figs. 1 and 2) did, however, result in a wider range
of values, indicating that outliers due to misplacement of
seed points could be several times larger than intra- or inter-
individual variance and up to ten times the average values
(Table 1, (Fmax-Fmin)/F).

The end-tidal CO2 increased from 5.6±0.3% at the
baseline to 6.6±0.3% during hypercapnia, corresponding to
a change of roughly 7 mmHg partial pressure. The effects of
hypercapnia are presented in Fig. 3 by grey data points and
summarized in the last two columns of Table 1 for R=0.6.
Only the arterial flow response was statistically significant.
The average change in veins was similar, but overshadowed
by the high variability of vein measurements, which was 4
times larger than for the arteries. The relative changes in
CSF flow were unexpectedly large at up to 70% of baseline
values, depending on the method of calculation. [Note the
differences in values and sign between the appearance of
plots in Fig. 3 (reactivity of averages) and the values in
Table 1 (calculated as average of individual relative
changes)]. However, none of these changes was statistically
significant due to the effect of the large variability in flow
measurements in these structures (Table 1).

Discussion

We found MR measurement of arterial cerebral inflow to be
particularly robust, with intra-individual repeatability of

measurements within 5% and total flow estimates of about
700 ml/min. There was also very little impact of introduced
jitter in the positioning of manual seed points, and the
estimates were stable for correlation thresholds below 0.7.
These good metrological properties can be attributed to the
combination of a relatively large flow velocity giving rise
to a high signal-to-noise ratio, and a distinctive pulsatility
pattern throughout the large vessel, making it compatible
with the chosen method of data analysis. On average, the
identified venous outflow accounted only for about 50% of
arterial inflow and was highly dependent on both the
placement of the seed points and the choice of the arbitrary
threshold for the waveform shape correlation. Although the
jugular veins are also characterised by relatively fast flow
velocity, the flow waveform is flattened, and variable across
the vessel cross-section. These factors contribute to mea-
surement variability through incomplete identification of
the complete venous lumen at high R-thresholds, and
leakage out of the vessel at low thresholds. The non-
uniform flow profiles may be a consequence of using a
single imaging plane to capture all six main cerebral
vessels. While in this preliminary report, we have not
specifically addressed PC image acquisition and its impact,
it must be noted that priority was given to achieving
perpendicular orientation for the internal carotid arteries
and, where possible, the vertebral arteries. In consequence,
the veins were often acquired obliquely, which may
exacerbate errors in estimating flow. Known variability
and asymmetry in venous outflow accounts for the fact that
bilateral jugular veins could be identified in fewer than half
of our subjects, with disregarded smaller veins likely to
explain the remaining underestimation in venous flow. This
might be resolved by application of additional measure-
ments focused on reducing venous variability.

The cerebral aqueduct was the smallest structure investi-
gated and the impact of the selection of the seed point was
large for high correction thresholds, but diminished rapidly as
R was reduced. This can be expected for such a small

Table 1 Estimated flow (F), its variability and the changes due to CO2 calculated at the correlation threshold R=0.6

mean flow (F) [ml/min] CV
Fmax�Fmin

F Sensitivity
Fco2�Frest

Frest

Background corrected Man SPt 3×3 nbhd Group Individual Worst case (ΔF/ΔR)/(F/R) Man SPt 3×3 nbhd

Blood Arteries 715.9 705.3 19% 4% 72% −0.45 35±15% 36±16%
Jug.V. 298. 278.4 67% 13% 170% −1.00 29±55% 38±69%

CSF F. Magn. −2.7 −2.5 226% 158% 1268% 0.22 66±335% −39±355%
Aqueduct 0.6 0.6 93% 50% 155% −0.07 −16±49% −14±53%

Without background correction
Blood Arteries 710.1 698.6 16% 4% 72% −0.45 35±15% 36±16%

Jug.V. 298.3 277.4 68% 12% 214% −0.98 36±63% 47±79%
CSF F. Magn. 22.4 21.1 33% 17% 279% −1.88 32±68% 36±60%

Aqueduct 1.7 1.6 46% 19% 156% −0.57 −7±24% −4±23%
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structure, where displacement of the seed by a single pixel can
correspond to the difference between mid-lumen and lumen
edge which have slightly different pulsation properties and are
distinctly segmented at high R thresholds. Even at low
thresholds, the clear pulsation isolates the few voxels with
flow from the background and a stable flow estimate is
obtained. As the ratio between aqueduct size and the image
resolution is only about four, flow overestimation of up to
100% due to partial volume effects is possible [12]. This
could account for the bulk inflow rate of CSF to the 4th
ventricle in our study being higher than expected from
0.4 ml/min CSF secretion rate. While, background correction
reduced our net flow rates (0.6±0.6 vs 1.7±0.8 ml/min)
improving the agreement with established CSF secretion
rates, both were within 2 SD of the literature values for CSF
production, and within the range of previous MR reports [5,
6, 10]. It must be recognized however, that reported values
for CSF flow by MR differ substantially, with Huang et al.

[6], reporting a mean physiological rate of CSF production in
the range of 0.4 ml/min while Luetmer et al. [10] and Florez
et al. [5], using other segmentation methods, report average
values of 1.5 and 3.8 ml/min respectively. From the reports it
is difficult to identify the basis for these differences, which
are comparable to the effect of the application of background
correction to our data.

A range of intermediate R values give rise to consistent
mean flow values for the foramen magnum, but the
measurement variability is pronounced both for repeat
measurements and for the choice of seed points. Inspection
of individual ROIs overlaid over the FM revealed that for
very low values of R, the segmentation tends to spill over
into neighbouring venous structures, giving rise to the rapid
change in the FM flow and inversion of the flow direction.
Even without leakage of the segmentation into closely
adjacent vessels, their proximity may contaminate each FM
flow measurement due to overlap of the point spread

Fig. 3 Estimates of volumetric
flow across the repeated experi-
ments at the baseline (black
points, whiskers: thick=intrain-
dividual SD, thin=group SD)
and under hypercapnia (grey
points, whiskers=group SD)
show the same traits identified
in Fig. 2. a) The arterial flow is
estimated most reliably. b) Mean
venous blood flow is about 50%
less then arterial input (note Y-
axis range) and there is no clear
evidence of an asymptotic value.
c) CSF flow through the FM has
complex shape and large vari-
ability measures, but the mean is
fairly stable for intermediate R-
values. d) CSF flow in aqueduct
is relatively independent of R
below a value of 0.8, but its
mean is larger than the estimates
of bulk production of CSF in
ventricles. Hypercapnia induced
changes are only statistically
significant for the internal ca-
rotid artery
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function of their voxels [9]. The impact of background
correction is particularly profound in the case of the FM
where the average flow was returned to physiological
values close to zero. This has the effect of greatly
exacerbating the variability of the results when expressed
as CVs and, in turn, the CO2 reactivity which is determined
here as a fraction of the mean normocapnic flow.

As well as the absolute accuracy of the flow estimates, their
sensitivity to physiological manoeuvres, such as hypercapnic
challenge, is often useful in clinical decision-making. In this
study, the EtCO2 increased by 18% under CO2 challenge,
eliciting a 35% increase in blood flow rates. Assuming a
baseline EtCO2 of 40 mmHg at typical atmospheric pressure,
this corresponds to an arterial flow reactivity of 5%/mmHg,
well within the range of current PET estimates [7]. The
change in arterial flow was statistically significant, but
venous flow changes of similar magnitude were not
significant due to the their greater variability. The changes
in CSF fluxes due to CO2 were similarly not statistically
significant on an inter-individual basis. However, the differ-
ences between average group estimates of CSF flow under
baseline and hypercapnia presented in Fig. 3c and d appear
as consistent across the range of correlation thresholds as
for the blood flow and may be interpreted as yet another
indicator of contamination with blood partial volume in
CSF structures or reference regions.

Our underlying purpose in this preliminary analysis was
to define a robust analysis process for further investigations
of blood and CSF flows. Choosing of the optimal threshold
segmentation is essential for such applications. Based on
minimizing the inter- and intra-individual variability of
flow measurements, we found an R-value of 0.6 to be
generically applicable to the pulsatile flows in arteries,
aqueduct and foramen magnum. This threshold avoids both
the variability in seed point selection effects in the aqueduct
and the leakage of the FM segmentation into adjoining
vessels. This agrees well with the findings of Alperin et al.
who based their assessment on the pattern of change in the
cross-sectional area with the value of R [2]. For the veins,
however, a single seed point and threshold are inadequate
in terms of yielding reproducible results. Multiple seed
points together with operator judgement of adequacy of the
segmentation [2] could be adopted to improve the vein and
FM segmentation reproducibility, but it necessitates further
user intervention, and is likely to vary between operators.
While the analytic methods can be yet further improved [2,
6], in view of the presented underlying variability of
repeated measurements it seems necessary to further
investigate the basis of any final estimates.

Background correction made a significant difference to
both aqueduct and FM flow rates, which is attractive on the
basis of improving agreement with expected values of CSF
production. A risk, however, is that background correction is

applied in a subjective manner to achieve this end, and the
values become the result of operator expectations rather than
their physiological basis. Moreover, as different strategies
for estimating background velocity values are likely to yield
different results, a consistent approach is needed. Direct
calculation of the Maxwell terms for MR PC acquisition with
phantom verification would provide a truly objective
strategy to background correction, but are difficult to
incorporate into routine clinical practice without the assis-
tance of the scanner manufacturer. Our background correc-
tion, based on nearby regions of interest that should have no
net displacement over the cardiac cycle is commonplace, but
may not be optimal. In particular, as in-vivo phase contrast
measurements are sensitive to all sources of flow, any
preferential direction of cerebral blood in unresolved vessels
(of which there are several scales, see for example [11]) may
lead to bias in the background correction.

Summary MR PC imaging can be achieved using sequences
available as standard features on commercial MR scanners but
image post-processing requires close attention. PC offers a
reliable estimate of bulk flow in large arterial vessels, but the
accuracy and repeatability of the measurements in CSF and
venous flow compartments is much lower and strongly
depends on the application of background correction. Using
correlation to the pulsation waveform, segmentation and flow
values depend on subjective manual placement of seed points
and operator chosen threshold values. Arbitrary choices of
these parameters, or inconsistent application of background
correction can significantly confound interpretation of the
results and overshadow even relatively large responses such as
to CO2 administration. The impact of these factors has been
shown for average flow values, but the sensitivity of
secondary parameters such as amplitudes and waveform-
shape and their implication on subsequent estimations of ICP
or brain compliance has yet to be determined.
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Motor trephine syndrome: A mechanistic hypothesis

Shirley I. Stiver & Max Wintermark &

Geoffrey T. Manley

Abstract
Background In our neurotrauma practice, “motor trephine
syndrome” was defined as a contralateral monoparesis that
developed as a delayed and reversible complication in
patients treated with decompressive hemicraniectomy for
traumatic brain injury (TBI). The goal of this study was to
define causal factors associated with this syndrome.
Methods We retrospectively reviewed clinical records and
imaging studies of all patients undergoing decompressive
hemicraniectomy followed by cranioplasty repair in our
comprehensive database of TBI patients. Detailed analysis
of motor function from the time of injury to 6 months
following cranioplasty repair identified three patterns of
motor recovery.
Results Blossoming of contusions, CSF circulation dys-
function, and longer times to cranioplasty repair were
strongly associated with “motor trephine syndrome”. We
hypothesize that “motor trephine syndrome” arises from

decompensated CSF flow with transgression of CSF fluid
and edema into brain parenchyma, together with associated
decrements in cerebral blood flow.
Conclusion Prior contusion injury, decreased skull resis-
tance with large hemispheric decompressions, and longer
intervals to cranioplasty repair facilitate transparenchymal
flow of CSF and edema. “Motor trephine syndrome” is
rapidly reversible following cranioplasty repair. CSF and
edema fluid changes within the parenchyma and CBF
normalize, coincident with improvements in the patient’s
motor function, upon replacement of the bone.

Keywords Craniotomy . Craniocerebral trauma .

Head injuries closed . Paresis . Cerebral spinal fluid .

Cerebrovascular circulation . Cranioplasty . Trephining

Introduction

Creation of holes in the cranium or “trephination” is an
ancient procedure dating back to the Neolithic ages
10,000 years ago [4]. At that time, trephination may have
been performed as a tribal ritual with survivors deemed to
have special powers or as a treatment to allow evil demons,
thought responsible for headaches, convulsions and mental
disorders, to escape from the skull. In 1939 Grant et al. [6]
first described “Syndrome of the Trephined” as a constel-
lation of neurological, cognitive and psychological symp-
toms that developed following craniectomy. Common
symptoms of the syndrome include headache, fatigue, and
mood disturbance, which evolve in a delayed and insidious
fashion. Case examples and small series have noted motor
weakness following trephination [5, 6, 10–12]. The
pathophysiology underlying “Syndrome of the Trephined”
is poorly understood. Cogent arguments have debated the
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role of direct atmospheric pressure on the unprotected
brain, cerebral blood flow (CBF) disturbances, and cerebral
spinal fluid (CSF) circulation abnormalities [1–3, 5, 9, 12–
14]. In our neurotrauma practice, we observed the onset of
delayed motor weakness in a number of patients treated
with decompressive hemicraniectomy for severe traumatic
brain injury (TBI). The goal of this study was to define
causal factors underlying the onset of delayed motor deficit,
which we termed “motor trephine syndrome”, following
decompressive hemicraniectomy for TBI.

Case illustration

A 33 year-old male fell from a moving vehicle while
intoxicated. His Glasgow Coma Scale score was 13 in the
field and 8 (E1V2M5) in the emergency department. He
localized symmetrically with all four extremities. CT scan
of the head demonstrated an acute right sided subdural
hematoma with midline shift and obliteration of the basal
cisterns. A large frontotemporal-parietal-occipital decom-
pressive hemicraniectomy was performed during which the
dura was opened to the bone edges and the bone (∼10×
15 cm) was left out and stored in the tissue bank. CT scan
within 24 hours following surgery showed blossoming of a
right frontal contusion. Post-operative left sided weakness,
arm greater than leg, slowly improved and recovered
completely by 3 months. At 6 months he began to complain
of weakness in his dominant left hand. One month later, at
time of admission for cranioplasty repair, his left grip
strength was MRC grade 4/5, biceps 4+/5, and he had a
mild left pronator drift. Non-contrast CT and CT perfusion
imaging studies were performed before and after cranio-
plasty (Fig. 1). Within 5 days following cranioplasty repair,
the pronator drift had resolved and grip strength had
improved markedly to 4+/5, with full, 5/5 motor recovery
noted at his 1 month follow-up.

Methods

During the 5 year period, July 2001– July 2006, patients
undergoing cranioplasty repair were retrospectively identi-
fied from our comprehensive database of traumatic brain
injury (TBI) patients treated with decompressive hemi-
craniectomy. We examined inpatient, clinic, and rehabilita-
tion medical records and recorded patient demographics,
injury specifics, and neurological examinations with spe-
cific attention to the motor testing throughout the hospitali-
zation, rehabilitation, and follow up periods. Serial CT
imaging studies were evaluated for the presence of epidural/
subdural and intraparenchymal mass lesions, contusions,
midline shift, cisternal compression, hygromas, hydrocephalus,

Fig. 1 Case illustration pre- and post-cranioplasty imaging. a) Non-
contrast CT, immediately prior to cranioplasty, showed areas of
hypoattenuation (arrow), consistent with transgression of CSF and
edema into brain parenchyma. b) CT perfusion CBF map evidenced
decreased CBF (arrow) in, and adjacent to, the areas of hypoattenua-
tion. c) Five days following cranioplasty repair, the area of
hypoattenuation has nearly completely resolved on the non-constrast
CT scan. d) Coincident with resolution of the area of hypoattenuation,
CT perfusion imaging showed improvement in the CBF map.
Resolution of the CSF and CBF flow disturbances was coincident
with marked recovery of the patient’s grip strength over the 5 day
period following cranioplasty repair

Table 1 Study groups

Group Number of
patients (%)

Characterstics

Motor Trephine Sydrome 10 (26%) Full motor recovery following decompressive hemicraniectomy; onset of delayed
contralateral upper extremity weakness, distal >> proximal, beginning a median of
4.5 months later; slowly progressive; prompt improvement in strength following
cranioplasty repair

Uneventful recovery 20 (53%) Recovery of full motor function without relapse
Stable deficit 8 (21%) Significant motor weakness post-decompressive hemicraniectomy that remained

stable and did not improve with cranioplasty repair
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ischemic infarction, edematous change, and encephalomala-
cia. Rotterdam Score on head CT was also assigned [8].
Statistical comparisons employed t-tests, Fisher exact, and
Mann Whitney rank sum analyses and were considered
significant for two-sided probabilities less than 0.05.

Results

Over the five-year study period, motor recovery in 38
patients who had undergone decompressive hemicraniec-
tomy and cranioplasty repair for TBI was categorized into 3
groups (Table 1). Thirty patients recovered full motor
function following their injury and decompressive hemi-
craniectomy. Ten patients (26%) developed “motor trephine
syndrome”, manifested by delayed onset of weakness,
contralateral to the site of hemicraniectomy. Patients with
“motor trephine syndrome” are summarized in Table 2. By
contrast, twenty patients (53%) recovered full motor
strength without relapse in their motor function. Eight
patients (21%) suffered dense hemiparesis following injury
and decompressive hemicraniectomy, which did not fully
recover.

Patients with “motor trephine syndrome” complained of
new onset weakness in the distal contralateral upper
extremity, beginning a median of 4.5 months following
their decompressive hemicraniectomy. Typical problems
comprised difficulties with writing, fastening buttons, and
dropping objects. The hand was most impaired, and the
weakness was slowly progressive. In severe cases, the grip
did not close, and metacarpal extensors demonstrated only
a flicker of extension. The lower extremity was compara-
tively spared. Sensory and language function was not
impaired. The delayed motor weakness was reversible. All
patients with “motor trephine syndrome” experienced
improvement in motor strength within the first 72 hours
following cranioplasty repair and full recovery generally
within one month afterwards.

Comparison of the 10 patients (26%) who developed
“motor trephine syndrome” following decompressive hemi-
craniectomy with the 20 patients (53%) who recovered
without a relapse in their motor strength demonstrated no
difference between the two groups in the incidence of
motor deficit from the initial injury itself. However,
following decompressive hemicraniectomy, motor weak-
ness was significantly more common in the group that
developed “motor trephine syndrome” (p=0.05). We
attributed this increased incidence of motor weakness to
blossoming of contusions following decompression. On
post-operative CT imaging, contusions were present in 80%
of patients who developed “motor trephine syndrome”, as
compared to 45% of patients who recovered without
delayed deficit (p=0.1). T
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CSF flow disturbances were strikingly more common in
patients who developed “motor trephine syndrome”. Within
the first month of decompressive hemicraniectomy, CT
imaging demonstrated extra-axial hygromas in 90% of
patients who later developed “motor trephine syndrome”,
statistically increased over a 45% incidence of hygromas in
patients who recovered without a relapse in motor strength
(p=0.02). CSF circulation abnormalities persisted. CT
imaging prior to cranioplasty repair evidenced that
hygromas (83%) and hydrocephalus (83%) were common
in patients who developed “motor trephine syndrome”. By
contrast, hydrocephalus was present in 33% and hygromas
in 45% of patients who recovered motor function unevent-
fully (p=0.1 and 0.3, respectively). The combination of
contusions, particularly temporal contusions, during the
acute hospitalization together with hydrocephalus at the
time of cranioplasty repair was statistically more common
in patients who developed “motor trephine syndrome” (p=
0.01). Furthermore, the time interval between decompres-
sive hemicraniectomy and cranioplasty repair was signifi-

cantly longer in patients who developed motor trephine
syndrome (median 6.5 versus 4.5 mo, p=0.002).

CSF circulation dysfunction in patients who developed
“motor trephine syndrome” was marked by distinctive areas
of hypoattenuation, compatible with efflux of CSF and
edema into brain parenchyma. These hypoattenuations were
differentiated from resolving contusions, ischemic lesions,
or encephalomalacia based on their imaging characteristics
and distribution. Large areas of CSF and edema transgres-
sion into brain parenchyma were observed in 67% of
patients with motor trephine syndrome, but were absent in
patients without motor relapse (p=0.01). CT perfusion
imaging performed in two patients with “motor trephine
syndrome” demonstrated diminished cerebral blood flow in
and adjacent to these areas of hypoattentuation. Most
interestingly, hypoattenuated areas of edema and CSF
transgression resolved and CBF improved within days of
cranioplasty repair. Serial CT and CT perfusion imaging
studies during this timeframe demonstrated sequential
improvements in CSF and edematous change within the

Fig. 2 Mechanistic schematic for “motor trephine syndrome”. The
presence of prior intraparenchymal contusions as well as CSF flow
abnormalities are requisite factors - neither alone is sufficient to
induce the syndrome. 1. Contusions may be caused by the injury itself
or blossoming following decompression (arrow). 2. CSF hygromas
(arrow) are present on early post-operative CT imaging in 90% of
patients who develop “motor trephine syndrome”. Over time,
dysfunction of CSF flow persists and reserve mechanisms decompen-
sate. Long intervals to cranioplasty repair increase the likelihood of
developing the syndrome. 3. CSF and edema transgress into brain

parenchyma underlying the skull defect, manifested by areas of
hypoattenuation on CT imaging (arrow). Previous intraparenchymal
contusion injury, decreased resistance to fluid accumulation in the
absence of bone enclosure, and long intervals to cranioplasty facilitate
transgression of CSF and edema into brain parenchyma underlying the
craniectomy defect. 4. CBF flow by CT perfusion imaging is
diminished in areas of hypoattenuation (arrow) corresponding to
CSF and edema leakage. Transgression of CSF and edema, acting
through or in concert with, diminished CBF leads to “motor trephine
syndrome”
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parenchyma, as well as the cerebral blood flow, that were
coincident with progressive improvement in motor func-
tion following replacement of the bone flap.

Discussion

In our neurotrauma population, a high incidence of con-
tusion blossoming following decompression and long
intervals to cranioplasty repair may have given us the
opportunity to recognize “motor trephine syndrome” as a
reversible complication of decompressive hemicraniectomy
for TBI patients. We termed this delayed onset of
contralateral monoparesis complicating decompressive
hemicraniectomy as “motor trephine syndrome” in refer-
ence to Grant et al’s [6] description of “Syndrome of the
Trephined,” first reported in 1939.

A mechanistic hypothesis for the pathophysiology
underlying “motor trephine syndrome” is depicted in
Fig. 2. Our results suggest that “motor trephine syndrome”
is primarily a disorder of CSF flow acting in concert with a
number of predisposing factors. We hypothesize that
contusion injury, either at the time of impact or from
blossoming with decompression, acts synergistically with
impaired CSF flow to induce “motor trephine syndrome”.
Following decompressive hemicraniectomy, early post-
operative CT imaging evidenced contusions in 80% and
CSF hygromas in 90% of patients who developed “motor
trephine syndrome”. CSF flow continues to be impaired,
and long intervals to cranioplasty repair predispose to
development of “motor trephine syndrome”. Over time,
reserve pathways of CSF flow decompensate, and CSF and
edema transgress into brain parenchyma underlying the
skull defect, as manifested by areas of hypoattenuation on
CT scan. This process is akin to transependymal flow and
periventricular hypoattenuations that hallmark CSF impair-
ment in late stage hydrocephalus [7] Contusion damage to
brain parenchyma and large, hemispheric bony decompres-
sions diminish resistance to egress of CSF flow and edema
into brain parenchyma, when other routes of CSF diversion
have fatigued. Prompt resolution of CSF and edema
hypoattenuations, together with related CBF abnormalities,
occurred with concurrent dramatic improvements in motor
strength upon cranioplasty repair of skull defects in patients
with “motor trephine syndrome”.

Conclusions

Delayed, motor weakness or “motor trephine syndrome” is
a reversible complication of decompressive hemicraniec-
tomy in TBI patients. Motor strength, particularly grip and
metacarpal extensor strength, should be monitored closely

until the skull defect has been repaired. Patients with
contusions, CSF flow impairment, and long intervals to
cranioplasty repair are at higher risk of developing “motor
trephine syndrome”. Transparenchymal flow of CSF and
edema into brain parenchyma and associated changes in
CBF may be important mechanistic events in development
of “motor trephine syndrome”. “Motor trephine syndrome”
resolves promptly with cranioplasty repair and early bone
replacement may prevent development of this delayed
complication of decompressive hemicraniectomy.
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Biomechanical modeling of decompressive craniectomy
in traumatic brain injury

Chun Ping Gao & Beng Ti Ang

Summary
Background Decompressive craniectomy is the final phase
in the graded scheme of critical care management of
refractory raised intracranial pressure following severe
traumatic brain injury. We aim to define the optimal size
for decompressive craniectomy so that a good balance is
achieved between reduction of raised ICP and the extent of
trans-calvarial herniation. Provision of such quantitative
data will also allow for improved data comparison in
clinical trials addressing the surgical management of severe
head injury.
Methods In this study, we utilize a finite element mesh
model and focus on the effect of size of both unilateral and
bifrontal decompressive craniectomy on intracranial pres-
sure and brain herniation.
Findings The finite element mesh model is able to effect
modeling of brain deformation and intracranial pressure
changes following both unilateral fronto-parietal-temporal
and bifrontal decompressive craniectomy.
Conclusions Finite element mesh modeling in the scenario
of reafractory raised intracranial pressure following severe
head injury may be able to guide the optimal conduct of
decompressive surgery so as to effect a reduction in
intracranial pressure whilst minimizing trans-calvarial brain
herniation.

Keywords Decompressive craniectomy .

Intracranial pressure . Finite element . Herniation

Introduction

Raised intracranial pressure (ICP) is a fundamental patho-
physiologic process following traumatic brain injury. The
latter is a major public health issue as it affects young
persons in the prime of their lives. Herniation of brain
tissue may lead to extensive secondary injury culminating
in cellular damage and death which translates clinically into
a poor or less desirable outcome. An attempt at improving
outcome of head injury survivors will have an enormous
impact on society. The lack of meaningful quantitative
analyses of brain swelling and ICP elevation in this setting
hinders the development of improved protocols and
techniques for decompressive craniectomy. This prelimi-
nary study aims to create a finite element mesh model to
study the efficacy of both unilateral and bifrontal decom-
pressive craniectomy. Computational analysis is carried out
using a generic model and with patient data. Emphasis is
given to the effect of craniectomy size on the extent of ICP
change and brain cortical deformation.

Materials and methods

Biomechanical modeling of the brain tissue

The brain parenchyma was modeled as a biphasic poroe-
lastic medium with soft tissue characteristics [4]. The
volume occupied by the solid component corresponds to
neural and glial elements, while the voids correspond to the
extracellular space. The mechanics of a poroelastic material
is described by using Biot’s theory. It is based on several
principles including constitutive equations of solid phase,
Darcy’s law governing the diffusion of fluid through the
pores of tissue, equilibrium conditions of a stress field and
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the conservation of mass of the two phases. It can be
generalized into equations corresponding to a set of
elasticity (Eq. 1) and diffusion (Eq. 2) with a pressure-
coupling term p.

m
@2ui
@xjxj

þ mþ lð Þ @e
@xi

� @p

@xi
¼ 0 ð1Þ

Kij
@2p

@xj@xj
� @e

@t
¼ 0 ð2Þ

where μ is Lame’s shear modulus, l is Lame’s elastic
modulus; ui is displacement of the solid phase; xi is space
coordinates; Kij is hydraulic permeability; e is Cauchy’s
strain, p is fluid pressure; t is time.

To account for the intrinsic viscoelastic behavior of the
solid phase, a time-dependant relaxation function is also
incorporated into the biphasic model [1, 3]. The constitutive
relation of the viscoelastic solid matrix is represented in the
form of a Prony series as Eq. 3.

m tð Þ ¼ m0 1�
Xn

k¼1

gk 1� e�
t
tk

� �
" #

ð3Þ

where μ(t) is the time-dependent shear relaxation modulus
that characterizes the material response, μ0 is the instanta-
neous shear modulus in the undeformed state, τk is
characteristic time, gk are relaxation coefficients, and n is
the order of the relaxation function. A varying capillary
permeability of the brain tissue due to the intracranial
pressure elevation was used to simulate brain swelling [2,
8]. All these aforementioned parameters were taken from
available literature [1, 2, 7] and are listed in Table 1.

FEM modeling and simulation

First, a simplistic spherical model was constructed in an
analogous fashion to the human brain to provide an insight
into our modeling approach. It contained five radial layers
representing the skull, dura mater, gray matter, white
matter, and ventricles. Discretizing the computational
domain into a mesh of elements, the finite element method
(FEM) was used to solve the underlying partial differential
equations governing its physical behaviour. The more
complicated patient-specific brain FEM models were con-
structed based on clinical data. Computed Tomography
(CT) images of patients following decompressive craniec-
tomy were obtained to derive anatomical information.
These images were processed using a mesh generation
scheme developed in a previous study [3]. The three
dimensional (3-D) model reconstruction and FEM mesh
generated are shown in Fig. 1. Hexahedral elements were
chosen to model the brain for its suitability in soft tissue
modelling [5].

For simplification in this preliminary study on decom-
pressive craniectomy, the nominal intracranial pressure
used herein was assumed to be equal to the interstitial
pressure at the boundary surface [6]. For the simplistic
model, an initial pressure of 5000 Pa (about 38 mmHg) was
created to the model surface to simulate a pre-surgical ICP,
while for the patient model clinical measurements from ICP
recordings were used. The part of the surface representing
the craniectomy defect was set to be displacement-free,
while other parts of the model surface were assumed to be
fixed in all degrees of freedom (Dirichlet boundary
condition) simulating the brain cortex covered by the skull

Table 1 Material properties used for the simulation studies

Symbol Value Units Symbol Value Units

E, white and gray 350 Pa K1, white
* 9.2×10–9 m4 /Ns

V 0.35 no unit K2, white
* 4.6×10–9 m4 /Ns

gpk 0.285 Pa K3, white
* 2.3×10–9 m4 /Ns

τ1 3.1 s K1, gray
* 45.9×10–9 m4 /Ns

τ2 27 s K2, gray
* 22.9×10–9 m4 /Ns

τ3 410 s K3, gray
* 11.5×10–9 m4 /Ns

* Three different values to simulate tissue swelling due to elevated intracranial pressure

Fig. 1 (left) An axial CT
section of a patient post-
decompressive cranioctomy;
(middle) 3D reconstruction
of the patient with craniectomy;
(right) the corresponding
finite element mesh

280 C.P. Gao, B.T. Ang



Fig. 2 Simulation results on brain models after craniectomy: (a) brain deformation field of simplistic model; (b) mean stress distribution on patient
model with unilateral bone flap removal; (c) interstitial pressure distribution on patient model with bifrontal bone flap removal

Fig. 3 (left) ICP changes with craniectomy size; (right) Maximal bulging displacement change with craniectomy size: (a) simplistic spherical
model; (b) with unilateral bone flap removal; (c) with bifrontal bone flap removal
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and dura. The sub-craniectomy area was parameterized into
a circular-shaped moving boundary condition with a
varying radius. Both unilateral bone flap and bilateral bone
flap situations were taken into account. A series of
simulations with various craniectomy sizes or numbers of
“free elements” were performed using a commercial
nonlinear FEM package ABAQUS (ABAQUS, Inc., Paw-
tucket, RI).

Results

Brain cortical deformation and pressure distributions
following a decompressive procedure were observed in
the simulation results (Fig. 2a-c). The typical bulging
deformation under the bone flap was reproduced by the
computational analysis. The predicted maximal displace-
ment and nominal pressure changes of patient models were
compared with those measured from medical images and
pressure monitoring and found to be consistent.

Figure 3 shows the simulation results of the effect of the
craniectomy size on brain deformation and intracranial
pressure changes. The initial elevated ICP generally
decreases while the craniectomy size increases. The ICP
change rate also decreases until the pressure reaches a
certain point from which it keeps relatively static. The
maximal bulging displacement of the sub-craniectomy area,
which can be assumed to be related to tissue herniation,
becomes larger when the craniectomy size increases.
However, this displacement starts to decrease drastically
when it reaches a transitional point where the craniectomy
size is considerable large (Fig. 3a).

For the case of unilateral decompressive craniectomy,
the pre-surgical raised ICP decreased after bone flap
removal, especially in the centre of the craniectomy which
eventually falls to a normal ICP level of 4.1 mmHg for the
maximal-sized craniectomy. The larger the craniectomy
size, the more the pressure decreases. For instance, when a
desired 10 mmHg pressure drop is required, the minimal
craniectomy size would be about 3780 mm2 in area,
corresponding to a predicted minimal cortical bulging
displacement of 8.30 mm in the centre. Similar trends of
ICP change and cortical deformation were observed in the
case of bifrontal bone flap removal. For bifrontal decom-
pressive craniectomy, a crani./skull ratio is defined which
denotes the ratio of the mid-sagittal width of the craniec-
tomy (ie. from the basal edge of the craniectomy defect in
the midline to the posterior/ superior edge of the craniec-
tomy in the midline) to the distance from the nasion to the
inion. This could constitute a clinically relevant index
which allows one to plan the extent of craniectomy.

Discussion

The simulation results were generally consistent with
obtained clinical data. From both the theoretical simplistic
model and clinical case simulation, a clear relationship
between ICP/cortical deformation and craniotomy size was
seen. This suggests that there exists an optimal size of a
craniectomy which could strike a balance between ICP
lowering and the extent of tissue deformation.

The quantitative analysis shows that intracranial pressure
is related to craniectomy size in a nonlinear fashion, where
the rate of ICP change decreases with progressive increase
in the craniectomy size.

It is worth noting that the maximum stress regions of
the herniated brain tissue is found to be around the
craniectomy edges, which suggests more attention
should be given to this region in order to reduce the risk
of tissue injury at the craniectomy edges. This preliminary
model will be improved upon so as to incorporate more
detailed neuroanatomy together with fluid-structure
interactions.
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Coupling of sagittal sinus pressure and cerebrospinal
fluid pressure in idiopathic intracranial
hypertension - a preliminary report

J. D. Pickard & Z. Czosnyka & M. Czosnyka & B. Owler &

J. N. Higgins

Abstract
Background Narrowing of the cranial dural venous sinuses
has been implicated as contributing to elevated intracranial
pressure in idiopathic intracranial hypertension [IIH]. Such
narrowing may be either a fixed stenosis or secondary to
raised ICP. We have investigated whether narrowing of the
venous sinuses may reflect direct coupling between
cerebrospinal fluid pressure and sagittal sinus pressure.
Methods Nine patients with the clinical features of IIH [8F,
1M; mean age 41 (range 22–55)] were studied as part of
their standard clinical investigations by simultaneous
lumbar CSF infusion study and direct retrograde cerebral
venography whereby a catheter is placed within the sagittal
sinus under fluoroscopic guidance.
Findings In all cases, both CSF pressure (Pcsf) and sagittal
sinus pressure (Pss) were elevated with Pcsf slightly
exceeding Pss (27.0 +/− 2.3 mm Hg. 25.2 +/− 7.5 mm Hg;
difference P=0.026; correlation R=0.97, P=0.0032). There

was a gradient of pressure along the sagittal and transverse
sinuses. CSF infusion provoked rises in both Pcsf and Pss
(R=0.97, P<0.0007). During drainage of CSF after the test
(8 cases), Pcsf decreased to values lower than Pss (−3.26 +/−
3.9 mm Hg; P=0.0097). There was excellent correlation
between slow waves of Pcsf and Pss (mean R=0.9) and
between baseline pulse amplitudes of both pressures (R=
0.91; P=0.03).
Conclusions in the 9 patients studied with IIH, Pcsf and Pss
were coupled both statically (mean values) and dynamically
(vasogenic components). During drainage, both pressures
decreased until probably central venous pressure was reached
and then Pcsf decreased further while Pss remained constant.
This suggests that, in many cases of IIH, there is functional
obstruction of venous outflow through the dural sinuses.
Raised Pcsf partly obstructs venous sinus outflow, thereby
increasing Pss which, in turn, leads to a further rise in Pcsf, et
sequor. This vicious cycle can be interrupted by draining CSF.

Keywords Idiopathic intracranial hypertension .

Pseudotumor cerebri . Cerebrospinal fluid .

Intracranial pressure

Introduction

There is convincing evidence that impairment of CSF
absorption in the presence of patent subarachnoid spaces is a
major contributor to raised CSF pressure in idiopathic
intracranial hypertension (IIH; pseudotumor cerebri, benign
intracranial hypertension) [6, 7, 8, 12, 13]. The block to CSF
absorption may be at the level of the arachnoid granulations
or within the cranial dural venous system or beyond.
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The determination of CSF outflow resistance (Rcsf)
relies on Davson’s Eq. (2):

Pcsf ¼ If � Rcsfð ÞþPss

where If is the CSF formation rate and Pss is the sagittal
sinus pressure.

As Davson emphasized [3], it is important to confirm that
Pss is independent of the pressure in the subarachnoid space.
Cerebral venous thrombosis has long been known to be a
cause of pseudotumor cerebri but recent studies have
implicated narrowing of the cranial venous sinuses as
contributing to elevated ICP in ‘idiopathic’ cases [9, 10].
Such narrowing may be either a fixed stenosis or secondary
to raised ICP [5, 11]. Hence, Pss may not always be expected
to remain constant during CSF infusion studies performed to
measure Rcsf. There may also be a gradient of pressure along
the sagittal and transverse sinuses so that Pss is not a single
number in such cases. Endovascular stenting of the trans-
verse sinus is a successful treatment in some patients [4].

We have investigated whether narrowing of the venous
sinuses in IIHmay reflect direct coupling between Pcsf and Pss.

Material and methods

Nine patients [8 female, 1 male; mean age 41 (range 22–55)]
were studied who had the clinical features of IIH conforming
to the modified Dandy criteria [signs and symptoms of raised
ICP, no localizing neurological signs, normal neuroimaging

apart from MR venography, raised CSF pressure and normal
CSF constituents]. As part of their standard clinical inves-
tigations, they had simultaneous lumbar CSF infusion studies
[1] and direct retrograde cerebral venography (DRCV)
whereby a catheter is placed within the sagittal sinus under
fluoroscopic guidance [9, 10].

Results

In all cases, both CSF pressure (Pcsf) and sagittal sinus
pressure (Pss) were elevated with Pcsf slightly exceeding
Pss (27.0 +/− 2.3 mm Hg. 25.2 +/− 7.5 mm Hg; difference
P=0.026; correlation R=0.97, P=0.0032). There was a
gradient of pressure along the sagittal and transverse
sinuses. CSF infusion (1 ml/min) provoked rises in both
Pcsf and Pss (R=0.97, P<0.0007) - see Fig. 1. During
drainage of CSF after the test (8 cases), Pcsf decreased to
values lower than Pss (−3.26 +/− 3.9 mm Hg; P=0.0097).
There was excellent correlation between slow waves of Pcsf
and Pss (mean R=0.9) and between baseline pulse
amplitudes of both pressures (R=0.91; P=0.03).

Discussion

These results confirm that a significant component of the
inability of the craniospinal axis of many patients with IIH
to cope with increased CSF flow reflects a functional

Fig. 1 Example of mean CSF
pressure (ICP) and sagittal sinus
pressure (Pss) recorded during
infusion test and subsequent
drainage of CSF from lumbar
space
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obstruction of venous outflow through the dural sinuses,
typically in the distal transverse sinuses [5, 9, 10, 11]. Pcsf
and Pss were coupled in these nine cases of IIH both
statically (mean values) and dynamically (vasogenic com-
ponents). During drainage, both pressures decreased until
probably central venous pressure was reached whereafter
Pcsf decreased further while Pss remained constant. Hence,
in IIH with secondary venous sinus narrowing, the normal
mechanism whereby increased Pcsf leads to increased CSF
drainage and restoration of normal CSF pressure is
compromised, leading to a further rise in Pcsf, et sequor
[8, 13]. The prolonged benefit in some IIH patients
produced by a single lumbar puncture may be understood
if removal of CSF reduces secondary venous compression
and improves CSF drainage for a period much longer than
that required to replace the volume of CSF removed.
Permanent decoupling of cerebral venous pressure by
stenting an obstructive lesion may be therapeutic, regard-
less of the initial aetiology [4, 8, 13].

The results of CSF infusion studies in IIH are difficult to
interpret without knowledge of the response of Pss. In
many IIH patients, Pss is not a single number - there is a
gradient along the sagittal and tranverse sinuses. The
dilated subarachnoid spaces, optic nerve and root sheaths
seen in IIH attest to the impairment of CSF absorption. Our
results confirm earlier studies [6, 12] that proposed that
there are at least two interdependent mechanisms underly-
ing raised Pcsf in IIH: a rise in Pss and an increase in CSF
outflow resistance. Davson’s equation, assuming constant
Pss, may not provide an adequate description of CSF
dynamics under these circumstances.
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The measurement of brain tissue stiffness in-vivo

I. R. Chambers & D. Martin & A. Clark & A. Nicklin &

A. D. Mendelow & P. Mitchell

Summary
Background There is considerable interest in surgical
decompression as a management strategy (RescueICP) for
intractable intracranial hypertension. After such an opera-
tion measurements of intracranial pressure (ICP) and thus
cerebral perfusion pressure (CPP) become less meaningful.
Measurements of the biomechanical properties of the brain
may be one measure capable of detecting changing status of
such patients. However these properties of the brain are
neither documented or well understood. We have developed
an indentation probe capable of making measurements of
human brain stiffness.
Method The device consists of an indenting tip of depth
2 mm and diameter 12 mm surrounded by an annular body
of 20 mm diameter. Measurements are made by two load
cells, connected through interface electronics to a laptop
computer.
Findings Laboratory measurements show the probe to
provide accurate and repeatable measurements over a range
of zero to 10N. Inter-operator variability from six health-
care professionals had a coefficient of variance of 8.75%.
Measurements obtained during surgery from a patient
undergoing tumour resection were towards the lower end
of the device’s measurable range.

Conclusions We have determined that this indentation
device has a linear response and that the inter- and intra-
operator variability is low. Although the device is still in an
early stage of development, preliminary results during
intracranial surgery demonstrate that this device is capable
of measuring in-vivo tissue stiffness. Further work is
required to derive a quantitative “stiffness index” from the
two load curves. In addition a standard operation method is
required so that consistent and repeatable measurements are
made. The device may be of value in assessing patients
after decompressive craniectomy.

Keywords Head injury . Tissue stiffness .

Surgical decompression .Measurement

Introduction

Intracranial hypertension remains a significant cause of
mortality in head injured patients. Medical management often
fails to control the vasodilatory cascade of increasing oedema
that raises the intracranial pressure (ICP), reducing cerebral
perfusion pressure (CPP) and blood flow. There is widespread
interest in surgical decompressive craniectomy as a manage-
ment strategy in which segments of the skull are removed and
the brain is allowed to expand uninhibited [4, 6].

Little is known regarding the evolving physical process-
es after surgical decompression. Intracranial pressure and
CPP become less meaningful but it may still be beneficial
to be able to monitor changes to the brain. Whilst the
mechanical properties of tissues such as the skin, lungs,
vasculature and musculo-skeletal system have been the
focus of a significant amount of research [2, 3, 5], in
contrast, tissues which do not bear mechanical loads (such
as kidney, liver, and brain) have not been so well char-
acterised. Because of this, a device that could make
repeated measurements of brain tissue stiffness may be able
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to provide relevant information on how the brain responds
after surgery and thereby inform clinical management.

The primary objective of this work was to develop an
instrument capable of measuring the tissue stiffness of
human brain.

Materials and methods

There are two main approaches that can be used to measure
tissue stiffness; elastography/vibrography, and indentation.
Although vibrography reports promising results, in order to
produce an instrument capable of repeated use at the
bedside, an indentation design was chosen. The indentation
probe is most similar to that described by Arakoski [1]. The
probe consists of an indenting tip with a depth of 2 mm and
diameter 12 mm surrounded by an annular ring (diameter
20 mm) connected to the probe body. The two load cells
separately measure the total applied load and the indenter
load and are connected to electronic amplifiers. The tissue
indentation device contains two load cells (Honeywell FSG
series, www.honeywell.com) capable of measuring applied
force up to 1500 g. The load cells are arranged in a back-to-
back fashion, with the ‘front’ load cell attached to the
indenting tip, and the ‘rear’ load cell attached to the handle
(see Fig. 1). Arranging the two load cells in this way
removes the need to control or standardise the depth, force
and rate of probe application. The relationship between the
outputs from the two load cells can be used to characterise
the stiffness of the material. The handle is a polyacetal H
rod by which the device is held when in use. Force applied
is transmitted via the handle and body to the rear load cell.
The indenting tip is a polyacetal H insert 2 mm in depth and
10 mm in diameter. It transmits the force applied to its face
to the front load cell (Fig. 1).

The analogue signals from the load cells are converted to
digital values by a modified analogue-digital convertor
(Pico ADC-11, www.picotech.com). The modification was
required to provide access to the internal 5 volt USB power
rail and 2.5 volt ADC reference signal. The advantage of
this modification was that it was a cheap, ready-made and
stand alone means of acquiring power for the load cells
within the probe.

The amplified digital output was displayed on a desktop
computer screen (PicoScope and PicoLog Recorder, www.
picotech.com) during bench work. For clinical data collec-
tion, custom software was developed using Borland Delphi
7 which runs under Windows 2000/XP. The software
controls the timing and acquisition of the two force signals
from the analogue interface and allows the display and
recording of these values. The probe conforms to IEC
601.01, the relevant safety standard for medical equipment.

The system has been assessed with laboratory studies
and a pilot clinical study. The compact handheld design,
attached to a laptop trolley, makes it suitable for use in the
operating room or at the bedside. Approval from the local
Research Ethics Committee was obtained prior to com-
mencing the study.

The probe was initially calibrated, by recording the
voltage output that corresponded with a given force applied
using weights of varying magnitude (2–100 g). The reading
taken with a constant weight was repeated 60 times. The
mean and standard deviation from 60 separate measure-
ments were calculated as an assessment of the normality of
the distributions.

To assess inter- and intra- operator variability, foam
samples of differing densities (40 kg/m3, 65 kg/m3, 70 kg/m3,

Fig. 1 Design schematic of the
indentation probe

Fig. 2 Software programme displaying measurements from the
surface of human brain
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90 kg/m3) were assessed. Measurements were taken by
6 operators on the same day. The force applied was such
that the voltage output from the front load cell was
constant. Similarly, the same piece of foam was measured
in the same fashion by one operator, on 6 separate
occasions, taking 6 readings each time. In addition the rate
at which the probe was applied was varied. In-vivo
measurements were made by a neurosurgeon during a
craniotomy for tumour resection. The probe was placed, by
hand, on the cortical surface tissue prior to removal of the
tumour and the applied force varied so that the tissue was
lightly deformed.

Results

Laboratory testing showed good probe linearity over a range
from 0 to 10N (r>0.999). Intra-operator variability was
assessed from 6 readings taken on successive days and inter-
operator variability by readings taken by 6 operators. The
coefficients of variance were 7.57% and 8.75% respectively.
The device was applied to sections of foam of differing
density (40, 65 and 70 kg/m3); the values obtained showed
clear differences between each of the foam types. Three
clinical measurements have been taken and indicate that
values of brain tissue stiffness appear to be towards the low
end of the device’s measurable range (Fig. 2).

Conclusions

Results from laboratory studies have determined that this
indentation device has a linear response and that the
inter- and intra- operator variability is low. To our

knowledge this is the first time that brain tissue stiffness
has been measured in-vivo. Although the device is still
in an early stage of development, the preliminary results
from intra-operative readings demonstrate that this device
is capable of measuring in-vivo tissue stiffness. The
values obtained are at the lower end of the measurement
range of the device and further work is required to derive a
quantitative “stiffness index” from the two load curves. In
addition a standard method of use is required so that
consistent and repeatable measurements are made. These
are promising results and the device may be of value in
assessing patients after decompressive craniectomy by
providing relevant information on how the brain responds
after surgery.
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PART 7: 
Stroke, subarachnoid hemorrhage, and intracerebral hematoma 



Changes in brain biochemistry and oxygenation in the zone
surrounding primary intracerebral hemorrhage

Ernest Wang & Chi Long Ho & Kah Keow Lee & Ivan Ng &

Beng Ti Ang

Abstract
Background While the management of primary intracerebral
hemorrhage (ICH) remains controversial, there remains a
subset of patients that undergo clot evacuation. This study
aims to characterize brain physiology and biochemistry after
surgery for this condition.
Methods Thirty-six consecutive patients requiring ventila-
tion for primary ICH had intracranial pressure (ICP), tissue
oxygenation (PbO2) and cerebral microdialysis (CMD)
monitoring. 28 patients with a Glasgow Outcome Score
(GOS) of 1–3 formed group 1 while 5 patients with a GOS
of 4–5 formed group 2. The control group consisted of 3
patients managed conservatively without surgery.
Findings The mean PbO2 (24.5±20.8 mmHg) was higher
in the patients in group 1 (poor outcome) compared with
those in the control group (13.6±9.0 mmHg) (p<0.001).
Compared to patients in group 2, the patients in group 1
also had a higher PbO2 (p=0.02) together with worse levels
of lactate/pyruvate (L/P) ratio and glycerol (p<0.001). In all
3 groups, ICP reduction to < 20 mmHg was achieved
together with a return to of pressure reactivity (PRx) to <0.3.
Conclusions In spontaneous ICH, derangements in the peri-
lesional tissue demonstrated by local techniques of PbO2

monitoring and CMD are not seen in global indices such as
the PRx.

Keywords Intracerebral hemorrhage .

Cerebral microdialysis . Brain tissue oxygenation .

Ischemic penumbra

Introduction

While primary intracerebral hemorrhage accounts for 15–
20% of all strokes [7], its consequences are most
devastating, contributing to greater than 50% of deaths that
occur [19]. No effective or definitive treatment exists and
there remains a lack of data demonstrating the efficacy of
surgery [4, 8]. Yet surgical clot evacuation is still practiced
as there could possibly be a subgroup of patients that would
benefit. Understanding the pathophysiological consequen-
ces [11] of an intracerebral hematoma is therefore important
in our attempt to limit secondary damage. Focal injury
follows mechanical pressure from the hematoma, the theo-
retical possibility of ischemic injury in the peri-hematoma
zone and the direct neuropathic effects of blood itself.
Simultaneous global injury may also occur as a result of
raised ICP, cerebral dysautoregulation, hemodynamic alter-
ations and metabolic changes. Consequently, monitoring
physiologic parameters [12] such as mean arterial blood
pressure (MAP), ICP, PbO2 and brain temperature together
with biochemical parameters through cerebral microdialysis
(CMD) may provide important new insights. Both global
and local indices that reflect autoregulatory and metabolic
alterations may then be discerned. We utilize multi-modality
monitoring techniques in this study to characterize brain
physiology and neurochemistry in spontaneous supratentorial
ICH after surgical clot evacuation.

Methods

Patient selection

From January 2003 to January 2006, 36 consecutive
patients with spontaneous ICH were included into this
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prospective observational study. Institutional ethics com-
mittee approval had been obtained prior to commencement
of the study. All patients recruited had an initial com-
puterized tomographic (CT) scan demonstrating a supra-
tentorial ICH with its epicentre over the putamen, a clinical
deterioration to a Glasgow Coma Scale (GCS) score of 8 or
less together with radiological evidence of mass effect
(midline shift of > 5 mm or effacement of the basal cisterns).
Patients with a devastating brain injury (not expected to
survive beyond 24 hours), fixed and dilated pupils or who
had bleeding diathesis were excluded from the study.

Treatment protocol

Early surgical evacuation of hematoma via a standard
frontal parietal-temporal craniotomy was offered to all
patients. The hematoma was removed under magnification
and the bone flap deliberately left out in anticipation of
post-operative brain swelling. Intraparenchymal neuro-
monitoring probes were then placed within 1 cm of the
hematoma cavity with their positions verified with a post-
operative CT scan. ICP was continuously monitored using a
fiberoptic intraparenchymal device (Codman and Shurtleff,
Raynham, MA, USA) with brain temperature and brain
tissue oxygenation measured with LICOX polarographic
Clark-type microcatheters (Integra Neuroscience, Plainsboro,
NJ, USA). Microdialysis catheters (CMA 70; microdialysis,
Solna, Sweden) were also inserted via the same bolt system.

Clinical management was in accordance to established
neurocritical care guidelines. Inspired oxygen fraction (FiO2)
was adjusted to achieve an arterial oxygenation saturation of
> 95% with haemoglobin levels maintained above 10 g/dl.
ICP control measures included nursing in the 30 degrees head
up position, sedation with propofol (2–10 mg/kg/hour),
boluses of 20% mannitol (2 ml/kg up to a plasma osmolarity
of 320 mosmol/L) according to ICP spikes and mild
hypocapnia by regulating pCO2 at 30–35 mmHg.

Monitoring

PbO2 monitoring was commenced 3 hours after insertion of
the LICOX probe, thus giving values from the latter
adequate time to stabilise. Cerebral microdialysates were
collected every hour and analysed for glucose, lactate,
pyruvate and glutamate. The pressure reactivity index, PRx,
was calculated as a moving correlation coefficient between
the last 30 consecutive samples of values for ICP and arterial
blood pressure (ABP) averaged for a period of 10 seconds.

Outcome groups

The patients were divided into 2 outcome groups. Twenty-
eight patients with a poor outcome, defined as a Glasgow

Outcome Score (GOS) of 1–3, were placed in group 1.
Group 2 consisted of 5 patients with a good outcome (GOS
of 4–5). Patients whose relatives did not consent to surgical
evacuation had insertion of intraparenchymal probes alone
for neuromonitoring. They were treated with medical
therapy alone and formed the control group consisting of
3 patients.

Statistical analysis

The demographic and clinical data collected that were
continuous variables are reported as mean ± standard
deviation or as median with interquartile range (IQR) when
non-normally distributed. The two sample paired t-test was
performed if the normality and equality of variances
assumption was satisfied; otherwise the Mann Whitney U
test was used. The mean values of MAP, ICP, PRx, PbO2

and dialysates of CMD were studied over a 72-hour period.
Analysis of the differences in the means of the variables in
the 3 groups was carried out using ANOVA and subsequent
post-hoc comparisons using Bonferroni’s t-test. A proba-
bility value (p value) of less than 0.05 was considered the
criterion of significance for all comparisons. Statistical
analyses were performed using the commercially available
statistical program SPSS version 12.0 (SPSS Inc., Chicago,
Illinois, USA).

Results

Patient characteristics

The ages of the 36 patients evaluated ranged from 31 to
81 years with a mean age of 54.8±12.3 years. There were
24 male (67%) and 12 female (33%) patients. Median GCS
scores on admission was 6 [interquartile range (IQR) 3 to
13]. The average volume of hematoma was 75.4±28.3
milliliters (IQR 26 to 160) on admission. Data from the first
72 hours of monitoring were analyzed for the purposes of
this study. There were no significant differences between
the 3 groups with respect to age, ethnicity, gender, volume
of hematoma, hemoglobin levels and GCS score on
admission.

Outcome

Six months after the initial hemorrhage, 10 patients (28%) had
died with 26 (72%) patients surviving. Amongst those that
died, 9 (25%) were from group 1 and 1 (3%) was from the
control group. In those that survived, 8 (7 from group 1 and 1
from the control group) remained vegetative at 6 months
while 12 (all from group 1) were severely disabled. Four
patients had a moderate disability (3 from group 2 and 1 from
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the control group) and only 2 patients had a good recovery
(both from group 2).

Brain physiology and biochemistry

The mean PbO2 (24.5±20.8 mmHg) was higher in the
patients with a poor outcome (group 1) compared with those
in the control group (13.6±9.0 mmHg) (p<0.001). When
compared to the PbO2 in patients belonging to group 2 with
a good outcome (17.7±5.6 mmHg), the PbO2 in patients in
group 1 was also significantly higher (p=0.02). Patients in
group 1 also had the highest number of epochs of ischemia
(PbO2<10 mmHg). In all 3 groups, ICP reduction to <
20 mmHg and maintenance of cerebral perfusion pressure
(CPP) of > 70 mmHg was achieved together with a return of
the PRx to <0.3. Patients in group 1 with a poor outcome
also had significantly higher lactate, lactate/pyruvate (L/P)
ratio and glycerol when compared to patients in group 2 with
a good outcome (p<0.001) (Table 1). In addition, group 1
patients had higher glucose and glutamate levels (p=0.04)
(Table 1). Except for glycerol levels, there was no difference
in microdialysate levels of glucose, glutamate, lactate and
L/P between group 1 and the control group. In patients with
a good outcome, there was an improvement in PbO2 with
time. In patients with a good outcome, the mean hourly
PbO2 values were in the ischemic range of < 15 mmHg after
surgery but this improved to normal levels of > 20 mm Hg
24 hours after surgery (Fig. 1). This was mirrored by a
gradual worsening of PbO2 with time in the control group
(Fig. 1). However, the mean hourly PbO2 in the poor
outcome group (group 1) was consistently highest of all 3
groups (Fig. 1). Lactate and the L/P ratio remained higher in
the poor outcome patients compared to those with a good
outcome and this similar trend in time was also seen in the
glycerol levels. The temporal profile of PRx demonstrated a
return of autoregulation even in the poor outcome group but
there was a surge of dysautoregulation in the good outcome
group after 48 hours (Fig. 2).

Discussion

Brain injury from spontaneous primary ICH results from
the rupture of small arterioles or penetrating arteries. They

typically occur in certain locations like the putamen,
thalamus, pons and cerebellum and understandably have
far reaching consequences. Many studies, including meta-
analyses, have failed to show the benefit of surgical clot
evacuation for spontaneous ICH [9, 18]. The recently
published multi-center STICH (Surgical Trial in Intracere-
bral Hemorrhage) trial [11] showed no overall benefit from
early surgery when compared with initial conservative
treatment. Yet, when acute neurological deterioration from
mass effect occurs, surgical evacuation is often considered.
Small studies of less invasive forms of surgery like
endoscopy and stereotactic aspiration [3, 5] have suggested
that these may hold promise in improving outcome and
reducing morbidity. It therefore follows that a clearer
understanding of the underlying pathophysiological pro-
cesses that occur in spontaneous ICH may help to define
future optimal therapy. In limiting this study to putaminal
hemorrhages, we identify neuromonitoring characteristics
of these patients who achieved a favorable outcome after
surgery.

A large intraparenchymal clot causes a rise in ICP with
displacement of surrounding structures from cerebral edema
and mass effect. Not only does the hematoma cause local
injury to the surrounding tissue through multiple metabolic

Fig. 1 Brain tissue oxygenation in all 3 groups. The temporal profile
of mean hourly PbO2 in patients with a good outcome demonstrated
an improvement with time, peaking 40 hours after surgery. The
converse was true for in the control group. Patients with a poor
outcome had seemingly ‘normal’ hourly PbO2 values that did not
change with time

Table 1 Brain biochemistry in both outcome groups

Gp 1 Gp 2 P - value

Lactate (mmol/L) 4.0 1.6 <0.001
L/P (mmol/L) 78.0 28.1 <0.001
Glycerol (μmol/L) 78.0 15.3 <0.001
Glutamate (μmol/L) 11.3 5.1 0.04
Glucose (mmol/L) 1.1 2.2 0.04
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and biochemical processes [1, 10], the rest of the brain
parenchyma may be susceptible to systemic insults and
secondary injury. ICP monitoring, CPP maintenance and
other standard neurointensive care measures in modern
neurointensive care units provide continuous monitoring
[12] of global insults to the brain. The PRx [6] is an index
derived from such global monitoring techniques which
capitalizes on the relationship between MAP and ICP. It
quantifies cerebrovascular reactivity and has been strongly
correlated with outcome in head trauma. Following surgical
decompression in acute brain injury, the PRx [22] has been
demonstrated to return to normal values with time. In this
study, there was a similar normalization of ICP and PRx in
all 3 groups where maintenance of CPP to > 70 mmHg was
also achieved. Despite achieving these conventional targets,
28 (78%) patients had a poor outcome. This illustrates the
challenge and limitations of utilizing global indices alone in
targeted therapy.

The value of other modalities of monitoring to guide
treatment therefore becomes of interest. The utility of CMD
in measuring brain biochemistry [17, 21] has been
demonstrated mainly in traumatic brain injury and sub-
arachnoid hemorrhage. The dialysates measured reflect
energy failure and membrane degradation in the immediate
area around the probe [10]. Post-operative CT scans in our
study confirm the localization of microdialysis probes

inserted within 1 cm of the peri-hematoma zone in all
cases. This could be achieved as the probes were inserted
under direct vision during open surgery. The metabolic
profile of the peri-lesional tissue in spontaneous ICH could
lead to answers to questions regarding its viability and
vulnerability to further insults. The Swedish group have
recently shown that the area close to an evacuated ICH has
a biochemical profile [16] similar to that in the penumbra
surrounding focal traumatic brain contusions and this may
have clinical implications influencing surgical decision
making. Our findings complement this but with an added
control group of patients with a similar severity of injury
that were managed only with ICP/PbO2/CMD monitoring
alone. Ironically, PbO2 was highest in the poor outcome
group. It reached a mean value of 24.5±20.8 mmHg over
the first 72 hours, suggesting that the peri-lesional tissue is
no longer hypoxic. However, this group had the highest
number of epochs of abnormal PbO2 over the monitoring
period. Significantly, compared to the group with a good
outcome, this poor outcome group of patients had a worse
biochemical profile indicating a greater severity of insult in
the area surrounding the hematoma. The elevated L/P ratio,
lactate, glutamate and glycerol levels, together with the low
extracellular glucose levels, were no different from that in
the control group of patients. It is noteworthy that the
control group had the highest lactate values reflective of
worst local injury as the other two groups were treated with
surgical evacuation and decompression.

Cerebral hypoxia as an important predictor of poor
outcome [2, 14, 20] is somewhat contradicted by the
highest PbO2 levels in these patients. The value of
following temporal changes and examining trends [2, 22]
become appreciated. After 72 hours, PbO2 in patients with a
poor outcome showed no improvement with time but the
converse was true in those that did well after 6 months.
These results are echoed in a separate local study on the
changes in brain biochemistry following acute head injury
where survivors with a good outcome demonstrated a
change in PbO2 from ischemic to normal values. The
seemingly ‘normal’ PbO2 in patients with a poor outcome
could possibly be due to a ‘diffusion’ impairment, cellular
dysfunction leading to an inability to utilize oxygen or a
hyperaemic flow itself secondary to the acute brain injury.
However, cerebral blood flow (CBF) studies [13] and other
metabolic measurements such as that in PET scans would
be necessary to validate this. The changes in cerebral
hemodynamics and brain oxygenation that occur after
surgery for spontaneous putaminal hemorrhages have also
been described [15] where a fall in ICP following surgery
was accompanied with improvements in PbO2, CPP and
CBF.

Despite a return to an autoregulatory state, the trends in
PRx in all 3 groups of this study were unremarkable.

Fig. 2 Temporal profile of PRx in all 3 groups. There was a return in
mean hourly PRx values to < +0.3 after 40 hours in all 3 groups.
However, patients with a good outcome (group 2) experienced a large
rise in PRx after 40 hours corresponding to a rise in PbO2
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Interestingly, a sudden increase in PRx in patients with a
good outcome after 40 hours was preceded by a surge in
PbO2. This may represent a period of dysautoregulation in
this group of patients with a good outcome which reverted
after 72 hours.

To the best of our knowledge, this is the only study
examining the viability of peri-lesional tissue in spontaneous
ICH where a control group is employed. The differences in
brain physiology and biochemistry in the immediate tissue
adjacent to the clot cavity is demonstrated in different
clinical outcome groups. This suggests that a zone of
vulnerable tissue does exist in spontaneous ICH. While
global indices including ICP monitoring likely remain
important, neuromonitoring of local tissue changes can give
additional relevant information. The provision of such local
indices of monitoring gives the clinician the ability to make
clinical decisions that might potentially improve outcome.

Conclusion

These results suggest that monitoring of PbO2 and CMD
dialysates in spontaneous supratentorial ICH can demon-
strate local derangements in the peri-hematoma cavity that
are not reflected in global indices such as the PRx. Multi-
modality monitoring of both local and global indices
simultaneously may become important tools in the man-
agement of spontaneous ICH.
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Prediction of early mortality in primary intracerebral
hemorrhage in an asian population

Beng Ti Ang & Siew Pang Chan & Kah Keow Lee &

Ivan Ng

Abstract
Background Primary intracerebral hemorrhage accounts for
the relative minority of all strokes and yet is more fatal and
disabling. Various prognostic models for mortality and
functional outcome following primary intracerebral hemor-
rhage have been proposed, however there is little data which
focuses on a multi-racial population profile characteristic of
communities in South-East Asia. A reliable grading scale for
this condition will allow for accurate risk stratification,
treatment selection, resource allocation and possibly also aid
in the definition of common enrollment criteria for clinical
trials.
Methods This study investigates an Asian population of
primary intracerebral hemorrhage patients and defines using
a variety of data mining techniques the clinical variables that
significantly impact on early mortality. The models produced
are then compared to ascertain which one optimally predicts
this outcome.
Findings Past history of stroke, known atrial fibrillation, use
of warfarin, glucose level, presenting Glasgow Coma Scale
(GCS) and pupil abnormality, post-resuscitation GCS and
pupil abnormality, initial international normalized ratio (INR)
and prothrombin time (PT) results, vomiting, seizure, total
volume of clot, ventricular extension and hydrocephalus
were significantly associated with early mortality. Logit with
backward elimination showed that only age, presenting GCS,
1st INR result and total volume of clot were significantly

associated with mortality in the final multivariate model. The
use of the other data mining techniques yielded comparable
results.
Conclusions The predictors for early mortality and poor
outcome in primary intracerebral hemorrhage are similar in
Asian and Western populations.

Keywords Intracerebral hemorrhage . Outcome .Mortality .

Prediction

Introduction

The ability to precisely predict the outcome following primary
intracerebral hemorrhage (ICH) would facilitate clinical
management. One would then be able to offer accurate
prognosis and perhaps even begin to stratify the ICH patient
population into subgroups that may benefit from different
therapeutic regimes. Although various scoring scales in ICH
have been developed, there is scant information in the field
with regards to a multi-racial society which constitutes the
community in many parts of South-East Asia. This study thus
aims to develop an ICH grading scale specific to our local
population; in addition, we evaluate a variety of data mining
techniques to investigate their relative prediction efficiencies.

Materials and methods

Study population

We studied 634 patients that were consecutively admitted to
our institution for primary ICH from July 2004 to December
2006. Demographic characteristics, admission clinical data
and imaging data were collated. The various parameters/
clinical variables considered for analysis are listed in Table 1.
Approval of this study was obtained from the ethics
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Table 2 Comparison between logit and Bayesian logit

Covariates Logit OR (95% C.I.) Bayesian Logit OR
(95% C.I.)

Age (years) 1.03 (1.01–1.05) * 1.00 (0.99–1.01)
Presenting GCS
≤8 Reference Reference
>8 0.11 (0.06–0.22) * 0.67 (0.08–0.22) *
1st INR result 1.44 (1.09–1.90) * 1.06 (0.98–1.08)
Total volume of clot /ml 1.03 (1.02–1.04) * 1.00 (0.99–1.01)
Hydrocephalus
Yes Reference Reference
No 0.92 (0.48–1.74) 0.99 (0.52–1.68)

(* Significant at P≤0.05 level of significance)

Table 1 Study sample variables

30-Day Mortality
Died (n=179)

Alive (n=455)

Age (years) *
Mean 67.7 63.5
Range 17–95 18–109
Gender
Male 100 (27.0%) 271 (73.0%)
Female 79 (30.0%) 184 (60.0%)
History of stroke *
Yes 59 (35.5%) 107 (64.5%)
No 119 (25.5%) 348 (74.5%)
Known hypertension
Yes 125 (27.2%) 334 (72.8%)
No 54 (31.0%) 120 (69.0%)
Known atrial fibrillation *
Yes 19 (42.2%) 26 (57.8%)
No 160 (27.2%) 429 (72.8%)
Warfarin use *
Yes 26 (57.8%) 19 (42.2%)
No 153 (26.0%) 436 (74.0%)
Antiplatelet use
Yes 31 (30.4%) 71 (69.6%)
No 136 (26.4%) 379 (73.6%)
Glucose (mmol/L) *
Mean 9.0 8.5
Range 4.9–19.7 3.7–23.4
Presenting GCS *
≤8 103 (70.6%) 43 (29.4%)
>8 73 (15.2%) 407 (84.8%)
Post resuscitation GCS *
≤8 99 (68.3%) 46 (31.7%)
>8 34 (9.5%) 322 (90.5%)
Presenting pupil abnormality *
Yes 37 (88.1%) 5 (11.9%)
No 97 (20.1%) 386 (79.9%)
Post resuscitation pupil
abnormality *
Yes 42 (91.3%) 4 (8.7%)
No 82 (20.5%) 319 (79.5%)
1st PT result (sec) * 17.0 14.0
Mean
Range 11.7–59.4 10.2–67.6
1st PTT result (sec)
Mean 32.3 30.1
Range 20.9–115.0 3.0–101.5
1st INR result *
Mean 1.4 1.1
Range 0.9–4.9 0.6–13.0
Vomiting *
Yes 47 (36.7%) 81 (63.3%)
No 132 (26.1%) 373 (73.9%)
Seizure *
Yes 5 (27.8%) 13 (72.2%)
No 127 (28.1%) 325 (71.9%)
Total volume of clot /ml *
Mean 56.7 16.7
Range 0.3–224.5 0.0–176.9

Table 1 (continued)

30-Day Mortality
Died (n=179)

Alive (n=455)

Ventricular extension *
Yes 111 (44.4%) 139 (55.6%)
No 61 (16.4%) 312 (83.6%)
Hydrocephalus *
Yes 62 (45.3%) 75 (54.7%)
No 108 (22.3%) 376 (77.7%)

(* Significant at P≤0.05 level of significance)

Fig. 1 Receiver operating characteristic curves for the various models.
(Logit: multivariate logistic regression; Bayesian Logit: Bayesian
multivariate logistic regression; GAM: generalized additive model;
CART: classification tree; LOTUS: logistic trees with unbiased selection)
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committee of our institution. ICH was defined as a sudden
focal neurological event with confirmation of hemorrhage
on computed tomography of the brain. Patients with
secondary causes of intracerebral hemorrhage were exclud-
ed. ICH volume was calculated using the ABC/2 method.
Early mortality was defined as mortality within the 30 day
period following admission.

Statistical methods

Multivariate logistic regression (logit) [6] based on maxi-
mum likelihood was employed to ascertain how the
identified clinical variables were associated with mortality
at 30 days (1: dead; 0: alive). Backward elimination was
used to identify the optimum model. A Bayesian logit model
based on prior evidence concerning the underlying binomial
distribution [3] was built. In addition, a generalized additive
model (GAM) [10], Classification Tree (CART) [1] and
Logistic Trees with Unbiased Selection (LOTUS) [2] models
were also applied. To validate the models, the original
sample was randomly divided into two sub-samples (training
set: 60%, test set: 40%). Receiver operating characteristic
curves (ROC) [5, 7] were generated to compare the models’
predictive accuracy with observations in the test set.
Univariate analyses were performed with chi-square tests or
Mann-Whitney tests [9]. Analysed with Stata 9.0, R 2.4.1
and LOTUS 2.3, all statistical tests were conducted at 5%
level of significance.

Results

The univariate results are presented in Table 1. Past history
of stroke, known atrial fibrillation, use of warfarin, glucose
level, presenting Glasgow Coma Scale (GCS) and pupil
abnormality, post-resuscitation GCS and pupil abnormality,
initial international normalized ratio (INR) and prothrombin
time (PT) results, vomiting, seizure, total volume of clot,
ventricular extension and hydrocephalus were significantly
associated with early mortality. However, logit with back-
ward elimination showed that only age, presenting GCS, 1st
INR result and total volume of clot were significantly
associated with mortality in the final multivariate model
(Table 2) The model is found to be satisfactory by means of
the Hosmer-Lemeshow test (p: 0.27). Based on a previous
study [8], the Bayesian model utilized a prior beta dis-
tribution, namely Beta[1.0656, 1.8944] for handling the
unknown parameter of the underlying binomial distribution.
Its close-form estimated odds ratios (ORs) are quite
different from those of the logit model (Table 2). Only
presenting GCS was statistically significant. The following
models do not generate ORs for analysis. Instead, they

generate probabilities for predicting patient mortality: for
CART, the optimal tree was first obtained with a least CP
criterion with 1 standard error, after pruning with 10 folds
of cross validation. The same result was obtained when the
deviance was used as the criterion. Presenting GCS (cut-
off≤8) was identified as the only significant variable. In
terms of prediction using the test set (Fig. 1), the area under
the ROC (AUC) for Logit was 0.87 (95% C.I.: 0.81–0.94).
This was lower than that of the Bayesian model (0.88; 95%
C.I.: 0.83–0.94) and GAM (0.92; 95% C.I.: 0.88–0.96), but
comparable to LOTUS (0.87; 95% C.I.: 0.81–0.92) and
higher than CART (0.79; 95% C.I.: 0.73–0.85). There was
no significant difference between the models’ AUC [4].

Discussion

Using a sample of significant size, we were able to derive a
set of clinical variables predictive of early mortality for our
local population. Our study is consistent with data from
other groups and is able to predict early mortality with
equivalent performance. It reinforces how specific clinical
and radiological factors play an important role in determin-
ing outcome. In particular, the presence of coagulopathy
does not bode well for the ICH patient. The use of the
data mining techniques does not appreciably increase the
predictive accuracy. In other neurosurgical conditions (eg.
head injury, aneurysmal subarachnoid hemorrhage and
arteriovenous malformations), well-defined grading scales
exist. ICH however suffers from a lack of a widely used
grading system. A consistent grading system will allow for
accurate prognostication, treatment selection and improve
the consistency of communication between treating physi-
cians. This will allow for a good framework in which clinical
decisions are made. With increasing computer sophistica-
tion, the use of advanced statistical modeling methods does
not necessarily mandate excessive time commitment. In the
near future, grading scales will inevitably be modified to
include proteomic and genetic biomarkers to hopefully
improve predictive accuracy.
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Ischemic events after carotid interventions in relationship
to baseline cerebrovascular reactivity

George K.-C. Wong & Stephanie C.-P. Ng &

Matthew T.-V. Chan & David T.-F. Sun &

Winnie W.-M. Lam & Joseph M.-K. Lam & Wai S. Poon

Abstract
Background We aimed to investigate whether baseline
cerebrovascular reactivity could predict subsequent ische-
mic event after intervention and identify the patient group
for more aggressive medical and interventional manage-
ment paradigms.
Methods Patients with more than 70% cervical carotid
stenosis (from ultrasonography) were reviewed. Patients,
who had baseline cerebrovascular reactivity test before
intervention and had either carotid endarterectomy (CEA)
or carotid angioplasty and stenting (CAS) performed, were
recruited for analysis. Transcranial Doppler ultrasonogra-
phy was used to examine the reactivity of the middle
cerebral artery in response to 5% carbon dioxide in oxygen.
The mean follow up period was 66 months.
Findings Twenty-six patients had symptomatic carotid ste-
nosis and ten patients had asymptomatic carotid stenosis.
There were four subsequent ischemic events during follow up.

None of the nine patients with impaired baseline ipsilateral
cerebrovascular reactivity had subsequent ischemic event.
Conclusions In this current study, impaired baseline cere-
brovascular reactivity did not predict the subsequent stroke
risk after carotid intervention. Cerebrovascular reactivity
testing may not serve as an indicator for aggressive medical
and surgical treatments.

Keywords Carotid stenosis . Cerebrovascular reactivity .

Stroke . Carotid endarterectomy

Introduction

The benefits of carotid endarterectomy (CEA) for symptom-
atic severe cervical carotid stenosis have been clearly
established from the results of 3 major prospective random-
ized trials: the NASCET, the European Carotid Surgery Trial
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(ECST), and the Veterans Affair Cooperative Study Program
[1–5]. In patients at high surgical risk, endovascular
treatment with angioplasty and stenting was utilized with
similar benefits. Among symptomatic patients with TIAs or
minor strokes and high-grade carotid stenosis, the trials
showed an absolute risk reduction with carotid endarterecto-
my, in the magnitude of 17% stroke risk reduction in 2 years.
Nevertheless, the figures implied that there still exists a
recurrent stroke risk in this group of patients (9% in 2 years).

We aimed to explore whether impaired baseline cerebro-
vascular reactivity would also predict the subsequent stroke
risk after carotid intervention and identify the patient group
for more aggressive medical and interventional manage-
ment paradigms.

Patients and method

Patients with more than 70% cervical carotid stenosis (from
ultrasonography) were reviewed. Patients, who had baseline
cerebrovascular reactivity test before intervention and had
either carotid endarterectomy (CEA) or carotid angioplasty
and stenting (CAS) performed, were recruited for analysis.
Transcranial Doppler ultrasonography via transtemporal
route was used to examine the reactivity of the middle
cerebral artery (MCA) to 5% carbon dioxide in oxygen.
Normal cerebrovascular reactivity was defined by >1%
increase per unit change in end-tidal CO2 in ipsilateral
middle cerebral artery velocity in response to 5% carbon
dioxide in oxygen. Statistical analysis was carried out with
SPSS Version 14.0. Data were given as means and standard
deviations (SD). X2 test or Fisher exact test was applied to
univariate dichotomous variables. A 2-tailed value of P<
0.05 was considered statistically significant.

Results

The male to female ratio was 7:2. Age was 66.3 +/−9.0
(mean+/−SD) years, ranging from 41 years to 88 years.
58% of patients had hypertension. 25% of patients had
diabetes. 25% of patients had hyperlipidemia. 47% of
patients had cardiac disease including ischemic heart
disease or atrial fibrillation. 11% patients had history of
radiotherapy treatment for nasopharyngiocarcinoma. 22%
of patients had history of smoking. 42% of patients had
associated contralateral carotid stenosis.

Thirty six patients had either carotid endarterectomy
(CEA) or carotid angioplasty and stenting (CAS) performed
and were recruited for analysis. Twenty nine patients had
carotid endartectomy done and seven patients had carotid
angioplasty and stenting done. Follow up period was
66.3 +/−21.6 (mean +/−SD) months, ranged from 1 to
96 months. With the exception of one early mortality case

from laryngectomy one month after carotid endarterectomy,
all patients had a follow up period more than 24 months.
None of the nine patients with impaired baseline ipsilateral
cerebrovascular reactivity had a subsequent ischemic event.
There was no statistical relationship between impaired
baseline cerebraovascular reactivity and subsequent ische-
mic stroke event after carotid intervention (P=0.55).

Discussion

Identification of the high risk group for subsequent stroke after
intervention for carotid stenosis may help to select target for
future trials of more aggressive medical treatment or even
simultaneous interventional treatment for any concomitant
intracranial stenoses. We thus explored the possibility of
baseline cerebrovascular reactivity may be a predictive factor.
In this study, impaired ipsilateral cerebrovascular reactivity
before carotid intervention was not indicative of subsequent
ischemic event. Further stroke risk seems to have different
mechanisms other than hemodynamic compromise in this
group of patients. Small vessel disease and emboli may be
some of the possible mechanisms involved for subsequent
ischemic event after carotid interventions (CEA and CAS).

Conclusion

Impaired baseline cerebrovascular reactivity did not predict
the subsequent stroke risk after carotid intervention.
Cerebrovascular reactivity testing may not serve as an
indicator for aggressive medical and surgical treatments.
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Effect of increased intracranial pressure on cerebral
vasospasm in SAH

Krissanee Karnchanapandh

Abstract
Introduction Increased ICP is common and might precipi-
tate cerebral vasospasm (VSP)-induced ischemic events in
aneurysmal SAH (ASAH).Our objective was to determine
if there is an association between increased ICP and
transcranial colour coded Doppler-angiographic VSP
(TCCD-A VSP) in relation to delayed neurological deficit
(DND) and poor outcome.
Methods A retrospective study was undertaken in 30
patients who were status-post clipping of a ruptured
anterior circulation aneurysm causing subarachnoid hemor-
rhage. ICP monitoring, post-operative MCA/A1 flow
velocity measurements, and post-operative angiography
were evaluated, with clinical follow up for at least 3 months.
Statistical testing was done using a Chi- square analysis
between ICP>=30 mmHg, CPP<=70 mmHg, TCCD-A
VSP and DND and poor outcome.
Findings Mean ICP was 34.2 mmHg and mean CPP was
71.3 mmHg. ICP>=30 mmHg occurred in 56.7%. of
patients and CPP<=70 mmHg occurred in 36.7%. TCCD-
A VSP, DND and poor outcome occurred in 56.7%, 60%
and 33% of patients respectively. Overall ICP>=30 mmHg
was significantly related to TCCD-A VSP (p value=0.046)
but not with DND or poor outcome. CPP<=70 mmHg had
no significant relationship with TCCD-A VSP, DND or
poor outcome. TCCD-A VSP was significantly related to
DND (p value=0.00018) but not to poor outcome. The
combination of TCCD-A VSP and ICP>=30 mmHg was

significantly related to poor outcome (p value=0.015), but
the combination of TCCD-A VSP with CPP<=70 mmHg
was not.
Conclusions Increased ICP, not decreased CPP, was related
to VSP. The combination of TCCD-A VSP and increased
ICP was predictive of poor outcome. Management of acute
ASAH should include reduction of increased ICP especially
when there is concomitant TCCD-A VSP.

Keywords ICP. CPP. vasospasm . SAH

Introduction

Excluding aneurysmal rupture and rebleeding, cerebral
vasospasm (VSP) is a leading cause of unfavorable
outcome in aneurysmal SAH (ASAH). [5, 11, 12, 15]
Vasospasm does not always result in development of a
neurological deficit. Factors other than VSP itself such as
increased ICP or decreased CPP might also precipitate an
ischemic event. The objective of this study was to
determine if there is an association between increased ICP,
decreased CPP, and VSP in relation to delayed neurological
deficit (DND) and poor outcome.

Methods

A retrospective study was performed involving 30 patients
with SAH status-post clipping of a ruptured anterior
circulation aneurysm at Rajavithi Hospital during 1995–
1997. Hunt and Hess [8] scores ranged from 2 to 4. All
patients underwent aneurysm clipping within 7 days of
rupture, post-operative ICP monitoring, post- operative
transcranial Doppler ultrasound MCA (middle cerebral
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artery)/A1 (anterior cerebral artery) flow velocity measure-
ments, post-operative 4 vessel cerebral angiographay, and
post-operative CT scanning. Clinical follow up was for at
least 3 months. Continuous ICP monitoring was performed
using a subdural fiberoptic monitor (Camino) inserted
during dural closure after aneurysm clipping. Significantly
increased ICP was defined as an ICP>=30 mmHg for more
than 15 minutes. Measures used to reduce elevated ICP
included spinal drainage, ventricular drainage, mannitol/
glycerosteril infusion, and right/left wide craniectomy
decompression. MCA/A1 flow velocity (MCA/A1 FV)
measurement was performed bilaterally intermittently using
transcranial colour coded Doppler ultrasonography (TCCD)
with a 2 MHz handheld probe (Acuson) via the trans-
temporal window ipsilateral to the craniotomy. VSP was
defined by TCCD if MCA/A1 mean FV>=120 cm/s [1]
and 4 vessel cerebral angiography demonstrated severe
narrowing of the insonated artery. Management for vaso-
spasm included hypervolemic-hypertensive-hemodilution
and nimodipine infusion. Delayed neurological deficit
(DND) was defined as a new neurological deficit occurring
after admission. An irreversible neurological deficit (IRND)
and ultimate clinical outcome was determined 3 months
after aneurysm rupture. Outcome was assessed using the
National Institutes of Health Stroke Scale (NIHSS) [2] with
a good outcome defined as no neurological deficit (NIHSS
=0), a fair outcome defined as a minor IRND resulting in
an NIHSS=1–7, and poor outcome defined as a major
IRND resulting in an NIHSS>7 or death. Chi- square
testing was performed to assess the relationship between
ICP>=30 mmHg, CPP<=70 mmHg, TCCD-AVSP, DND,
IRND and poor outcome. Statistical significance was
defined as a p value<=0.05.

Results

Ages ranged from 32–75 with a mean age of 49.6 years. 14
cases (46.6%) involved anterior communicating aneurysms,
8 cases (26.6%) involved MCA aneurysms, 6 cases (20%)
were of posterior communicating artery aneurysms, and 2
cases (6.7%) involved ventral internal carotid artery
aneurysms. Two patients (6.7%) had a Hunt and Hess [8]
(H/H) score of 2, 19 patients (63.3%) were H/H 3, and 9
patients (30%) were H/H 4. According to Fisher’s grouping
(F) [4], 4 cases (13.3%) were F 2, 18 cases (60%) were F 3,
8 cases (26.6%) were F 4. Mean interval time from most
recent hemorrhage to clipping was 3.8 days. Of 30 total
patients, 30% had spinal drainage, 33% had ventricular
drainage, 50% developed cerebral edema and none had
recurrent intracranial hemorrhage on post-operative CT-scan.

ICP, CPP and TCCD-A VSP/DND, IRND and outcome

Mean duration of ICP monitoring was 8 days. Mean ICP
and mean CPP were 34.2 and 71.3 mmHg respectively. 17
patients (56.7%) developed ICP>=30 mmHg and 10
(33.3%) had ICP>=40 mmHg. 11 patients (36.7%) had
CPP<=70 mmHg with 5 (16.7%) having CPP<=60 mmHg.
TCCD-A VSP was able to be performed in 17 patients
(56.7%). The incidence of TCCD-A VSP in patients with
ICP>=30, ICP>=40, CPP<=70 and CPP<=60 mmHg
was 41.2%, 60%, 54.5% and 40% respectively. ICP, CPP
and TCCD-A VSP according to Fisher’s Grouping [4] are
summarized in Table 1. 18 patients (60%) developed DND.
Nine (30%) had IRND. The incidence of DND relative to
Fisher group was F 2 (0%), F 3 (72.3%,n=13), and F 4

Table 1 ICP, CPP, TCCD-A VSP and Fisher’s grouping

Fisher’s grouping n mean ICP ICP>=30 mean CPP CPP<=70 TCCD-A VSP

F2 4 28 2 (50%) 71 1 (25%) 1 (25%)
F3 18 39.3 12 (66.7%) 69.2 7 (38.8%) 12 (66.7%)
F4 8 27.6 3 (37.5%) 87.3 3 (37.5%) 4 (50%)

Table 2 ICP, CPP,TCCD-A VSP and DND, IRND, poor outcome

ICP,CPP,TCCD-A VSP n DND IRND Poor outcome

ICP>=30 17 10 (58%) 6 (35%) 7 (41%)
CPP<=70 11 7 (63%) 3 (27%) 3 (27%)
ICP>=30+CPP<=70 7 4 (57%) 2 (28%) 2 (28%)
TCCD-A VSP 17 15 (88%) 7 (41%) 8 (47%)
ICP>=30+TCCD-A VSP 7 7 (100%) 4 (57%) 5 (71%)
CPP<=70+TCCD-A VSP 6 6 (100%) 2 (33%) 2 (33%)
ICP>=30+CPP<=70+TCCD-A VSP 3 3 (100%) 1 (33%) 1 (33%)
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(62.5%, n=5). The incidence of IRND relative to Fisher
group was F 2 (0%), F3 (38.8%,n=7), and F4 (25%,n=2).
Ninteen patients (63.3%) achieved a good outcome and
poor outcome occurred in 10 patients (33%). Poor outcome
relative to Fisher grouping was F2 (25%, n=1), F3 (44.4%,
n=8), and F4 (12.5%, n=1). DND, IRND and poor
outcome according to various combinations of ICP, CPP
and TCCD-A VSP are summarized in Table 2.

Statistical analysis

ICP>=30 mmHg was significantly related with TCCD-A
VSP (p value=0.046) but not with DND (p=0.59), IRND
(p=0.38), or poor outcome (p=0.26). CPP<=70 mmHg
had no significant relationship with TCCD-A VSP, DND,
IRND, or poor outcome (p values=0.579, 0.533, 0.571,
0.431). TCCD-A VSP was strongly related to DND (p
value=0.00018) but not with IRND (p=0.12), or poor
outcome (p=0.06). The presence of both TCCD-AVSP and
ICP>=30 mmHg together was related to poor outcome (p
value=0.015) but the presence of both TCCD-A VSP and
CPP<=70 mmHg together was not (p value=0.69).

Discussion

In the study, TCCD-A VSP and increased ICP were both
most common in patients with Fisher Group 3 subarachnoid
hemorrhage on CT [4]. Increased ICP (as defined in this
study) was statistically significantly related to TCCD-A
VSP. An association between increased ICP and VSP in
acute aneurysmal SAH has been considered previously in
other studies [3, 7, 11, 14, 16, 17]. Increased ICP might
result from TCCD-VSP when arterial narrowing results in
ischemic cerebral edema [16] or might represent the
increased cerebral blood volume associated with distal
dilatation of intraparenchymal vessels accompanying the
proximal VSP.[6] Hayashi et al. found that the initial
increased ICP was follow by depression of ICP and that the
initial increase was concomitant with the beginning of
arterial spasm while the secondary rise of ICP thereafter
was likely due to ischemic cerebral edema. [7] Thus, the
pathophysiology of increased ICP in conjunction with
TCCD-AVSP in SAH may consist of multiple mechanisms
at different time points in the disease course. In this study,
DND was strongly associated with TCCD-A VSP but
neither TCCD-A VSP nor increased ICP and/or decreased
CPP were significantly associated with poor outcome.
Jakuboski et al. were unable to demonstrate any relation-
ship among ICP, CPP or MAP and neurological outcome in
ASAH. [9] It is possible that ICP>=30 mmHg is not high
enough and CPP<=70 mmHg is not low enough to effect
outcome. Siessjo and Zwetnow demonstrated that increased

ICP did not disturb oxidative metabolism of brain tissue
until CPP decreased to about 30 mmHg. [13] In our study,
the combination of TCCD-A VSP and increased ICP was
significantly related to poor outcome while the combination
of TCCD-A VSP and decreased CPP was not. Thus, the
mechanism by which increased ICP interacts with TCCD-A
VSP and outcome may not be through decreased CPP.
Farrar studied the role of ICP in cerebral arterial spasm by
using isolated rabbit carotid and femoral arteries perfused at
a constant pressure to examine the variation of flow with
transmural pressure and demonstrated that in the presence
of active vasoconstriction any increase in extraluminal
pressure or ICP resulted in increase in arterial resistance.
This suggested that chronic arterial spasm is the result of
mild constriction amplified by the simultaneous occurrence
of increased ICP. [3] This might explain a positive
correlation between increased ICP and TCCD-A VSP and
a positive correlation between TCCD-A VSP with simulta-
neous increased ICP and poor outcome in our study.

Conclusion

Increased ICP, but not decreased CPP (as defined in this
study), is related to post-SAH vasospasm. While DND is
related principally to VSP, poor outcome is associated with
the presence of both TCCD-A VSP and increased ICP
occurring in combination. This suggests that the manage-
ment of ASAH should include reduction of elevated ICP,
especially when there is concomitant TCCD-A VSP.
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Cerebral blood flow thresholds predicting
new hypoattenuation areas due to macrovascular ischemia
during the acute phase of severe and complicated
aneurysmal subarachnoid hemorrhage. A preliminary study

A. Chieregato & A. Tanfani & A. Noto & S. Fronza &

F. Cocciolo & E. Fainardi

Summary
Background Focal ischemia may affect patients with aneu-
rysmal subarachnoid hemorrhage (SAH), and the potential
evolution of cerebral infarction may greatly influence the
patients’ outcome. The aim of the study was to assess the
values of regional cortical cerebral blood flow (rCBF) thresh-
olds predictive for ischemia during the acute phase of SAH.
Methods In 34 patients affected by poor grade or compli-
cated SAH, 52 pairs of Xenon-CT (Xe-CT) studies of
regional CBF were analyzed, in which the follow-up Xe-
CT study was obtained no later than 72 hours after the
baseline study. Corresponding cortical ROIs were placed in
the perimeter of the cortex on both the Xe-CT studies. A

blinded, experienced neuroradiologist classified for each
ROI, the development of a new hypoattenuation at the
unenhanced CT images included in the follow-up Xe-CT,
while another independent investigator collected rCBF
levels of the ROI in the baseline Xe-CT study.
Findings New hypoattenuation developed in 3.94% of the
ROIs in the paired follow-up Xe-CT studies, and these
evolving ROIs were associated with a lower rCBF in
baseline Xe-CT. However, the positive predictive value of
rCBF levels for the development of new hypoattenuation
was only moderately predictive (28.3%) for very low
physiological values (5 ml/100gr/min).
Conclusions The results suggest that there is no absolute
rCBF threshold of ischemia in severe and complicated SAH
patients and that the rCBF values are only moderately
predictive at levels lower than previously described.

Keywords Cerebral blood flow . Intracranial pressure .

Ischemia . Physiological thresholds .

Subarachnoid hemorrhage

Introduction

The principal aims in the management of patients with
aneurysmal subarachnoid hemorrhage (SAH) are the pre-
vention of rebleeding by clipping or coiling of the
aneurysm and the avoidance of secondary ischemic
complications. In the physiopathology of large vessel
hypoperfusion, a reduction in regional cerebral blood flow
(rCBF) clearly has a relevant role. This concept has been
thoroughly explored in experimental and clinical studies of
acute ischemic stroke where physiological thresholds of
CBF for the development of irreversible tissue damage [6],
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and for the penumbra, have been defined. However, the
applicability of thresholds for tissue damage derived from
stroke studies to patients with SAH is questionable. In fact,
although macrovascular occlusion may result in a topo-
graphically well-defined ischemic core surrounded by an
area of penumbra in both SAH and ischemic stroke, the
exact timing of hypoperfusion development may be
difficult to establish in SAH due to the already compro-
mised clinical conditions of these patients and the more
progressive evolution of ischemic abnormalities, at least in
the case of vasospasm. In addition, ischemia related to SAH
can be promoted by different mechanisms, which may
sometimes simultaneously coexist. Furthermore, the
changes in metabolism following SAH have not yet been
elucidated. Cerebral metabolism is commonly reduced after
SAH [1], even in good grade patients, most likely as a
result of the effects of initial bleeding. Consequently, as in
SAH low CBF may be associated to preserved flow–
metabolism coupling, CBF thresholds for tissue survival
might be expected to be lower than in stroke. The effects of
deep sedation on CBF in patients with poor grade or
complicated SAH with elevation of intracranial pressure
could contribute to a further reduction in ischemic thresh-
olds, as in Traumatic Brain Injury (TBI) [3, 5]. Notwith-
standing these limitations, SAH and acute stroke could
share some of the mechanisms leading to the formation of
ischemia in major vascular territories. In this context,
Xenon-CT (Xe-CT) has proven to be a powerful imaging
modality to quantitatively identify cerebral hemodynamic
disturbances occurring in patients with SAH [9] providing
evidence that thresholds for irreversible ischemia and
penumbra can be employed in SAH setting. However, the
ability of Xe-CT technology to detect new ischemic lesions
during SAH monitoring is, in severely compromised
patients, hampered by the fact that a reliable neurological
examination cannot be performed, as well as by the
confounding effects of sedation which make the clinical
suspicion of major changes in rCBF less probable. The aim
of this study was to determine, in the acute phase after
SAH, physiological thresholds for the development of
cortical tissue damage occurring in territories of major
cerebral vessels according to a methodology previously
proposed in stroke [6] and TBI [3], by using positron
emission tomography (PET). To achieve these objectives, in
patients with poor grade or complicated SAH during the
acute phase, the occurrence of any new region of hypoatten-
uation, considered suggestive of the development of a new
ischemic area, was evaluated in pairs of two consecutive
Xe-CT studies, separated by a time interval of no more than
72 hours. The analysis consisted in the calculation of the
probability of cortical rCBF to predict the evolution in
hypoattenuation of the corresponding cortical area at the
unenhanced CT images included in the follow-up Xe-CT.

Material and methods

Patient inclusion and general management

From a case material of 362 Xenon-CT (Xe-CT) studies
performed in 159 patients with SAH from January 2000 to
February 2007, we selected patients having at least
2 studies with a time delay of no longer than 72 hours
between them. Of these, the initial scan was considered as
the baseline Xe-CT study, whereas the subsequent scan was
classified as the follow-up Xe-CT study. The time window
interval was selected as being adequate to allow a critical
perfusion level to induce a consistent water accumulation
due to cytotoxic edema valuable by means of the
unenhanced CT images included in the follow-up Xe-CT.
Each study was analyzed for artifacts and for the overlap in
the positioning, angle of the CT, scans and parameters used.
According to this criteria, the final case mix for the analysis
was consistent with 90 Xe-CT studies, 52 pairs of Xe-CT
studies from 34 patients with SAH. For the patients who
were critical at entry, the management involved sedation
and ventilation, the placement of an intraventricular
catheter to measure ICP and to treat acute hydrocephalus.
Shortly afterwards, patients underwent angiography to
detect aneurysms and to evaluate whether embolization or
surgery was appropriate. A staircase treatment protocol was
applied to maintain ICP below 20–25 mmHg and a cerebral
perfusion pressure (CPP) around 70 mmHg as previously
described [2]. The protocol widely applied deep sedation
with benzodiazepine, plus fentanyl, and, if needed, meta-
bolic suppression with propofol or barbiturate was applied
to control elevated ICP or to protect the brain from risk
factors for ischemia.

Xe-CT measurement and CBF analysis

Xe-CT studies were planned to help clinical management in
the following cases to verify: 1) the presence of reduced
rCBF levels, potentially due to vasospasm, or increased
rCBF values due to hyperemia when a routinely measured
transcranial doppler showed elevated or a progressive
increase in flow velocity values after repeated measure-
ments. In the case of suspected vasospasm, Xe-CT
examination was followed by diagnostic angiography; 2)
the time course of areas with critical rCBF values, when a
previous Xe-CT revealed an unexplained rCBF asymmetry
between the two middle cerebral artery territories; 3) the
effect of sedation on CBF levels or the presence of
hyperemia as a potential cause of elevated ICP, in the
setting of refractory ICP elevation; 4) the adequacy of CPP;
5) the viability of previously identified low density areas; 6)
the rCBF in vascular territories when the surgeon or the
neuroradiologist suggested a possible vascular occlusion.
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CBF studies were conducted using a CT scanner equipped
for Xe-CT CBF imaging (Xe-CT system-2TM, Diversified
Diagnostic Products, Inc., Houston, TX). According to
Pindzola and Yonas [8], wash–in protocol was performed
using four contiguous 10-mm axial sections separated by
20-mm intervals, located on the cerebral hemispheres, with
the head aligned along the orbitomeatal plane. Two baseline
scans separated by a time interval of 30 seconds were
obtained at each of the four chosen levels. After a delay of
33 seconds and during approximately 4.5 minutes, six
additional Xe-CT scans were obtained at each level while
the patient inhaled a mixture of 28% Xenon, 40% Oxygen
and 32% room air. The comparability of the values obtained
by our Xe-CT apparatus (from site to site and from scanner
manufacturer to manufacturer) was made possible by
testing with phantom values. In each of the four selected
Xe-CT levels, rCBF was by dedicated software (Xe-CT
System Version 1.0 w ©, 1998, Diversified Diagnostic
Products, Inc, Houston, TX), expressed in ml/100 gr/min.
In each of the four slices, multiple circular regions of
interest (ROIs), with size comprised between 250 and
300 mm2, were placed along the whole perimeter of the
cortex of both cerebral hemispheres, excluding the sub-
tentorial regions and the skull base. In each Xe-CT study,
the ROI was located symmetrically in both cerebral hemi-
spheres without any overlap and the number of cortical
ROIs obtained per patient was, on average, 63.2 (SD 4.6).
In both baseline and follow-up Xe-CT images, on each of
the 4 slices, cortical ROIs were placed in the same
corresponding order and matched by one of the authors
(AT). The ROIs affected by artifacts potentially influencing
rCBF measurements, were excluded from the analysis in
both baseline Xe-CT and follow-up Xe-CT studies. The
artifacts considered were: altered confidence values on Xe-
CT software analysis, the presence of ICP catheter or air
within a cortical ROI, the proximity of a cortical ROI with
the bone (especially in the basal frontal lobe ROIs), or
metal devices positioned inside (clip or coiling) or outside
(on the scalp) the brain. The ROIs including hyperinten-
sities or mixed densities and those which were already
completely hypoattenuated in the baseline Xe-CT were also
excluded. The ROIs initially analyzed were 5694, but after
the aforementioned criteria of exclusion, the ROIs eligible
for the study became 4886, consistent with 2795 pairs of
ROIs. Parenchymal hypoattenuation on the CT scans
associated to corresponding Xe-CT maps was defined as a
visually well-recognized cerebral region of abnormally
increased radiolucency relative to other parts of the same
structure, or to its contralateral counterpart by an experi-
enced neuroradiologist (EF). In each ROI examined, the
appearance in the follow-up study of a new low density
area, or an expansion of a low density area previously
identified in the baseline study, was considered as a new

hypoattenuation. As a consequence, ROIs characterized by
the presence of a new hypoattenuation were categorized as
evolving, whereas those in which any new hypoattenuation
occurred were judged as non-evolving. The location, the
shape of hypoattenuation at CT, as well as surgical and
neuroadiological and clinical information, were used to
distinguish between new hypoattenuation due to macro-
vessels hypoperfusion and those related to post-surgical or
perilesional focal edema. Based on multiple clinical data,
the hypoattenuation due to impairment of large vessels was
classified as due to macrovessel occlusion or stenosis
(caused by inadvertent post-clipping or post-coiling vascu-
lar occlusion or caused by vascular compression during
focal herniation of the brain) or due to vasospasm. In each
ROI analyzed, rCBF levels were measured in both baseline
and follow-up Xe-CT studies and were matched in a
dedicated data base with corresponding data concerning
ROI evolution (the development or not of new hypoatte-
nuated lesions). For the calculation of the prediction
probability for a new hypoattenuation, the match was
settled between the rCBF in the baseline Xe-CT and the
outcome measure in term of parenchimal hypoattenuation
measured in the unenhanced CT images included in the
follow-up Xe-CT.

Statistical analysis

Descriptive statistics was based on the comparison between
evolving and non evolving ROIs. In this way, rCBF, area in
mm2, and Hounsfield units measured for each ROI
analyzed in baseline and follow-up Xe-CT studies were
compared within the same study, between two different
groups of ROIs (evolving versus non evolving), and
between two paired studies, within the same ROI. Accord-
ing to the data distribution, Mann-Whitney test (rCBF data)
and the pooled t-test (area and Hounsfield units data) were
used to compare data within the same Xe-CT study. The
variables values of each paired ROI were compared
between baseline and follow-up XeCT study with a
Wilcoxon Signed Rank test (CBF data) or a paired t-test
(area and Hounsfield unit data) (DataDesk 6.1, Ithaca, New
York USA). The predictive ability of CBF was analyzed
using the complete set rCBF levels obtained from all
evolving and non evolving ROIs in the follow-up Xe-CT
(MedCalc 9.3.0, Frank Shoonjans, Belgium). The ability of
a proposed threshold to predict eventual tissue evolution in
the acute phase after SAH was given by the positive
predictive value (PPV; the probability that a ROI with a
definite rCBF levels in baseline Xe-CT will demonstrate it
was a truly evolving ROI, with the formation of a
hypoattenuated lesion, in the follow-up Xe-CT) and
negative predictive value (NPV; the probability that a ROI
having a certain rCBF levels will become a truly non
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evolving ROI). To determine these values, the prior
likelihood of a rCBF-ROIs being evolving or non evolving
also had to be accounted for. To obtain an estimate of this
probability, we determined the proportion of evolving and
non evolving ROIs in the four follow-up Xe-CT slices for
all patients. Using Bayes’ theorem, we then determined the
PPV and NPV of every rCBF measured value.

Results

Patient characteristics

Mean age of the 34 patients included was 48.5 + 11.2 years,
and 19 (55.9%) patients were female. According to the
Hunt & Hess scale, patients with grade V and IV were 10
(29.4%), those with grade III were 15 (44.1%), whereas
those with grade II and I were 9 (26.5%). The Fisher score
was IV in 3 patients (8.8%), III in 23 patients (67.6%), II in
9 patients (23.6%). Twenty seven (79.4%) patients were
discharged alive. The most common location of the
aneurysm was the anterior communicating cerebral artery
(16 patients, 47.1%), followed by the middle cerebral artery
(8 patients, 23.5%), carotid artery (4 patients, 11.8%),
posterior communicating cerebral artery (4 patients,
11.8%), anterior cerebral artery (1 patient, 2.9%) and
corioid artery (1 patient, 2.9%). Twenty three (67.6%)
patients underwent clipping, 9 patients (26.5%) coiling
while, in 2 patients (5.9%) the aneurysm was not treated
due to the extreme degree of the patient severity.

Characteristics of the Xe-CT studies

At least one paired study was analyzed per patient (22
patients, 64.7%), but multiple measurements were taken in
12 patients (two paired Xe-CT studies were obtained in
8 patients, 23.5%; three studies in 3 patients, 8.8%, and five
studies in 1 patient, 2.9%). The median time which elapsed
between bleeding and the Xe-CT study was, respectively, 93
hours (interquartile range, IQR 103) for baseline Xe-CTstudies
and 146.5 hours (IQR 103) for the follow up Xe-CT study. The
median time interval between the two Xe-CT studies was
48 hours (IQR 27).

Evolving and non evolving ROIs

In the follow-up Xe-CT study, 110/2795 (3.94%) paired ROIs
were found to develop a new hypoattenuation (evolving ROI)
due to vascular causes, while in further 21 paired studies of
ROIs the new hypoattenuation was due to edema which
were not primarily due to macrovascular ischemia and so
were not considered. The ROIs due to macrovessels
hypoperfusion was located predominantly in the cortical

mantle of the middle cerebral artery (n 50, 54.6%), then of
the anterior cerebral artery (n 40, 40.9%) and of the posterior
cerebral artery (n 5, 4.5%). The causes of the hypoattenua-
tion were vasospasm in 68 ROIs (61.8%) and vascular
occlusion or stenosis in 42 (38.2%). Mean rCBF levels in the
baseline Xe-CT study were lower in evolving than in non
evolving ROIs (p≤0.0001) (Table 1). A reduction of the
mean rCBF level was observed from the baseline to the
follow-up Xe-CT in evolving ROIs (p=0.0002), but not for
non evolving ROIs (p=0.3592) (Table 1). An appreciable
reduction in mean Hounsfield units values was found from
the baseline to the follow-up Xe-CT studies in evolving
ROI (p≤0.0001), while the mean Hounsfield units values
were lower in the evolving ROIs in respect to non evolving
ROIs in the follow up Xe-CT (p≤0.0001) (Table 1).

Determination of probabilities and examination of rCBF
thresholds

Evolving ROIs comprised 3.94% of the entire ROI
population, giving estimates of prior probability of evolving
and non evolving outcome of 0.0394 and 0.9606. Figure 1
shows the PPV and NPV of evolving outcomes plotted
against cortical rCBF levels in baseline Xe-CT studies.
While the NPV was very high for all values of rCBF
variables (as would be expected since evolving ROIs
constitute only a very small proportion of the whole
cortical ROIs), the PPV increase only at extremely low
values of the physiological range of rCBF. Thus, only at
these very low values of rCBF (5ml/100 gr/min) is there some
probability (PPV=28.3%) of a ROI becoming an evolving
ROI with a new hypoattenuation. Looking to the slop of PPV
(Fig. 1), it can be observed that below 20 ml/100 gr/min,
PPV progressively increases. However, due to its very low
PPV (6.6%), the threshold of 20 ml/100 gr/min seems to be
of questionable utility in clinical judgment.

Discussion

The present study suggests that in deeply sedated patients
with poor grade or complicated SAH, when a perfusion
study is planned for various clinical reasons, and not
specifically to detect ischemia due to macrovessel hypo-
perfusion, the prevalence of new cortical hypoattenuation is
rare. Our results also seem to indicate that no absolute rCBF
threshold of ischemia can been found in severe and
complicated SAH patients and that the rCBF values
moderately predict new ischemic cortical lesions. The levels
of rCBF associated with more probability to new hypoatten-
uation seems to be lower than previously suggested [9].

There are several reasons which can explain the
moderate prediction of rCBF for ischemia, as defined by
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standard CT criteria. First, an efficient threshold value for
irreversible neuronal damage in SAH patients studied with
Xe-CT was described in 1990 by Yonas and coworkers [9]
who selected patients with clinical vasospasm. Therefore,
the a priori probability of developing a new ischemic
lesion, as well as the disease prevalence, was more
consistent in comparison to our study. It is intuitive to
consider that the rarer the disease is, that we want to
diagnose, the less likely we are to reach a correct diagnosis.
The low prevalence detected for new ischaemic lesions in
our investigation may also be the consequence of the
different clinical indications used to schedule Xe-CT
studies which were performed either to improve the
diagnosis when risk of ischemia was considered high, or
even just simply to monitor patient conditions. In the latter
case, the rate of new hypoattenuated lesions observed in
follow up studies was potentially low, thus reducing the
prevalence of evolving ROIs and, consequently, the PPV.
Second, although CT is currently considered to be a
sensitive and practical imaging method in detecting

ischemic lesions, it is widely accepted that its ability to
demonstrate the presence of ischemic penumbra is limited
and less consistent compared to functional imaging [7].
Therefore, since, in this study the definition of evolving
ROI was based on CT criteria represented by the occurrence
of a new hypoattenuation in follow up studies, our
probability of losing the effect of more subtle degrees of
ischemia was high. In order to overcome this shortcoming
future studies matching quantitative measurement of CBF
and cytotoxic edema by means of diffusion Magnetic
Resonance Imaging would be useful. Third, the deep
sedation applied may alter the ratio between CBF and
ischemia by affecting CMRO2. The case mix selected in the
present study was probably consistent with the most severe
patients in whom the clinical history was complicated and a
specialist medical treatment of intracranial hypertension
was performed [2]. Consequently, the thresholds for
ischemia could be lowered by sedation which is known to
reduce CMRO2 [5]. This could explain why the thresholds
rCBF levels here found (lower than 5 ml/100 gr/min) could

Table 1 Regional cerebral blood flow (rCBF) levels, Hounsfield Units and areas (mm2) in evolving and non-evolving ROIs

ROIs n (%) Baseline
Xe-CT

follow up
Xe-CT

p* Baseline
Xe-CT

follow up
Xe-CT

p* Baseline
Xe-CT

follow up
Xe-CT

p*

rCBF (ml/100 gr/min) Hounsfield mm2

Median (IQR) Mean (SD) Mean (SD)

Non
evolving

2685 (96.06) 33 (23.8) 32.5 (24.2) 0.3592 31.6 (4.4) 31.4 (4.3) ≤0.0001 286.7 (6.0) 286.8 (5.8) 0.5962

Evolving 110 (3.94) 23.3 (21.9) 9.5 (26.2) 0.0002 32.5 (4.5) 29.4 (5.5) ≤0.0001 285.5 (6.0) 285.2 (5.8) 0.2954
p^ ≤0.0001 ≤0.0001 0.0269 ≤0.0001 0.0343 0.2804

Data from paired baseline and follow-up Xe-CT studies are shown.
* statistical comparison between paired baseline and follow-up Xe-CT ROIs variables
^ comparison between non-evolving and evolving ROIs variables.

Fig. 1 Positive predictive value
(continuous line) and negative
predictive value (dashed line)
for cerebral blood flow (CBF)
levels in the baseline Xe-CT
studies
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be well below that of 15 ml/100 gr/min suggested by Yonas
[9] who probably dealt with patients less profoundly
sedated. Furthermore, the spontaneous reduction in CMRO2

which seems to occur in SAH [1] could represent a further
explanation for our finding that only extremely low rCBF
values may be of some relevance. These converging
findings suggest that hypometabolism might be one of the
reasons explaining the low prevalence of new ischemic
lesions at follow-up Xe-CT. Fourth, the time windows
selected between the baseline and follow-up studies may be
either too wide or too narrow. In fact, a critical elusive
decline in rCBF might occur, after having already obtained
the baseline Xe-CT study, and modify the tissue density in
the remaining time elapsing before the follow-up Xe-CT
study. Conversely more subtle, prolongated or phasic
impairment of rCBF could lead to a reduction in CT
densities which become appreciable after the 72 hours
selected in this study. However, these are limitations due to
the appropiateness of the timing chosen which affect every
kind of functional imaging.

In conclusion, the current study suggests that in severe and
complicated SAH, like in severe TBI [3], there is no absolute
rCBF threshold that provides accurate prediction of the
evolution of cortical tissue in ischemia. The CBF measure-
ment alone seems not enough to predict the fate of brain
tissue appropriately, at least when the risk factors are not
clearly defined a priori to plan a Xe-CT study. Considering
the snapshot nature of Xe-CT imaging, an accurate case mix
and timing selection are most likely needed [4, 9].
Marginally, our study seems to support the concept that in
poor grade or complicated SAH patients, the range of rCBF
thresholds of ischemia might be consistently lower than
previously described, probably also as a consequence of the
deep sedation applied to control intracranial hypertension or
to reduce metabolic requirements.
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Hyperbaric oxygen preconditioning activates ribosomal
protein S6 kinases and reduces brain swelling
after intracerebral hemorrhage
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Abstract
Background New protein synthesis is key to ischemic
tolerance induced by preconditioning and ribosomal protein
S6 kinases (p70 S6 K) are important enzymes in protein
synthesis. Hyperbaric oxygen preconditioning (HBOP)
reduces ischemic brain damage. This study investigated if
HBOP can activate p70 S6 K and increase new protein
synthesis and if HBOP induces brain tolerance against brain
swelling after intracerebral hemorrhage (ICH).
Methods There were two parts of the studies. 1) Rats
received five consecutive sessions of HBOP. Twenty-four
hours after HBOP, the rats had an ICH and were sacrificed
one or three days later for brain edema measurement. 2)
Rats received five sessions of HBOP or control pretreat-
ment and were sacrificed for Western blot analysis and
immunohistochemistry of activated p70 S6 K and heme
oxygenase-1 (HO-1).
Findings Five sessions of HBOP significantly reduced
brain edema in the ipsilateral basal ganglia after ICH.
Western blot analysis showed that HBOP activated p70

S6 K and increased HO-1 levels in the basal ganglia. Strong
activated p70 S6 K immunoreactivity was also found in the
basal ganglia.
Conclusions Our results suggest activation of p70 S6 K
may have a role in heat shock protein synthesis after HBOP
and may contribute to HBOP-induced brain protection.

Keywords Hyperbaric oxygen . Preconditioning .

Cerebral hemorrhage . Heme oxygenase-1

Introduction

Intracerebral hemorrhage (ICH) is a common and often
fatal subtype of stroke and produces severe neurologic
deficits in survivors. At present, there is no effective
treatment that attenuates brain edema and improves long-
term outcome in ICH, but recent evidence indicates that
hemoglobin, hemoglobin breakdown products and an
enzyme, heme oxygenase (HO)-1, that breaks down heme
(it also called heat shock protein 32), maybe involved in
ICH-induced brain injury [12].

Brain tolerance can be achieved by many preconditioning
stimuli including a brief period of global or focal ischemia,
hypoxia, hyperthermia, cytokines and intracerebral low dose
thrombin infusion [4, 15]. Recent studies demonstrate
hyperbaric oxygen preconditioning (HBOP) can also reduce
ischemic brain damage [8]. However, it is not clear whether
or not HBOP can reduce brain injury after ICH.

Although the precise mechanisms involved in precondi-
tioning-induced brain tolerance have not been fully deter-
mined, new protein synthesis is required in delayed
neuroprotection induced by preconditioning [2]. p70 S6 K
activation is important for protein synthesis. The major
target of the activated kinase is the 40S ribosomal protein

Acta Neurochir Suppl (2008) 102: 317–320
* Springer-Verlag 2008

This study was supported by grants NS-017760, NS-039866 and NS-
047245 from the National Institutes of Health (NIH) and the Scientist
Development Grant 0435354Z from American Heart Association
(AHA). The content is solely the responsibility of the authors and does
not necessarily represent the official views of the NIH and AHA.

Z. Qin :Y. Hua :W. Liu :Y. He :R. F. Keep : J. T. Hoff :
G. Xi (*)
Department of Neurosurgery, Room 5018, BSRB,
University of Michigan,
Ann Arbor, MI 48109-2200, USA
e-mail: guohuaxi@umich.edu

R. Silbergleit
Department of Emergency Medicine, University of Michigan,
TC B1354/0303, 1500 East Medical Center Drive,
Ann Arbor, MI 48109-0303, USA



S6, a major regulator of protein synthesis [1]. In heart,
activation of ribosomal protein S6 kinases (p70 S6 K) is
essential for preconditioning-induced protection [5, 6].

This study investigated whether or not HBOP can activate
p70 S6 K, increase HO-1 synthesis, and induce brain toler-
ance against brain swelling after ICH.

Materials and methods

Experimental groups

There were two parts to the study. In the first part, male
Sprague-Dawley rats received 5 consecutive sessions of
HBOP (3 ATA, 100% oxygen, one hour daily for 5 days).
Control animals received normobaric room air. Twenty-four
hours after HBOP, the rats received an intracaudate injection
of autologous whole blood (100-μl) and were sacrificed one
or three days later for brain edema measurement. In the
second part, rats received either 5 sessions of HBOP or
control pretreatment and were sacrificed for Western blot
analysis and immunohistochemistry of activated p70 S6 K
and HO-1 24 h after the final HBOP.

Animal preparation and intracerebral infusion

The animal study protocol was approved by the University
of Michigan Committee on the Use and Care of Animals.
Male Sprague-Dawley rats (Charles River Laboratories,
Portage, MI) weighing 300 to 350 g were used in this study.
Rats were allowed free access to food and water before and
after experiment. Animals were anesthetized with intra-
peritoneal injection of pentobarbital (45 mg/kg). ICH was
induced by intracaudate injection of autologous whole
blood as previously described [13].

HBO administration

Animals in HBO treatment groups were placed in a small
rodent HBO chamber (Marine Dynamics Corp. Long
Beach, CA). HBO-treated animals were pressurized over
15 minutes to a plateau pressure of 3 ATA (Atmosphere
Absolute) with 100% oxygen supplied continuously and
maintained for 60 minutes. Decompression was then carried
out over 25–30 minutes. Control animals were also
transferred into the HBO chamber but received normobaric
room air.

Brain water content measurement

Animals were reanesthetized (pentobarbital 60 mg/kg, i.p.)
and decapitated 24 hours after ICH to measure brain water
content using wet/dry weight method as described previ-

ously [13]. Tissue water content (%) was then calculated as:
100×(Wet Weight-Dry Weight)/Wet Weight.

Western blot analysis

Western blot analysis was performed as described previ-
ously [14]. The primary antibodies were polyclonal rabbit
anti-p70 S6 K (1:1000 dilution, Cell Signaling Tech-
nology) and polyclonal rabbit anti-HO 1 (1:2000 dilution,
Cell Signaling Technology). The second antibody was
peroxidase-conjungated goat anti-rabbit (Bio-Rad, Hercu-
les, CA). The antigen-antibody complexes were demon-
strated with a chemiluminescence system (Amersham
Pharmacia) and exposed to photosensitive film (X-OMAT;
Kodak, Rochester, NY). Relative densities of the band
were analyzed using NIH Image software (version 1.62).

Immunohistochemistry

Animals were reanesthetized and perfused intracardially
with 4% paraformaldehyde in 0.1M PBS (pH 7.4).
Immunohistochemistry was performed using the avidin-
biotin complex technique as previously described [11]. The
primary antibodies were polyclonal rabbit anti-p70 S6 K
and polyclonal rabbit anti-HO 1 (1:400 dilution, Cell
Signaling Technology). The second antibody was goat anti-
rabbit immunoglobulin G (1:500 dilution, Vector Laborato-
ries). Normal rabbit immunoglobulin G (Vector Laboratories)
was used as a negative control.

Statistical analysis

Data are expressed as mean ± standard deviation (S.D.).
Statistical significance was analyzed by two-tailed Student
t test. Probability value of p<0.05was considered statistically
significant.

Results

All physiological variables, including mean blood pressure,
blood gases, hematocrit, and blood glucose level were
controlled within normal ranges.

The effects of HBOP on ICH-induced brain swelling
were examined. Five sessions of HBOP reduced brain
water content in the ipsilateral basal ganglia (79.5±0.9%
vs. 81.2±1.1% in the control group, n=9–10, p<0.01) one
day after ICH. HBOP also attenuated perihematomal edema
(81.3±1.4% vs. 82.8±1.1% in controls,n=6, p<0.05) at 72
hours after ICH. HBOP did not affect brain water content in
the contralateral hemisphere or cerebellum.

Western blot analysis showed an increase of activated
p70 S6 K protein levels in the basal ganglia after five
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sessions of HBOP (e.g. 85 kDa subunit: 3814±1311 vs.
1273±526 pixels in controls, p<0.05, Fig. 1a). Immuno-
histochemistry also demonstrated a few activated p70 S6 K
positive cells in the basal ganglia and p70 S6 K immuno-
reactivity was increased after HBOP (Fig. 1b). To examine
whether or not HBOP increased the synthesis of new
proteins, we measured brain HO-1 levels. HBOP increased
HO-1 protein levels (2590±724 vs. 834±549 pixels in
controls, p<0.05, Fig. 2).

Discussion

HBOP-induced ischemic tolerance was firstly reported in
gerbils [10]. It has been reported that HBOP rather than
simple hyperbaricity induces ischemic tolerance [3].
HBOP-induced ischemic tolerance may be strain dependent
since HBOP can induce ischemic tolerance in SV129 mice
but not in C57BL/6 mice [8]. In the present study, we

demonstrate HBOP-induced tolerance against hemorrhagic
brain damage.

Ischemic preconditioning studies have been an excellent
method for elucidating neuroprotective mechanisms, but the
potential medical importance of this phenomenon has been
questioned. A major advantage of HBOP compared to other
preconditioning agents is that it is noninvasive and currently
available for use in patients. Neurosurgical procedures may
result in edema, hemorrhage and/or ischemia. Therefore, it is
important to develop a safe way to precondition brain before
surgery. HBOP may be such a pretreatment.

Protein synthesis is a major component of preconditioning
in the brain and the requirement for synthesis underlies the
delay that is required between the preconditioning stimulus
and the injury-inducing event for protection to occur [2].
Here we showed that p70 S6 K, which may have a key role
in protein synthesis, are activated by HBOP. The major
target of the activated p70 S6 K is the 40S ribosomal protein
S6, a major regulator of protein synthesis [1]. In heart, there
is evidence that activation of p70 S6 K is crucial for pre-
conditioning [5, 6].

HO-1 degrades heme into iron, carbon monoxide and
biliverdin. Upregulation of brain HO-1 levels by HBOP may
be neuroprotective. Studies suggest that HO-1 is involved in
cytoprotection from different kinds of injuries [9], although
HO-1 upregulation may also induce brain injury by increasing
cellular iron content [7].

In summary, HBOP activates p70 S6 K, causes HO-1 up-
regulation, and induces brain tolerance against brain swelling
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Fig. 2 Western blot analysis showing HO-1 levels in the basal
ganglia. Lanes 1–3: control; Lanes 4–6: HBOP. Values are mean ±
S.D., *p<0.05 vs. control
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Fig. 1 Activated p70 S6 K levels in the brain after HBOP. (a)
Western blots showing an increase of activated p70 S6 K in the basal
ganglia (control, lanes 1–3;HBOP, lanes 4–6). Values are mean ± S.D.,
*p<0.05 vs. control. (b & c) Immunoreactivity of activated p70 S6 K
in the basal ganglia 24 hours after HBOP (B: control, C: HBOP).
Arrow heads indicate positive cells. Scale bar=50 μm
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after ICH. Pretreatment with hyperbaric oxygen might be
beneficial for patients undergoing neurosurgical operations.
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Stroke with subarachnoid hemorrhage: assessment
of cerebrovascular pressure regulation and simulated
cerebrovascular resistance

Michael L. Daley & Nithya Narayanan &

Charles W. Leffler & Per Kristian Eide

Abstract
Background Monitoring methods designed to assess cere-
brovascular regulation and increased cerebrovascular resis-
tance (CVR) of patients with subarachnoid hemorrhage
(SAH) would facilitate therapeutic intervention and poten-
tially reduce secondary complications. The aim of this
study was to assess changes of cerebrovascular regulation
and CVR by evaluating changes of cerebrovascular
pressure transmission in patients with SAH.
Methods Admission Hunt-Hess grades, Fisher scores,
Glasgow Outcome Scores (GOS) at 6 months, and pressure
recordings were obtained from 20 patients. Biomechanical
models of cerebrovascular pressure transmission were
constructed over one-minute intervals for the initial and
final two hours of post-hemorrhage monitoring.
Findings Classified according to the GOS score at
6 months, eight patients died (GOS 1), five were severely
disabled (GOS 3), and seven patients were moderately
disabled (GOS 4). During the initial monitoring period
100%, 80%, and 28.6% of groups with GOS 1, 3, and 4
demonstrated impairment of cerebrovascular regulation;
whereas, in the final monitoring period 100%, 100%, and

14.3% respectively demonstrated impairment. Between
monitoring periods, simulated CVR (sCVR) significantly
increased (p<0.001) for patients with GOS 1 and 3 and
decreased for those with GOS 4 with mean resistance for
the latter group significantly lower (p<0.001) than other
means.
Conclusions Loss of cerebrovascular regulation and
increased sCVR were observed in SAH patients with poor
outcome.

Keywords Subarachnoid hemorrhage . Cerebrovascular
pressure transmission . Cerebrovascular pressure regulation .

Cerebrovascular resistance

Introduction

Studies of patients with subarachnoid hemorrhage indicate
that cerebral hemodynamics are commonly disturbed in the
acute stage [6, 7, 9]. CBF may be reduced in patients
without vasospasm [6, 9], and parenchymal arterial vessels
demonstrate an impaired autoregulatory response [12].
Previously we have shown that changes in the highest
modal frequency (HMF) of cerebrovascular transmission,
the dynamic relationship between arterial blood pressure
(ABP) and intracranial pressure (ICP), relative to changes
of cerebral perfusion pressure (CPP) are a means to assess
cerebrovascular regulation [3, 4]. More recently we have
developed a two-step modeling technique by incorporating
the derived modal frequencies of the numerical model and
the actual blood pressure recording with a physiologically-
based biomechanical model to produce a simulated ICP
recording which matches the actual ICP recording. Using
this modeling procedure we have validated that laboratory
measures of changes of arteriolar resistance and compliance
during induced hypercapnia are replicated by the physio-
logically-based biomechanical model [5]. The aim of this
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retrospective study was to assess changes of cerebrovascu-
lar regulation and cerebrovascular resistance by evaluating
changes of cerebrovascular pressure transmission in
patients with SAH using the two-step modeling method.

Materials and methods

Standard ICP and ABP monitoring is part of the management
strategy of adult stroke patients with SAH at The National
Hospital, Oslo, Norway with the aim of controlling ICP. The
attributes of the patients grouped according to the Glasgow
Outcome Score (GOS) at 6 months and the admission Hunt-
Hess (HH) grades and Fisher scores (FS), age, and sex are
given in Table 1. Pressure recordings were labeled such that
the patients could not be identified by the Memphis group.
The Institutional Review Board at The University of
Memphis approved the data analysis protocol.

Pressure recordings were digitized at 100 Hz. Recording
periods were not uniform; mean monitoring time (+/−S.D.)
was 33.6 (+/−30.4) hrs. Some patients were monitored
periodically over a course of several days while others were
only monitored once. Mean values of HMF and simulated
CVR (sCVR) were determined for the first two hours,
middle two hours, and last two hours of each monitoring
period.

The first step of the two step modeling method uses
system identification modeling; the details of which have
been previously reported [3–5]. Briefly, system identifica-
tion modeling method produces a black box model with a
simulated output that matches the actual output by
minimization of the least squares difference between the
actual and simulated digitized output files [8]. Of critical
importance in the use of system identification modeling is
the selection of the generalized description of the dynamic
process to be modeled [8]. We chose the physiologically-
based biomechanical model proposed by Czosynka and his
colleagues [2] to provide the basis of the required general-
ized dynamic differential equation of cerebrovascular
pressure transmission. The autoregressive moving average
system identification technique is applied to each 6000
paired samples of digitized pressure recordings of 1 min to
obtain the modal frequencies of cerebrovascular pressure

transmission. For the brief period on which each numerical
model is based, perturbations of ABP and ICP are assumed
to be small and cerebrovascular pressure transmission is
considered to be linear and time-invariant.

In the second step of the modeling method, the mean
(±S.D.) values of the modal frequencies derived by the first
step numerical model and the corresponding 1 min interval
of ABP recording are used to guide the manipulation of the
parameters of the physiologically-based biomechanical
model such that the simulated 1 min recording of ICP
matches the actual ICP recording over the interval. Of note
is that three modifications of the biomechanical model
proposed by Czosynka and colleagues [2] were imple-
mented. First, the description of the resistance of the
arterial-arterioles and capillaries was slightly modified by
placing the element representing the arterial-arteriolar bed
at the mid-point, as it has been modeled by others
previously [1]. Secondly, in addition to the representation
of the bridging veins with variable resistance, cerebral veins
within the parenchyma were also considered to vary.
Thirdly, the representation of venous sinus pressure was
replaced by an external venous resistance component and
connected to a central venous pressure generator as
previously modeled [11]. A MATLAB algorithm was
constructed to simulate ICP for each ABP recording and
the corresponding numerically derived modal frequencies
for each modeling interval. The algorithm was designed to
manipulate the resistance and compliance elements of the
physiologically-based biomechanical model such that the
minimum square error for the 6000 sample interval
between: 1) the actual and simulated ICP recordings; 2)
the numerical model value of HMF and the biomechanical
value of HMF; and 3) the numerical model value of
dampening factor (DF) of the lower modal frequencies and
the DF of the biomechanical model were minimized. Use of
DF to represent the dominant two modal frequencies
simplified the computation of matching the numerically
derived and simulated lower modal frequencies by eliminating
the need for complex arithmetic for the condition of an
under-damped system. Values of each element of the
biomechanical model were manipulated. Initially a normal
CBF was assumed to be 600 ml/min [10, 11] which
corresponds to a CBF value of 40 ml/100 gm/min for an

Table 1 Attributes of patients grouped according to 6-month GOS: sex, age, and fisher score and hunt-hess grade

GOS N Sex (F(M)) Age (+/−SD) yrs FS1 (+/−SD) HH1 (+/−SD)

1 8 5(3) 51.6 (10.8) 3.2 (0.3) 4.5 (1.1)
3 5 2(3) 61.8 (10.4) 3.4 (0.2) 3.4 (1.1)
4 7 4(3) 53.4 (7.1) 2.6 (0.6)1 3.6 (1.4)

1 Assumes continuous scale of category driven integer scales
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assumed brain weight of 1.5 kg. Both compliance and
resistance elements were allowed to range over values
consistent with those reported in previously published
modeling studies of intracranial pressure dynamics [2, 11].
Compliance of the arterial/arteriolar bed was allowed to
range from 0.01 to 10 ml/mmHg while venous and
intracranial compliance were varied between 0.01 to 2 ml/
mmHg [2, 11]. Venous resistance varied from 0.025 to
0.5 mmHg−100gm-min/ml and resistance of the arterial-
arteriolar bed varied from 0.5 to 6.25 mmHg−100gm-min/ml
[11]. A maximum mean squared error of 0.6 and the
minimum correlation value of 0.9 between both actual and
simulated ICP recording was used to initialize the square error
values. The parameters of the biomechanical model were
estimated by a recursive algorithm to obtain a best fit set
which produced a minimum least square error and maximum
correlation value for each segment of the pressure recording.
Because simulated arterial-arteriolar capillary resistance was
much greater than simulated cerebral venous resistance, we
used the value of arterial-arteriolar capillary resistance to
provide an assessment of simulated cerebrovascular resistance
(sCVR).

All mean values are reported ± standard deviation. In all
cases, the degree of significance between two mean values
was determined by using the paired t-test. The correlation
between highest modal frequency (HMF) and CPP was
used to assess cerebrovascular regulation for the initial and
final two-hours of monitoring [3, 4]. An inverse relation-
ship between HMF and CPP is an indication of intact
regulation; whereas, a direct relationship indicates impaired
regulation. For each GOS-group the percentage of patients
with impaired regulation during the initial two hours and
final two hours was computed.

Results

Mean values of HMF and sCVR at the beginning, middle,
and final hour of each monitoring session are plotted (see
Fig. 1). GOS 1 and GOS 3 groups demonstrated trends of a
decrease in HMF and an increase of sCVR with time;
whereas, patients in the GOS 4 group demonstrated
opposite trends. Grand mean regression line slopes
(+/−SD) of HMF/day and sCVR/day for GOS 4 patients
were 2.95 (+/−0.56) Hz/day and −0.45 (+/−0.07) mmHg
−100 gm-min/ml/day and significantly (p<0.001) different
compared to the corresponding mean values of both GOS
1 and GOS 3 groups at −0.58 (+/−0.17) Hz/day and 0.39
(+/−0.16) mmHg−100 gm-min/ml/day and −2.23 Hz/day
and 0.41 (+/−0.06) mmHg−100 gm-min/ml/day, respec-
tively. The relationship between HMF and CPP was used
to assess cerebrovascular regulation [3, 5]. An inverse
relationship between HMF and CPP is an indication of

intact regulation; whereas, a direct relationship indicates
impaired regulation [3, 5]. Mean values of initial two
hours and final two hours monitored post hemorrhage,
CPP, sCVR, and the percentage of the number of patients
within each GOS group determined to have impaired
regulation for the initial two hours and final two hours of
monitoring post hemorrhage were computed (see Table 2).
During the initial two hours of monitoring 100%, 80%,
and 28.6% of patients with 6-month GOS of 1, 3, and 4
respectively demonstrated impaired regulation; whereas,
in the final hours 100%, 100%, and 14.3% respectively
demonstrated impairment. Between the initial two hours
and final two hours of monitoring, sCVR significantly
increased (p<0.001) for patient with GOS 1 and 3 and
decreased for those with GOS 4. The mean value of sCVR
during the final monitoring hour was significantly lower
(p<0.001) for patients with GOS 4. This value reflected a
simulated CBF of 26.4 ml/100 gm-min; whereas the
corresponding mean values of sCVR for the GOS 1 and
GOS 3 groups reflected ischemic simulated CBF values of
9.9 and 9.5 ml/100 gm-min respectively.

Discussion

The new findings of this retrospective study are that loss of
cerebrovascular regulation occurs early following SAH and
model-derived cerebrovascular resistance progressively
increases for patients with poor outcome after SAH. In
contrast, intact cerebrovascular regulation with a progres-
sive decrease of model-derived cerebrovascular resistance
was observed in those with more favorable outcome. These
findings are also consistent with an earlier study that found
assessment of loss of cerebrovascular pressure regulation
within 1–6 days post-hemorrhage is predictive of poor
outcome [7].

Caution should be made when relating these data to
outcome since the numbers of patients in each group were
low and only two two-hour periods, the first two hours and
final two hours of monitoring, were used to evaluate
cerebrovascular pressure regulation. Neither angiographic
images nor evaluations for symptomatic vasospasm nor
measurement of CBF were available. Delayed vasospasm of
conducting vessels may have contributed to the loss of
cerebrovascular regulation. However, because of the early
loss of cerebrovascular regulation and significant increase of
the model derived resistance sCVR it is likely that increasing
more generalized vasoconstriction of the microvasculature is
involved.

In conclusion, in the early stages of Aneurysmal SAH
loss, of cerebrovascular regulation and increasing values of
model-derived cerebrovascular resistance were observed in
patients with poor outcome.
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Table 2 Mean(± S.D) of initial and final monitoring time post hemorrhage, CPP, sCVR and percent impaired regulation at each monitoring
period

GOS N Initial Time
(+/−SD)

CPP
(+/−SD)

Percent Impaired
Reg.

sCVR (+/−SD) Final Time
(+/−SD)

CPP
(+/−SD)

Percent Impaired
Reg.

sCVR (+/−SD)

day mmHg mmHg-min−100 g/ml day mmHg mmHg-min−
100 g/ml

1 8 1.7 (0.8)1,2 74.8 (9.7) 100 8/8 4.3 (2.2)3 3.8 (1.5) 68.1 (9.0) 100 (8/8) 6.9 (0.8)3

3 5 3.6 (1.5)1 72.3 (9.8) 80.0 (4/5) 3.0 (0.20)4 4.8 (1.3) 69.5 (10.8) 100 (5/5) 7.3 (0.9)4

4 7 3.0 (1.4)2 77.4 (8.3) 28.6 (2/7) 3.9 (1.5) 3.6 (1.4) 79.1 (8.0) 14.3 (1/7) 3.0 (1.6)5

1,2 Significant difference of GOS 1 initial time from GOS 3 (p<0.01)1 and GOS 4 (p<0.05)2
3 Significant difference between initial and final mean values of SCVR for GOS 1 (p<0.01)
4 Significant difference between initial and final mean values of SCVR for GOS 3 (p<0.001)
5 Significant difference of mean SCVR GOS 4 from means of GOS 1 and 3 at p<0.001

Fig. 1 Trends in HMF
and sCVR for GOS 1, 3, and 4
Patients vs. Days from Occur-
rence of Subarachnoid Hemor-
rhage. Each symbol represents a
mean value of 120 one-minute
values plotted with standard
error bars within each symbol.
Thin solid line connects values
at the initial, middle, and final
two hour intervals of each con-
tiguous monitoring period. Top.
GOS 1: As HMF decreased
(p<0.001) with time sCVR
increased (p<0.05). Middle.
GOS 3: As HMF decreased
(p<0.001) with time sCVR in-
creased (p<0.025). Bottom.
GOS 4: As HMF increased
(p<0.001) with time sCVR
decreased (p<0.01). Dashed line
through each graph represents
regression line of all values
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Effects of melatonin in early brain injury following
subarachnoid hemorrhage

Robert E. Ayer & Takashi Sugawara & John H. Zhang

Abstract
Background Aneurysmal subarachnoid hemorrhage (SAH)
is a devastating disease that is associated with significant
morbidity and mortality. There is substantial evidence to
suggest that oxidative stress is significant in the develop-
ment of acute brain injury following SAH. Melatonin is a
strong antioxidant that has low toxicity and easily passes
through the BBB. Previous studies have shown that
melatonin provides neuroprotection in other models of
CNS injury.
Methods This experiment evaluates melatonin as a neuro-
protectant against early brain injury following SAH. The
endovascular perforation model of SAH was performed in
male Sprague Dawley rats followed by the administration
of melatonin two hours after the insult. Mortality and brain
water content were assessed 24 after SAH.

Findings A significant reduction in 24 h mortality was seen
following treatment with 150 mg/kg of melatonin. Brain
water content was evaluated in the high dose treatment
group to see if a reduction in brain edema was associated
with reduced mortality. High dose melatonin tended to
reduce brain water content following SAH.
Conclusions Large doses of melatonin significantly
reduced mortality and brain water content in rats following
SAH.

Keywords Subarachnoid hemorrhage .Melatonin .

Early brain injury .Mortality

Introduction

Spontaneous subarachnoid haemorrhage (SAH) represents
5–7% of all strokes and carries significant morbidity and
mortality [19]. Risk of mortality approaches 50% within
30 days [22, 23]. Early brain injury immediately following
SAH has been linked to poor outcomes [4, 25]. Many
studies have provided evidence that oxidative stress plays a
significant role in the pathophysiology of early brain injury
following SAH [10, 16]. Melatonin is a pharmacological
agent that is recognized as a powerful anti-oxidant that
easily passes across the blood-brain barrier (BBB) [3, 6, 7].
It has been shown to be neuroprotective in several models
of CNS injury that include: traumatic brain injury, ischemic
stroke, and spinal cord injury [1, 11–13, 17, 20, 28]. This
study hypothesizes that the administration of melatonin
following SAH will provide neuroprotection and improve
outcomes.
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Materials and methods

Male Sprague Dawley rats weighing 300 to 380 grams were
used for this study. Four treatment groups were initially
evaluated: [1] SHAM surgery given vehicle (10% ethanol);
[2] SAH given vehicle; [3] SAH plus 15 mg/kg melatonin;
[4] SAH plus 150 mg/kg melatonin. Rats were anesthetized
with i.p. Ketamine (100 mg/kg) and Xylazine (10 mg/kg),
intubated, and mechanically ventilated throughout surgery.
Core body temperature was kept at 37±0.5°C. Rats
underwent endovascular perforation of the internal carotid
artery bifurcation as previously described [24]. In summary,
a sharpened 4–0 nylon suture was thread through the ICA
to puncture the cerebral vasculature at the ICA bifurcation.
Due to the considerable variability in the hemorrhage
volume produced by this model, the amount of blood in
the basal cisterns was quantified according to the scale
developed by Sugawara et al [27]. Animals received a score

Fig. 1 Demonstration of the SAH grading system by Sugawara et al.
Each section is scored 0–3: 0 = no blood; 1 = minimal blood; 2 = thick
clot present with visible vessels; 3 = loss of visualization of the Circle
of Willis in that sector. The left image is a sample that was excluded
for small blood volume. The right image represents the most severe
SAH in the grading system

Table 1 Distribution of SAH severity

Mortality n Average ±S.E.

SAH+Vehicle 27 16.333±0.207
SAH+15 mg/kg 13 16.462±0.291
SAH+150 mg/kg 10 16.800±0.327
Brain Water Content n Average ±S.E.
SAH+Vehicle 7 15.857±0.261
SAH+150 mg/kg 6 16.500±0.428

Distribution of SAH Grades. All groups that were compared had no
significant differences in the volumes of subarachnoid blood. All
animals with SAH grades less than 15 were excluded from analysis. T
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for SAH severity that ranged from no blood (0), to severe
hemorrhage (18) in the basal cisterns. Only those animals
with hemorrhages ≥ 15 were evaluated. Melatonin,
N-Acetyl-5-methoxytryptamine, (Sigma Aldrich) was
dissolved in 10% ethanol for intraperitoneal (i.p.) injection.
Dosages of 15 mg/kg and 150 mg/kg were given two hours
after SAH. Survival was assessed continuously for 8 hours
and again at 24 hours after SAH. Animals were then
sacrificed and brain edema was evaluated at 24 h by
measuring brain water content. Briefly, brains were
sectioned, immediately weighed, dried for 48 h, and
weighed again to calculate brain water content: [(wet
weight – dry weight)/wet weight] x 100.

Results

A total of one hundred and sixty seven rats were used in
this experiment. One hundred and forty five underwent
endovascular SAH, 16 underwent SHAM surgery, and 6
animals had cardiopulmonary arrest after the induction of
anesthesia leading to their exclusion from analysis. Fifty
one percent (75/145) of rats that underwent endovascular
puncture received an SAH score of fifteen or higher
according to the Sugawara grading scale (Fig. 1). Animals
with SAH grades less than 15 were excluded because there
is no mortality in the model with these smaller bleeds. All
groups evaluated at 24 h had similar SAH grade distribu-
tions (Table 1). In animals that survived the initial two
hours and received treatment, the 24 h survival rate was
significantly improved by 150 mg/kg of melatonin (Grehan
Breslow Survival analysis p<0.05) versus vehicle or
15 mg/kg treatment. The brain water content of the
150 mg/kg group was measured to determine if reduced
brain edema was associated with the decreased mortality.
High dose melatonin prevented significant increases in
brain water content (Table 2).

Discussion

Treatment with high dose melatonin significantly reduced
mortality, which was associated with a reduction in brain
water content at 24 h. Brain edema is identified on CT
following SAH in 6–8% of cases and is an independent
predictor of poor outcome and mortality [8]. Both
cytogenic [5, 21, 26], and vasogenic [9] edema have been
described in the acute period following SAH. Edema
formation following SAH is initiated by the global
cerebral ischemia that immediately follows aneurysm
rupture [13, 15, 17, 28]. Melatonin treatment has been
linked to reductions in cerebral edema following global
ischemia. It has been shown that melatonin treatment

reduced edema in the cerebellum as a result of the down
regulation of vascular endothelial growth factor (VEGF)
and astrocytic aquaporin 4 (AQP4) protein expression
[15]. VEGF gene and protein expression are increased
under hypoxic conditions and are linked to the breakdown
of the BBB following SAH [14, 18]. The perivascular
astrocyte protein, AQP4, a water transport molecule, has
been implicated in cerebral edema formation, and these
proteins are also elevated in SAH [2, 29]. Melatonin
before and after middle cerebral artery occlusion (MCAO)
resulted in reductions in cerebral edema that were greatest in
areas of increased astrocyte density [17, 28]; improvements in
BBB integrity and cerebral edema were also found with
melatonin treatment following cold induced infarction [13].
Together, these studies demonstrate a role for melatonin in
the reduction of cerebral edema following ischemic insults.
This current study suggests that melatonin may also be
effective at reducing brain edema following SAH.
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Decompressive craniectomy for hemispheric infarction:
predictive factors for six month rehabilitation outcome

G. K. Wong & J. Kung & S. C. Ng & X. L. Zhu & W. S. Poon

Abstract
Background Decompressive craniectomy after hemispheric
infarction has been shown to reduce mortality and functional
outcome in selected patients. However, the optimal timing
for surgery and patient most likely to benefit from this
procedures was not known. We aimed to determine possible
factors predictive of outcome following decompressive
craniectomy for ischemic infarction from review of oneuro-
logical outcome in our patients at six months.
Methods We retrospectively reviewed 21 patients who
underwent decompressive craniectomy for hemispheric
infarction over a three year period in a regional neurosurgical
center in Hong Kong. All patients were recruited subse-
quently for active in-patient rehabilitation, when suitable.
Findings The median age was 53 and the male to female
ration was 1:3. Four patients (19%) achieved independent
activity of daily living at six months after rehabilitation.
Neither early surgery, within 24–48 hours after admission,
nor side of infarction correlated with six month neurolog-
ical outcome. All four patients with favourable neurological
outcome at six month demonstrated favourable clinical
improvement even at one month.
Conclusions Early decompressive hemicraniectomy is not
predictive of neurological outcome, determined by Glas-
gow outcome score, at six months (P=1.00, NS).

Keywords Cerebral infarction . Decompressive
craniectomy . Outcome . Rehabilitation

Introduction

The high mortality that follows a large cerebral infarction is
in part due to cerebral oedema. Oedema causes mass effect
with raised intracranial pressure and herniation. Medical
therapies are used to reduce intracranial pressure but
outcome is poor in spite of treatment. Decompressive
surgery is a well-described neurosurgical procedure that
attempts to relieve high intracranial pressure. Case series in
recent years have shown that decompressive craniectomy in
younger patients with hemispheric infarction improves both
survival rates and functional outcome. [1, 3, 6, 8, 10, 12,
13] Recent pooled analysis of three randomized controlled
trials [11] has confirmed the efficacy of decompressive
craniectomy in reducing case fatality and disability. [7]
Although the pooled analysis showed that decompressive
surgery group had a significant reduction in mortality and
bedbound survivors, the optimal timing of surgery and
predictive factors for favourable neurological recovery
remained uncertain. We aimed to review our patient data
with respect to neurological outcome at six months for
possible predictive factors.

Patients and methods

We retrospectively reviewed all patients who underwent
decompressive craniectomy for hemispheric infarction be-
tween January 2003 and June 2006 in a regional neurosurgical
center in HongKong. All patients were recruited subsequently
for active in-patient rehabilitation, if suitable. Rehabilitation
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programme included ten sessions per week with a physio-
therapist, occupational therapist and speech therapist as
appropriate. There were 21 patients in total and all were
retrieved for analysis. Demographic data as age, sex,
hypertension, diabetes mellitus, hyperlipidemia, atrial fibril-
lation, valvular and ischemic heart disease were recorded.
Side of infarction were also recorded. All operative records
were reviewed for the operative procedures and time of
surgery in relationship to time of admission.

Our procedure for the decompressive craniectomy was
described as below. Patient was put under general anaes-
thesia with endotracheal intubation. The patient was put in
supine oblique position with a shoulder roll ipsilateral to the
side of infarction. A large question mark flap incorporating
to the frontal, temporal and parietal areas were fashioned up
to midline and posterior to the parietal eminence. Maximal
bone flap was fashioned with the aids of craniotome and
high speed drill. The bone flap was stored frozen in the
tissue bank. Stellate durotomies with inlay dural substitutes
were made. A ventricular catheter would be inserted
frontally. Wound was then closed after haemostasis. The
patient would be kept sedated, intubated, ventilated and
transferred to intensive care unit. The patient would be
closed monitored for intracranial pressure and perfusion
pressure. Sedation and osmotherapy would be stopped once
the oedema subsided. In this respect, we had a standardised
surgical paradigm for patients in this cohort.

Favourable neurological outcome was defined by inde-
pendency in daily activity of living according to the
Glasgow Outcome Scale (Good recovery and moderate
disability) [5]. Outcome data was retrieved at time points of
one month, three months, and six months after surgery. Six
month neurological outcome was assumed to be represen-
tative of the long-term neurological outcome. Categorical
data were analyzed by Fisher’s Exact Test and continuous
data was analysed by unpaired t-test. Statistical significance
was defined by a two-tailed probability value of less than
0.05. Data were analysed with statistics software SPSS
Version 14.0.

Results

The age (mean+/-SD) was 53.0+/-9.3 years and the male to
female ratio was 1:3. All patients had hemispheric infarction
of the anterior circulation. No intravenous or intra-arterial
thrombolysis was attempted in this group of patients. No
patient had haemorrhagic transformation. Six had internal
carotid artery territory infarct and 15 had middle cerebral
artery territory infarct. Ten (48%) patients had hypertension;
three (14%) patients had diabetes mellitus; two (10%)
patients had hyperlipidemia; six (29%) patients had atrial
fibrillation; five (24%) patients had ischemic or valvular

heart disease. Four patients (19%) achieved independent
activity of daily living at six months after rehabilitation
and four patients (19%) was dead at six months. There was
no statistical significant difference in the distribution of the
above factors in relationship to six-month neurological
outcome.

Eight had left-sided infarct and four had early surgery.
Neither early surgery within 24–48 hours after admission
nor side of infarction correlated with six month neurolog-
ical outcome, p=1.00. All four patients with favourable
neurological outcome at six month were indicated by their
clinical improvement at one month. Two patients were able
to return to work. None of the patients with unfavourable
outcome at one month were able to regain independency of
daily activity of living at six months.

Discussion

Hemispheric cerebral infarction is commonly associated
with variable degree of cerebral oedema. In severe case,
this may lead to uncal or transtentorial herniation. Serious
oedema formation usually manifests between the second to
the fifth day after cerebral infarction. [4] Patients with
hemispheric infarction and massive cerebral oedema have a
poor prognosis. Mortality as high as 80% was reported in
case series of maximal medical treatment. [2] Decompres-
sive craniectomy has been suggested as a way to salvage
this group of patients. [1, 3, 6, 8, 10–13] However, many of
the patients who survive are left dependent and severely
disabled. Clinicians often need to select patients, who will
benefit from subsequent rehabilitation and regain functional
independency, based on their clinical judgement. Though
our case series was uncontrolled, and bias in patient
selection would be actually a reflection of actual patient
selection for hemicraniectomy in clinical practice.

Recent case series have shown that decompressive
craniectomy in younger patients with malignant middle
cerebral artery (MCA) territory infarction improves both
survival rates and functional outcome. [1, 3, 6, 8, 10, 12,
13] Rabinstein AA et al have performed a systematic
analysis on factors predicting prognosis after decompres-
sive craniectomy for hemispheric infarction. [9] In their
analysis, side of infarction and timing of surgery did not
predict outcome. In their multivariate analysis, older age
independently predicted poor recovery.

We were able to confirm the finding that side of
infarction and timing of surgery did not predict eventual
neurological outcome at six months. In our cohort, there
was no difference in age between the patients with
favourable and unfavourable neurological recovery, with a
mean age of 53 years in both groups. The overall young age
of the patients in this study may explain the lack of effect of
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age on neurological outcome. We noted that at one month
after surgery, the patients who could achieve independency
at daily living would be the group who had favourable
neurological outcome eventually at six months. This may
serve as an early indicator for patient and family counsel-
ling as well as to optimize timing and utilization of
rehabilitation resources.

Conclusion

Timing of decompressive hemicraniectomy is not predictive
of neurological outcome in terms of Glasgow outcome
score, p=1.00. One month neurological outcome is indic-
ative of neurological outcome at six months.
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Effects of temperature changes on cerebral biochemistry
in spontaneous intracerebral hematoma

Ernest Wang & Chi Long Ho & Kah Keow Lee & Ivan Ng &

Beng Ti Ang

Abstract
Background Fever worsens outcome in acute brain injury,
presumably by accelerating secondary damage. Improved
understanding of the pathophysiological processes that
occur in spontaneous intracerebral hemorrhage (ICH) may
help to determine if controlled normothermia might be of
clinical benefit.
Methods In this prospective observational study over a
period of 18 months at the National Neuroscience Institute,
Singapore, we examined the effects of temperature changes
on brain biochemistry and tissue oxygenation in 25
consecutive patients with spontaneous primary putaminal
hemorrhage. The patients were divided into 3 groups
according to the mean brain temperature over a 72-hour
monitoring period following surgery and standard medical
measures to control post-operative brain swelling and
secondary injury.
Findings Patients that become spontaneously hypothermic
with a mean brain temperature of less than 36 degrees
centigrade (°C) had greater impairment in brain biochem-
istry as reflected by the worst brain lactate/pyruvate (L/P)
ratio, glutamate and glucose dialysates. Brain tissue
oxygenation, on the other hand, was highest and within
normal limits in these spontaneously hypothermic patients.
The hyperthemic group had similar L/P ratio, glycerol and
glutamate levels when compared to the normothermic
group. The glucose levels were found to be significantly
different in all 3 groups.
Conclusions Extremes of temperature in spontaneous ICH,
in particular - spontaneous hypothermia with a mean brain

temperature of less than 36°C, are associated with a poor
outcome. Cerebral microdialysis can be used to detect these
detrimental changes that occur.

Keywords Intracerebral hemorrhage . Brain temperature .

Microdialysis . Brain tissue oxygenation

Introduction

Pyrexia exacerbates neurological damage in acute brain
injury and contributes to deleterious secondary effects [9].
Fever is associated with worse outcome [1, 3], especially if
it occurs early after the initial primary injury. This has lead
many to advocate for aggressive attempts to maintain
normothermia after acute brain injury. However, most of
these studies have focused on traumatic brain injury (TBI)
and ischemic stroke [9]. Given the paucity of data on the
effects of temperature changes on neuronal activity in
hemorrhagic stroke, we utilized multimodality monitoring
techniques to characterize the impact of temperature on
brain biochemistry and tissue oxygenation in spontaneous
ICH.

Methods

Patient selection and treatment protocol

Over a period of 18 months, we prospectively studied 25
consecutive patients with spontaneous ICH. They were
treated in accordance with standard neurointensive care
protocols and consent procedures were approved by the
institutional ethics committee. Patients were included in the
study if an initial computerized tomographic (CT) scan
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showed a supratentorial putaminal ICH causing a clinical
deterioration to a Glasgow Coma Scale (GCS) score of ≤
8 or if radiological evidence of mass effect (midline shift of
>5 mm or effacement of the basal cisterns) was evident.
They were excluded if the pupils were fixed and dilated or
if there was a suspected underlying abnormality (a vascular
malformation, aneurysm or bleeding diathesis).

A unilateral frontal parietal-temporal decompressive
craniectomy was employed to evacuate the hematoma in
all cases. Three intraparenchymal neuromonitoring probes
were inserted under direct vision and positioned 1cm from
the hematoma cavity. The perihematoma location of the
probes was verified with a post-operative CT scan. Brain
temperature and brain tissue oxygenation (PbO2) were
measured with LICOX polarographic Clark-type probes
(Integra Neuroscience, Plainsboro, NJ, USA). Microdialysis
catheters (CMA 70; microdialysis, Solna, Sweden) were
used to measure brain glucose, lactate, pyruvate and
glutamate. Intracranial pressure (ICP) was continuously
monitored using a fiberoptic intraparenchymal probe (Cod-
man and Shurtleff, Raynham, MA, USA). Core body
temperature was measured with a rectal thermistor probe.
Inspired oxygen fraction (FiO2) was adjusted to achieve an
arterial oxygen saturation of >95% with hemoglobin levels
maintained above 10 g/dl. ICP control measures included
nursing in the 30 degrees head up position, sedation with
propofol (2–10 mg/kg/hour), boluses of 20% mannitol
(2 ml/kg up to a plasma osmolarity of 320 mosmol/L)
according to ICP spikes and mild hypocapnia by regulating
pCO2 at 30–35 mmHg. No barbiturates were administered.
Fever was defined clinically as having occurred if the core
body temperature was > 38.5°C. Febrile episodes were
treated with 1g of oral acetoaminophen (up to a maximum
of 4g per day) and if left unabated for more than an hour, a
surface cooling blanket was employed together with the
application of a Blanketrol II (Cincinnati Sub-zero products
Inc, Cincinnati, Ohio, USA) intermittently to the body and
thighs. There was no active induction of hypothermia
through invasive systemic means. Intravenous antibiotics
were started on clinical grounds and given appropriate to
the corresponding cultures. To achieve stabilization and
accurate PbO2 measurements, monitoring was commenced
3 hours after insertion of the LICOX probes. Analysis of
cerebral microdialysates was performed on hourly collec-
tions. The pressure reactivity index, PRx, was calculated as
a moving correlation coefficient between the last 30
consecutive samples of values for ICP and arterial blood
pressure (ABP) averaged for a period of 10 seconds.

Temperature groups

The patients were divided into 3 groups according to the
mean brain temperature over the first 72-hour period after

surgery. There were 6 patients in the hyperthermic group 1
(brain temperature > 39°C), 10 patients in the spontaneous
hypothermic group 2 (brain temperature < 36°C) and 9
patients in the normothermic temperature group 3 (brain
temperature 36–39°C). Their ages ranged from 31 to
81 years with a mean age of 55 (± 13.6) years. There were
18 male (72%) and 7 female (28%) patients. The median
GCS score on admission was 8 [interquartile range (IQR) 3
to 13]. The average volume of hematoma was 80.8±
30.3 milliliters (IQR 26 to 160). Data from the first 72 hours
of monitoring were analyzed for the purposes of this study.
The outcome at 6 months was determined by the Glasgow
Outcome Score (GOS).

Statistical analysis

Data that were continuous variables are reported as mean ±
standard deviation while non-normally distributed data are
reported as median with IQR. When the normality and
equality of variances assumption was satisfied, the two
sample paired t-test was performed. The Mann Whitney U
test was otherwise used. The mean values of MAP, ICP,
PRx, PbO2 and cerebral microdialysates were studied over
a 72-hour monitoring period. Analysis of the differences in
the means of the variables in the 3 groups was carried out
using ANOVA and subsequent post-hoc comparisons using
Bonferroni’s t-test. All comparisons were considered
significant when the probability (p value) of < 0.05 was
achieved. Statistical analyses were performed using the
commercially available statistical program SPSS version
12.0 (SPSS Inc., Chicago, Illinois, USA).

Results

The outcome of patients in the 3 temperature groups is
summarized in Table 1. Altogether, 8 (32%) patients died
and 17 (68%) survived. Only 4 (16%) patients had a good
outcome (GOS 4–5) while 21 (84%) patients had a poor
outcome (GOS 1–3). All 10 (100%) patients in the
spontaneous hypothermic group had a poor outcome while
5 out of 6 (83%) patients in the hyperthermic group had a
poor outcome. In the normothermic group, 3 out of 9 (33%)
patients had a poor outcome while 6 (67%) patients had a
good outcome. With regards to age, GCS on admission and
volume of hematoma, no differences were seen when
comparing all 3 groups. The mean temperature difference
between rectal temperature and PbO2 was 1.3°C. While ICP
reduction to < 20 mm Hg was achieved in all 3 groups, the
normothermic group had the lowest mean ICP of 11.5±
6.4 mm Hg (p<0.001). The hyperthermic and hypothermic
groups had a mean ICP of 19.4±11.8 mm Hg and 18.2±
8.4 mm Hg respectively (p=0.07). The maintenance of a
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cerebral perfusion pressure (CPP) of > 70 mm Hg with a
return to cerebral autoregulation (PRx<0.3) was achieved
in all 3 groups. The mean PbO2 was highest in the
spontaneous hypothermic group (p<0.001) when compared
to the other 2 groups (see Table 2). The hypothermic group
also had the worst lactate, L/P ratio, glutamate and glucose
levels (p<0.001) (Table 2). The hyperthemic group had
similar L/P ratio, glycerol and glutamate levels when
compared to the normothermic group (p=0.1). There were
no differences in glycerol levels demonstrated amongst the
3 temperature groups while glucose was significantly
different across all 3 groups (p=0.001).

Discussion

Elevated brain temperatures worsen neurological injury
through various mechanisms [11]. Hyperpyrexia is known
to increase extracellular levels of excitatory amino acids
and oxygen free radicals, accelerate enzymatic inhibition of
protein kinase activity [6], impede energy metabolism
recovery, worsen cytoskeletal proteolysis [17] and aggra-
vate blood-brain barrier breakdown. That fever is a
common occurrence in neurosurgical patients [14] and a
prognostic indicator of an unfavourable outcome has many
clinical implications. The experimental body of evidence in
favour of treating fever is substantial [2, 6] while the
ensuing clinical evidence is conflicting. Clifton et al [8] in a
large multicenter trial of 392 patients did not demonstrate
any improvement in outcome from induced hypothermia (to
33°C) despite earlier encouraging results [7]. Gupta et al
suggested that decreasing the brain temperature below 35°C
may impair brain tissue oxygenation [10]. While much of
this evidence pertains to TBI and ischemic stroke [5],

Schwartz et al [20] did demonstrate worse outcomes with
elevated rectal temperatures of > 37.5°C in a study of 196
patients with spontaneous ICH. Nonetheless, more work is
necessary to examine the effect of temperature in hemor-
rhagic stroke.

In our study, fever was defined as a brain temperature of
>39°C as the latter has been demonstrated to usually exceed
rectal temperature by 0.5–1.5°C [19]. This value was
chosen for the following reason: the conventional definition
of fever being a core body temperature of > 38.5°C, and the
average difference between core body temperature and
brain temperature known to be about 0.5 degrees [15], a
patient fulfilling the former requirement would have a
corresponding brain temperature of >39°C. Sustained fever
[13] and fever that develops soon after the onset of stroke
are strongly associated with poor outcome [4, 11]. A mean
brain temperature monitored continuously over the first 72
hours following surgery therefore becomes relevant as it
represents an important monitoring period during which
potential therapeutic measures can be instituted.

In a study of 18 acutely brain injured patients, Stoccheti
et al [21] did not show any significant neurochemical
alterations, such as in L/P ratio and glutamate levels, during
either effervescence or defervescence. It was postulated that
this was because cerebral blood flow and oxygenation were
able to meet up with metabolic demands. Moreover, their
analysis was restricted to episodes cumulating to less than
8% of the data collected in contrast to a 72-hour continuous
monitoring period in this study. Our results demonstrate
otherwise in this cohort of spontaneous ICH patients who
underwent surgical hematoma evacuation, as we found that
the neurochemical changes reflective of the worst neuronal
injury were most pronounced in the group of patients who
were spontaneous hypothermic. This is not surprising as the
worst outcome occurred in this group of patients as well. Of
note, others have found that hypothermia on admission was
associated with a greater severity of injury and worse
outcomes than was normothermia on admission [8]. This
suggests that spontaneous hypothermia may be a conse-
quence of more severe brain injury.

Mean PbO2 in the spontaneous hypothermic group was
actually highest and within normal limits (30.8±24.3 mm
Hg). This is concordant with our results in a separate local
study on the changes in brain biochemistry following acute
head injury. Patients with the worst outcome had signifi-

Table 1 Outcome of the 3 temperature groups over a 72 hour monitoring period

Groups Brain temperature (°C) Poor outcome (GOS 1–3) Favorable outcome (GOS 4,5) Total

Hyperthermia (Gp 1) >=39 5 (83%) 1 (17%) 6
Spontaneous hypothermia (Gp 2) <36 10 (100%) 0 10
Normothermia (Gp 3) 36–38.9 6 (67%) 3 (33%) 9

Table 2 Brain biochemistry in all 3 temperature groups

Gp 1
(Hyperthermia)

Gp 2
(Hypothermia)

Gp 3
(normal)

PbO2 (mm Hg) 16.0±8.5 30.8±24.3 12.2±9.5
Lactate (mmol/L) 3.4±2.0 4.7±2.9 2.6±2.9
L/P (mmol/L) 54.9±38.3 91.7±111.0 45.9±3.2
Glutamate 6.4±12. 17.8±32.9 8.7±16.4
Glucose 2.0±1.1 0.9±0.9 1.4±1.8
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cantly better PbO2 values compared to survivors with a good
outcome (however, those with a good outcome demonstrated
a significant improvement of PbO2 from ischemic to normal
values, a change that did not occur in those with an
unfavourable outcome). In this study, we postulate that
normal values in spontaneously hypothermic patients could
possibly be due to a ‘diffusion’ impairment [16]: cellular
dysfunction leading to an inability to utilize oxygen or a
hyperaemic flow itself secondary to the acute brain injury.

Cerebral microdialysates were similar between the
hyperthermic and normothermic groups despite a difference
in outcome. This suggests that a reversibility of brain injury
could possibly exist in those that can potentially survive
and improve to a good outcome [18]. Glucose, being a very
sensitive marker of neuronal metabolism [12] was signifi-
cantly different across all 3 temperature groups while
glycerol, a less sensitive marker of membrane damage,
was not different.

To date and to the best of our knowledge, there is no study
characterizing the effect of temperature regulation on brain
biochemistry in spontaneous ICH alone [20]. Overall
analysis of our data shows a difference in brain neurochem-
istry with respect to temperature regulation in spontaneous
ICH. In the treatment of hemorrhagic stroke where different
therapeutic measures remain controversial, a deeper under-
standing of the pathophysiological differences that exists in
spontaneous ICH may help clarify optimal treatment.

Conclusion

In spontaneous ICH, extremes of temperature worsen
neurological injury and are associated with worse out-
comes. Such injury is reflected in local changes in brain
neurochemistry adjacent to the hematoma cavity. Patients
with spontaneous hypothermia with a brain temperature of
< 36°C have the most devastating injury while hyperther-
mic patients with a brain temperature of > 39°C also have a
similar outcome. However, further studies are necessary to
determine if active systemic treatment of temperature with
controlled cooling techniques would lead to better outcomes.
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Increased levels of CSF heart-type fatty acid-binding protein
and tau protein after aneurysmal subarachnoid hemorrhage

E. R. Zanier & L. Longhi & M. Fiorini & L. Cracco &

A. Bersano & T. Zoerle & V. Branca & S. Monaco &

N. Stocchetti

Summary
Background Heart-type Fatty Acid-Binding Protein (H-
FABP) and tau protein (τ) have been shown to be novel
biomarkers associated with brain injury and, therefore, they
could represent a useful diagnostic tool in patients with
subarachnoid hemorrhage (SAH). The goal of this study
was to measure H-FABP and τ in cerebrospinal fluid (CSF)

following SAH to test the hypothesis that a relationship
exists between SAH severity and H-FABP/τ values.
Methods Twenty-seven consecutive SAH patients admitted
to our ICU were studied. Serial CSF samples were obtained
in every patient starting on the day of SAH and daily for up
to 2 weeks post-SAH. H-FABP/τ levels were measured by
enzyme-linked immunosorbent assay.
Results Patients with severe SAH showed significantly
higher peak levels of H-FABP and τ compared to mild-
SAH patients (FABP: p=0.02; τ: p=0.002). In addition the
peak concentrations of H-FABP and τ in CSF from SAH
patients correlated significantly with Glasgow Coma Scale
motor score (H-FABP: Spearman r=−0.52, p=0.006; τ:
Spearman r=−0.63, p=0.0004). Based on outcome at
discharge from the hospital, patients were categorized into
survivors and non-survivors. Peak concentrations of both
proteins in the non-survivors group were significantly
higher than in the survivors.
Conclusions H-FABP and τ CSF levels are proportional to
SAH severity and may be novel biomarkers that can be
used to predict the severity of outcome following clinical
SAH.

Keywords Aneurysmal subarachnoid hemorrhage .

Biomarkers . Heart-type fatty acid-binding protein .

Tau protein

Introduction

Aneurysmal subarachnoid hemorrhage (SAH) is a severe
condition due to the rupture of an intracranial aneurysm in
the subarachnoid space. SAH is an important cause of
premature death and disability worldwide, affecting ap-
proximately 10/100,000 hospitalized patients every year
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[1, 2]. Studies on mortality and morbidity of SAH in Italy
report a mortality rate of 25% within 6 months from the
first bleeding and severe neurological disability in 15% of
the survivors [2].

The severity of initial brain damage is one of the most
important factors associated with the outcome following SAH
[3]. Global brain ischemia associated with acute increases in
intracranial pressure (ICP) and/or focal brain ischemia due to
tissue compression are two major mechanisms of initial brain
damage following SAH [3]. The identification of biomarkers,
known to be released during brain ischemia following SAH
could therefore represent an aid for the clinician.

Recently, Heart-type Fatty Acid-Binding Protein (H-
FABP), a small cytoplasmic lipid-binding protein, with a
molecular weight of 15 kDa, was found to be increased in
patients with mild traumatic brain injury [4] and those with
ischemic and hemorrhagic stroke [5]. Following acute
ischemic stroke, an acute increase in plasma H-FABP was
significantly associated with the severity of the neurological
deficit and the functional outcome [6]. H-FABP in the brain
is predominately localized in the neuronal cell body, and
following cellular damage, is rapidly released into the
blood. CSF levels of H-FABP following SAH are unknown
and we wondered whether this protein might therefore have
the potential to be a rapid diagnostic marker of injury
severity following human SAH.

Tau protein (τ), a phosphorylated microtubule-associated
protein, has been recognized as a nonspecific marker of
axonal injury [7]. Following brain damage τ is released into
the extracellular space and may be increased in the
cerebrospinal fluid (CSF). In a study conducted on 17
SAH patients, it was reported that the increased CSF τ
observed following SAH was correlated with both injury
severity and clinical outcome [8]. In the present study we
assessed CSF levels of both H-FABP and τ in SAH patients
to determine whether a direct relationship exists between
expression of these proteins and SAH severity.

Materials and methods

Patient population The study was approved by the Local
Research Ethics Committee of the Ospedale Maggiore
Policlinico, Milano. Written informed consent was obtained
from the patient or, in the comatose patients, from the next
of kin. Twenty seven consecutive patients admitted to our
neuro-critical Intensive Care Unit (ICU) with a diagnosis of
SAH were enrolled.

Clinical Management The severity of SAH, on admission
and before surgery/endovascular treatment, was recorded
according to the World Federation of Neurological Surgeons
(WFNS) grading scale [9].

Admission CT scan was classified using the Fisher scale
[10]. Management goals included the early clipping/coiling
of the aneurysm (in our Center, 77% of ruptured intracranial
aneurysms are secured within the first 24 hours) and, where
indicated, surgical evacuation of the intracranial hematoma.
Hydrocephalus was drained using an intraventricular catheter
and intracranial pressure (ICP) was monitored in all patients
with the goal to maintain ICP levels below 20 mmHg, and
cerebral perfusion pressure (CPP) above 70 mmHg. In
addition a jugular bulb catheter was inserted in all comatose
patients to allow determination of jugular saturation of
oxygen (SjO2) and calculation of arterio-jugular difference
of oxygen content (AjDO2). Outcome criteria included
survival recorded at discharge from the hospital.

CSF sampling CSF samples (5 ml) were collected begin-
ning on day 1 and thereafter twice daily (8 A.M./ 8 P.M.).
CSF samples were treated with an anticoagulant, centri-
fuged and then frozen and kept at - 80 degrees Celsius.
Samples were analyzed using specific ELISA kits for H-
FABP and τ as described [11].

Groups From the analysis of serial CSF samples, the
maximum (peak) values were determined in each patient
for both proteins. To explore the relationship between CSF
H-FABP/τ and injury severity, patients were grouped and
dichotomized according to the WFNS score of mild SAH
(WFNS 1–3) and severe SAH (WFNS 4–5). However,
since GCS can vary from 12 to 3 amongst patients with
WFNS 4 and 5, we investigated the relationship between
the motor component of GCS (mGCS) and CSF levels of
H-FABP and τ. To explore the relationship between CSF
H-FABP/τ and outcome, patients were also categorized into
survivors and non-survivors assessed at hospital discharge.

Statistical analysis ICP data are presented as mean ±
standard error of the mean. H-FABP and τ (whose distribution
was not normal) are presented as median values (+ range).
Mann Whitney test was used to assess the relationship
between peak H-FABP/τ values and WFNS, and outcome at
discharge. Correlation and linear Spearman regression analy-
ses were used to determine the relationship between CSF
biomarkers and injury severity (assessed with the mGCS). A
“p” value of < 0.05 was accepted as significant.

Results

Patients The clinical features of the patients are presented
in Table 1. Median age was 56 (range 30–78) and 23
patients (85%) were female. Seventeen patients (63%) were
in poor clinical conditions on admission (WFNS 4–5).
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Anterior circulation aneurysms were present in 18 (69%)
patients. On admission CT, 2 patients were Fisher scale
grade 3 (localized clots and/or vertical layers of blood
1 mm or greater in thickness), and 25 were grade 4 (diffuse
or no subarachnoid blood with intracerebral or intraventric-
ular clots). Aneurysms were treated with an endovascular
approach in 20 patients (74%) and with surgical clipping in
4 patients. In 3 patients with irreversible brain damage
(GCS 3 and absence of upper brainstem reflexes after
hydrocephalus drainage), aneurysm closure was not per-
formed. Intracranial pressure was monitored in 23 patients
(85%).

CSF H-FABP/τ concentrations following SAH All but 2
patients had at least one pathologically elevated concentra-
tion of H-FABP CSF values (median 6607 pg/ml; range
603–100000 pg/ml) compared to published reference
population (CSF H-FABP of 1729 pg/ml: [12]). Similarly,

all but 3 patients had at least one pathologically elevated
concentration of CSF τ (median 4322 pg/ml; range 146–
17222 pg/ml) compared to published reference population
(CSF τ normal values up to 672 pg/ml: [7]).

Relationship between H-FABP/τ values and degree of brain
damage following SAH Patients with severe SAH (WFNS
4–5) showed significantly higher peak H-FABP (median
14388 pg/ml; range 603–100000 pg/ml) and τ (median
7194 pg/ml; range 710–17222 pg/ml) levels compared to
mild-SAH (H-FABP median 3622 pg/ml; range 1800–
8873 pg/ml; Mann Whitney test p=0.02. τ median
1572 pg/ml; range 146–5627 pg/ml; Mann Whitney test
p=0.002). Additionally, we investigated the relationship
between mGCS and CSF biomarkers. The peak concen-
trations of H-FABP and τ in SAH CSF correlated
significantly with mGCS (H-FABP: Spearman r=−0.52,
p=0.006; τ: Spearman r=−0.63, p=0.0004) (Fig. 1).

Table 1 Characteristics of patients with subarachnoid haemorrhage

Patient Code n° Age Sex WFNS* Fisher Aneurysm
location

Aneurism
treatment

Timing
(hours)

mean ICP
mmHg

max ICP
mmHg

1 56 F 5 4 MCA Coil <24 34 66
2 51 F 5 4 PCA Coil <24 77 110
3 48 F 5 4 ICA NT - 68 91
4 65 M 5 4 VA NT - 44 117
5 39 F 5 4 ACoA Coil 24–72 56 63
6 68 F 5 4 Unknown* NT - 50 51
7 73 F 5 4 ACoA Coil 24–72 10 80
8 68 F 4 4 ACoA Coil <24 12 39
9 58 F 4 4 MCA Clip <24 14 24
10 78 F 4 4 Peric. Clip <24 9 20
11 38 F 1 3 PCA Coil <24 26 36
12 56 F 5 4 PICA Coil <24 16 32
13 47 F 1 4 ACoA Coil <24 - -
14 54 F 4 4 Basilar A Coil <24 13 28
15 62 F 5 4 MCA Clip <24 12 18
16 73 F 1 4 ACoA Coil <24 - -
17 37 F 1 3 PCoA Coil <24 - -
18 63 F 2 4 Basilar A Coil 24–72 9 18
19 63 F 1 4 SCA Coil <24 - -
20 30 F 1 4 ICA Coil 24–72 18 26
21 41 M 2 4 PICA Coil <24 11 25
22 67 F 4 4 MCA Coil <24 11 22
23 45 F 4 4 ACA Coil >72 14 16
24 68 F 1 4 PCA Coil <24 10 25
25 63 M 5 4 ACoA Clip <24 22 76
26 49 F 3 4 ACA Coil <24 12 25
27 42 M 5 4 ACA Coil <24 14 30

Legend: WFNS, World Federation of Neurological Surgeons grading scale. MCA = Middle cerebral artery, AcoA = Anterior communicating
artery, PcoA = Posterior communicating artery, PCA = Posterior cerebral artery, ACA = Anterior cerebral artery, PICA = Posterior inferior
cerebellar artery, SCA = Superior cerebellar artery, Peric. = Pericallosal artery, VA = Vertebral artery, ICA = Internal carotid artery. * No aneurysm
found or patient died before ancillary investigations could be performed. Clip = surgical treatment, Coil = endovascular treatment, NT = no
treatment, Timing = timing of treatment from SAH, ICP = intracranial pressure.
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CSF H-FABP and τ concentration in Survivors versus Non-
Survivors Based on outcome at hospital discharge, patients
were categorized into survivors and non-survivors (Table 2).
The peak concentration of H-FABP (28793 pg/ml with
range of 1800–100000 pg/ml) in the non-survivors group
was significantly higher than that recorded from survivors:
3925 (603–37127) pg/ml (Mann Whitney: p=0.005).
Similarly the peak concentration of τ was 9066 (719–
17222) pg/ml in the non-survivors group, it was signifi-
cantly higher than the peak concentration in survivors: 2260
(146–12296) pg/ml (Mann Whitney: p=0.008).

Influence of Surgery In case of surgical clipping of the
aneurysm (4 patients) CSF sampling occurred after surgery.
To address the influence of surgery on CSF H-FABP and τ

levels, we repeated all analyses after exclusion of these 4
patients. The relationship between peak concentrations of H-
FABP and τ with WFNS, mGCS and outcome at discharge
remained significant, suggesting that CSF protein increases
are associated with SAH and not with surgical manipulation.

Discussion

In this study we observed that, following SAH, (i) a
significant increase of CSF concentrations of H-FABP and
τ occurs and (ii) a direct relationship exists between the
degree of brain damage, evaluated with WFNS scale,
mGCS and outcome at discharge, and CSF levels of H-
FABP and τ. Several studies have reported that alterations
in CSF H-FABP [5, 12, 13] and τ [7, 8, 14, 15] levels are
associated with cellular brain damage in patients with acute
neurological disorders and degenerative disease. SAH is
characterized by a loss of structural integrity of glial and
neuronal cells and release of cell-specific proteins into the
CSF. The majority of patients in our study showed
increased levels of H-FABP (92%) and τ (89%) compared
to normal references. Perhaps more importantly, the degree
of H-FABP and τ increase reflected the clinical condition of
the patient. In addition, we observed higher levels of these
proteins in non-survivors when compared to survivors.
Among non-survivors, the cause of death was acute brain
injury in 5 cases (median mGCS=3; range 1–3), and
vasospasm associated delayed cerebral ischemia (DCI) in
the other 4 patients (median mGCS=6; range 3–6). Even
though the relationship between DCI and CSF H-FABP/τ
levels was not the aim of our study, high levels of these
proteins in this sub-group of patients suggest that the
relationship of H-FABP/τ with intracranial secondary
insults should be investigated.

The latency between time of SAH and H-FABP and τ
elevation is an important variable that was not determined
in the present study, future directions for our work will be

Table 2 Survivors versus non-survivors

Characteristic All Survivors Non-survivors Significance

H-FABP (pg/ml) 6607 (603–100000) 3925 (603–37127) 28793 (1800–100000) 0.005
tau (pg/ml) 4322 (146–17222) 2260 (146–12296) 9066 (719–17222) 0.008
Age, years 56 (30–78) 56 (30–73) 63 (39–78) ns
Sex (F:M) 23: 4 16: 2 7: 2 ns
WFNS 4 (1–5) 3.5 (1–5) 5 (1–5) 0.038
mGCS 5.5 (1–6) 6 (3–6) 3 (1–6) ns (p=0.06)
Fisher 4 (3–4) 4 (3–4) 4 (4–4) ns
Number 27 18 9

Legend: The median (+ range) is shown. Ns = not significant; WFNS = World Federation of Neurological Surgeons; mGCS = Glasgow Coma
Scale motor score.

Fig. 1 Relationship between CSF mGCS and peak H-FABP (upper
panel) and τ (lower panel) levels. H-FABP: Spearman r=−0.52, p=
0.006; τ Spearman r=−0.63, p=0.0004
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to address the temporal relationship of FABP/τ changes and
the occurrence of secondary ischemia. Furthermore, we
limited our analysis to the CSF, particularly since τ is a
neuronal protein that cannot be detected in plasma.
Conversely, H-FABP is not brain-specific and can increase
in plasma following extracranial injuries [16, 17]. It would
therefore be important to investigate the relationship between
CSF and plasma H-FABP levels following SAH to discrim-
inate between H-FABP increases due to brain damage and
plasma CSF contamination due to the initial bleeding.
Moreover in this pilot study we only investigated the
relationship between H-FABP/τ changes and the outcome at
time of discharge. Additional work is needed to establish
whether high H-FABP/τ values are related or not to functional
outcome 6 month after SAH, and to address which role, if any,
these proteins might play as predictive factors for late
morbidity and mortality following SAH. Despite these
limitations, our findings provide new evidence that H-FABP
and τ in the CSF increase substantially in patients following
SAH and that a direct relationship between injury severity and
H-FABP and τ levels exist.
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PART 8: 
Experimental studies and models



DNA vaccination against neurite growth inhibitors
to enhance functional recovery following traumatic
brain injury

Yi Zhang & Beng Ti Ang & Zhi Cheng Xiao & Ivan Ng

Abstract
Background Myelin-associated proteins contribute to fail-
ure of axon regeneration in the injured central nervous
system of the adult.
Methods In this study, we employed a recombinant DNA
vaccine encoding the myelin-derived inhibitors NogoA,
myelin-associated glycoprotein (MAG) and tenascin-R
(TnR), so as to effect the production of antibodies against
these myelin-related antigens, in a rodent head injury model
and ascertained its potential for promoting axonal plasticity
and functional recovery. Adult rats underwent lateral fluid
percussion at the left sensorimotor cortex (SMC) and
treatment with the DNA vaccine before or after injury.
Behavioral tests and neuroanatomical tract tracing was
carried out.
Findings The vaccinated rats showed improved cortico-
rubral plasticity and functional recovery compared to
control groups.
Conclusions This suggests that a DNA vaccination ap-
proach may provide a promising strategy for promoting
repair after traumatic brain injury.

Keywords Myelin-associated inhibitors . DNAvaccine .

Head injury . Axonal regeneration

Introduction

Trauma remains a major contributor to morbidity and
mortality in societies worldwide. A large number of victims
have long-term disabilities due to the lack of effective
therapy to affect central nervous system repair, and this
results in a significant economic burden to families, care-
givers and society [1]. Axonal plasticity leading to
functional recovery in the immature central nervous system
(CNS) following brain injury has been demonstrated [2].
Following unilateral cortical damage, an increased crossed
projection of intact corticospinal tract axons occurs to the
contralateral red nucleus at the level of the midbrain [3].
Functional and anatomical repair is very limited in the adult
brain compared with that in the immature CNS, primarily
due to axonal growth inhibitors associated with myelin [4]
such as NogoA [5], myelin-associated glycoprotein (MAG)
[6], oligodendrocyte myelin glycoprotein (OMgp) [7] and
TnR [8]. Many studies have identified that neutralization of
inhibitors at the time of or after brain injury result in
functional regeneration [9, 10]. These studies highlight the
importance of these inhibitors as critical targets for
effecting repair of the injured CNS. However, blockade of
all myelin proteins may be of limited utility as certain
components have important biological functions [11, 12].
To address this, a recombinant DNA vaccine, encoding
fragments which compose the immunoglobulin domains 1–
5 of rat MAG, the epidermal growth factor-like repeats of
human TnR and the N-terminal and 66 amino acid
extracellular loop of human NogoA, has been generated.
Our previous study has shown that the DNA vaccine could
produce antibodies to neutralize these inhibitors and
promote long-distance axonal regeneration and functional
recovery of locomotor functions after spinal cord injury
[13]. The present study aims to investigate whether
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neutralization of these inhibitors allows compensatory
structural plasticity and restoration of function in response
to TBI upon prophylactic and therapeutic treatment with the
DNA vaccine.

Materials and methods

Construction of the DNA vaccine

This has been described in detail previously [13].

Animals

Female Sprague-Dawley rats were supplied by the Animal
Breeding Center of the National University of Singapore.
Animals were housed three to a cage and maintained in a
temperature and humidity controlled room on a 12-h light:
12-h dark cycle. All testing was performed during the light
portion of the cycle. The animals were divided into the
following groups: (A) No lesion or sham lesion and no
treatment (n=10); (B) Lesion and no treatment (n=19); (C)
The prophylactic group: DNA vaccine (pcDNA-NGIs) was
given until autoantibodies were induced and traumatic brain
injury (TBI) was performed as soon as autoantibodies were
detectable (n=19); (D) the control group: The control
vaccine (empty vector; pcDNA3.1) was given via the same
way as that for the DNA vaccine and TBI was performed at
the same time point as that in the prophylactic group (n=
19); (E) The therapeutic group: TBI was performed and
pcDNA-NGIs was given immediately until autoantibodies
were induced (n=19).

DNA vaccine administration

100 μg of pcDNA-NGIs was intramuscularly injected into
the tibial muscle once a week until specific autoantibodies
were detectable. pcDNA3.1 (control empty vector) was
administered in the same manner.

Traumatic brain injury

The procedure of lateral fluid percussion (LFP) head injury
in the rat is a common model that has been well described
[14].

Neurobehavioral testing

All animals were trained for 3 weeks and baseline
measurements were recorded. Neurological scoring was
performed daily in all animals. Neurological function was
evaluated by a trained observer using an ordinal scale.

Animals were scored up to eight weeks following brain
injury.

Skilled forelimb reaching test

Forelimb coordination and fine digit motor control was
measured using the skilled forelimb reaching test [10]. All
animals were trained to reach through bars to grasp food
pellets. The paw not being evaluated was constrained.
Animals were presented with a total of 20 sugar pellets in
succession. A score of 1 was given for each pellet the
animals obtained by using the forelimb to reach and grasp
the pellet with its digits and carry the pellet to its mouth.

Beam walk

The beam walk measures the animals’ complex neuromotor
function [15]. The apparatus was a painted wooden beam
90 cm long, 4 cm wide, and 1.5 cm thick elevated 38 cm
above a foam bed. A 100-W incandescent light bulb and
white noise generator (110 dB) was located at the starting
point, and a darkened box (the goal) was located at the
opposite end of the beam. The noise was terminated after
the rat crossed the beam and entered the box. Animals
readily learned to cross the beam and enter the goal box to
escape the noise and light. Before LFP brain injury, each rat
was trained to cross the beam in 10 s or less on three
consecutive trials. The maximum trial length was 60 s.
Baseline performance was reestablished on the day of brain
injury. The rats were then retested following injury. The
mean beam crossing latency of three trials on each test day
was used as the measure of performance.

Neuroanatomical tract tracing

After 8 weeks of behavioral testing, eight animals of each
group were anesthetized and placed in a stereotactic frame.
The bone overlying the motor cortex contralateral to the
traumatic lesion was removed, and a 10% biotinylated
dextran amine (BDA: Molecular Probes: 10% wt/vol
solution in sterile saline) solution in 0.01 M phosphate
buffer was pressure injected (1 ul per injection at a rate of
0.2 ul per 1 min) using a Hamilton syringe at four sites
within the motor cortex. Animals were returned to standard
housing condition for 2 weeks and then sacrificed.

Immunohistological assessment

The brains were removed following transcardiac perfusion
with 4% Paraformaldehyde. After overnight post-fixation in
4% Paraformaldehyde followed by 30% sucrose, 30 μl
serial sections were cut using a cryostat and collected for
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semi-free floating processing with avidin-biotin-peroxidase
complex for visualization of BDA.

Quantification of cortico-rubral fibers

Axons crossing at the level of the red nucleus were counted
under 20× magnification; the midline was identified by
using the aqueduct and the paired red nuclei as landmarks.
For each case, we averaged the number of the BDA-labeled
axons that crossed to the denervated side in the three
standard coronal sections that included the red nucleus;
Results are from at least eight randomly selected animals
from each group.

Statistics

For behavioral data, a one-way analysis of variance
(ANOVA) with a Tukey post hoc test was used to compare
the mean values across all groups. For anatomical data,
ANOVAwas used to compare the mean fiber at the level of
the red nucleus between groups. For all analyses, p<0.05
was considered significant.

Results

Functional recovery

With regards to the skilled forelimb researching task
(Fig. 1): at baseline testing before TBI, all animals achieved
the same success score in grasping pellets with no
significant difference between groups (p>0.05). At 1 week
after TBI, all injured groups showed a severe deficit in
pellet grasping (mean of four pellets), with no significant
differences between groups (p>0.05). From 4 weeks after

TBI, rats in the prophylactic group had significantly greater
mean pellet-reaching success scores compared with other
groups (p<0.05). There was no difference between the
therapeutic group and the lesion only/control group until
week 8 (p>0.05). At week 8 after TBI, animals in the
therapeutic group (mean of twelve pellets) also had
significantly greater mean pellet-reaching success than the
lesion only/control group (p<0.05). There were no signif-
icant differences between the lesion only and control group
at any time point (p>0.05).

Beam walk performance is shown in Fig. 2. The mean
crossing latency for all groups prior to surgery was 6.5±
0.25 s. Statistical analysis demonstrated no difference
between groups in the first three weeks after TBI (p>
0.05). Crossing latencies for animals in the prophylactic
group were significantly decreased after TBI compared to
other groups on test weeks 4–8 (p<0.05). In contrast, beam
crossing latencies for animals in the therapeutic group did
not differ significantly from lesion only/control groups till
8 weeks (p>0.05). Latencies for animals in the control
group did not differ significantly from the lesion only group
(p>0.05).

Corticorubral plasticity

To relate behavioral changes to the development of new
cortico-efferent pathways, the corticorubral projection from
the spared hemisphere was examined with the anterograde
tracer, BDA (Fig. 3). In the intact CNS, the corticorubral
pathway is primarily an ipsilateral projection with a minor
contralateral component. In all groups, the region of the red
nucleus on the BDA-injection side showed more dense
BDA-positive fibers than on the contralateral side. The
number of crossed corticorubral fibers was less in the lesion
only/control group compared with the immunized groups ()
(p<0.05). There was no significant difference between the

Fig. 1 Forelimb reaching per-
formance from 1 week post-
injury (wpo) to 8 wpo after TBI
shows functional improvement
in the DNA vaccine treatment
group. Data are presented as
mean±SD. *, p<0.05, the pro-
phylactic group compared with
other groups. #, p<0.05, the
therapeutic group compared
with the lesion with no treat-
ment group and control group
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lesion and the control group (p>0.05). DNA vaccination
had a greater effect on increasing the number of crossed
corticorubral axons in rats in the prophylactic group as
compared with the therapeutic group (p<0.05).

Discussion

Our results show that treatment with a DNA vaccine against
myelin-associated inhibitors before and after TBI in adult

Fig. 3 Axon crossings at the
level of the red nucleus. a:
labeled axons in the vicinity of
the red nucleus are shown on the
normal side (Left) and on the
denervated (Right) side. b:
Quantitation of axons crossing
from the intact side of the brain
to the denervated red nucleus.
*, p<0.05, **, p<0.001.
(ANOVA). (Bar in d=50 μm)

Fig. 2 Beam walk performance
from 1 week po to 8 wpo after
TBI shows functional improve-
ment in the DNA vaccine treat-
ment group. Data are presented
as mean±SD. *, p<0.05, the
prophylactic group compared
with other groups. #, p<0.05,
the therapeutic group compared
with the lesion and no treatment
group and control group
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rats promotes recovery of function,as measured by a
forelimb task and beam walking, and also promotes
improved structural axonal plasticity. DNA vaccination
induces cell-mediated immunity [16, 17]. Intra-muscular
DNA vaccination results in the rapid movement of foreign
DNA out of local sites and an immuno-stimulatory
response sustained at distant sites [18]. Activated T cells
are able to cross the blood brain barrier (BBB) and enter the
CNS parenchyma [19]. The safety concern with regards to
induction of an auto-immune demyelination in view of the
fact that the vaccine contained myelin antigens has been
addressed in our previous study [13]. In the present study,
the improvement for the therapeutic group compared to
control occurred later than in the prophylactic group.
Previous reports have also described differences in time of
functional recovery following treatment with antibodies
directed against NogoA at the point of CNS injury
compared to a delayed treatment [10]. Our results suggest
that DNA vaccination could be a possible strategy to
enhance CNS repair after head injury.
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Ischemic blood-brain barrier and amyloid in white matter
as etiological factors in leukoaraiosis

Ryszard Pluta & Sławomir Januszewski &
Marzena Ułamek

Abstract
Background Pathology of white matter, which is observed
in ischemic brain, indicates that similar processes contribute
to Alzheimer’s disease development. These injuries have
been seen in the subcortical and periventricular regions.
Periventricular white matter changes in ischemic and
Alzheimer’s disease brain, referred to as leukoaraiosis, are
responsible for changes in memory, cognition and behavior.
It is not clear whether the blood-brain barrier in ischemic
periventricular white matter is altered in aged animals.
Methods We studied blood-brain barrier changes with
amyloid precursor protein staining around blood-brain
barrier vessels. Rats were made ischemic by cardiac arrest.
Blood-brain barrier insufficiency, accumulation of amyloid
precursor protein and platelets around blood-brain barrier
vessels were investigated in ischemic periventricular white
matter up to 1-year survival.
Findings Ischemic periventricualr white matter demonstrat-
ed enduring blood-brain barrier changes. Toxic fragments
of amyloid precursor protein deposits were associated with
the blood-brain barrier vessels. Moreover our investigation
revealed platelet aggregates in- and outside blood-brain
barrier vessels. Toxic parts of amyloid precursor protein
and platelet aggregates correlated very well with blood-
brain barrier permeability.
Conclusions Progressive injury of the ischemic periven-
tricular white matter may be caused not only by a

degeneration of neurons destroyed during ischemia but
also by damage in blood-brain barrier. Chronic ischemic
blood-brain barrier insufficiency with accumulation of toxic
components of amyloid precursor protein in the periven-
tricular white matter perivascular space, may gradually over
a lifetime, progress to leukoaraiosis and finally to severe
dementia.

Keywords Leukoaraiosis . Blood-brain barrier .

Axonal leakage . Amyloid precursor protein

Introduction

Alzheimer’s disease is progressive disorder with unknown
etiological mechanisms. Recent clinical and experimental
studies propose connection of ischemic processes with
Alzheimer’s dementia [6, 8]. Slowly developing ischemic-
and Alzheimer’s-type dementia probably has connection
with white matter changes, too. Several reports have been
suggested that axonopathy and axonal transport deficits
may also play a causative role during progression of
Alzheimer’s disease [2, 4, 11]. Here the overlap of ischemia
with Alzheimer’s disease will be a central issue, as will the
white matter changes frequently seen in dementia. Periven-
tricular white matter injury occurs in both neuropatholog-
ical processes and is termed leukoaraiosis. In this paper we
will try understand the role of ischemic blood-brain barrier
permeability for platelets and toxic fragments of amyloid
precursor protein in leukoaraiosis process.

Materials and methods

In female Wistar rats (n=24, 3 months old, 150–180 g body
weight) blood-brain barrier, amyloid precursor protein and
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platelets pathology were investigated following 10 min of
ischemic brain injury due to cardiac arrest [7]. Experiments
were performed with rats aged 2 and 7 days and 6 and
12 month. Sham-operated control animals (n=16) were
sacrificed at the same time points. Animals were perfusion
fixed for light and electron microscopic analysis.

Horseradish peroxidase served as an indicator of blood-
brain barrier permeability. It was injected i.v. and was
allowed to circulate for 30 min. Left hemisphere was cut at
50–80 μm slices in the coronal plane with a vibratome and
incubated in a solution of 3,3′-diaminobenzidine tetra-
hydrochloride and examined by light microscopy [7].
Sections from the right hemisphere were selected for
electron microscopy studies [7]. Antibodies recognizing
different parts of amyloid precursor protein were used to
stain paraffin sections [7].

Results

Until one year after ischemic brain injury periventricular
white matter regions contained single and scattered areas of
horseradish peroxidase extravasations (Fig. 1a) (Table 1).
Horseradish peroxidase extravasations involved arterioles,
capillaries, venules and veins. Extravasated horseradish
peroxidase appeared to be restricted to branches and
bifurcations of leaking blood-brain barrier vessels. In
summary ischemic periventricular white matter presented
random blood-brain barrier permeability (Fig. 1a).

After short-term survival following experimental cardiac
arrest N- and C-terminal of amyloid precursor protein and
β-amyloid peptide immunoreactivity were found around the
blood-brain barrier vasculature (Table 1). Following long-
term survival, staining only for the neurotoxic β-amyloid
peptide and C-terminal of amyloid precursor protein was
found (Fig. 1c) (Table 1). Multiple and abundant β-amyloid
peptide and C-terminal of amyloid precursor protein
accumulations embraced or adjoined the blood-brain barrier
vessels (Fig. 1c). The staining size was different and
irregular in shape. Blood-brain barrier vessel lumens and
their inner and outer side of walls were also stained. The
halo of β-amyloid peptide and C-terminal of amyloid
precursor protein immunoreactivity in the perivascular
space of blood-brain barrier vessels suggests that both
proteins can easy cross walls of blood-brain barrier
vasculature. In general, perivascular deposits of different
parts of amyloid precursor protein took the same forms as
extravasated horseradish peroxidase.

Investigation of leaky sites of blood-brain barrier vessel
demonstrated single or aggregating platelets sticking and
adhering to the blood-brain barrier vessel walls at all time
points [7, 8]. Intravascular aggregates of platelets predomi-
nated in blood-brain barrier branches and bifurcations,

which correlated very well with blood-brain barrier perme-
ability. Many vessels were plugged by platelets completely
and completely blocked blood flow. Moreover single and
aggregating platelets were noted on the abluminal side of
blood-brain barrier vessels [7, 8]. Platelets pathology was
single, scattered, and random. These kind of alterations
occurred in arterioles, capillaries, venules and veins
independent of survival time. Toxic components of amyloid
precursor protein and platelet aggregates correlated well
with blood-brain barrier permeability.

Control animals showed no horseradish peroxidase
leakage (Fig. 1b) (Table 1) and no luminal or abluminal

Fig. 1 a. Vibratome section reacted for horseradish peroxidase,
extravasated horseradish peroxidase (arrow) is noted in periventricular
space. 10-min brain ischemia, 1 year survival. (× 60). b. No staining
for horseradish peroxidase in vibratome section is seen in periven-
tricular space. Sham-operated rat, 1 year survival. (× 40). c. Numerous
perivascular, extracellular and intracellular C-terminal of amyloid
precursor protein deposits in periventricular space (brown color). C-
terminal of amyloid precursor protein-positive staining in plexus
chorioideus (arrow). 10-min brain ischemia, 1 year survival. (× 100).
d. C-terminal of amyloid precursor protein staining is not identified in
perivascular, extracellular and intracellular space in periventricular
area. Sham-operated rat, 1 year survival. (× 60). Ventricles of brains
(v) are shown
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platelet aggregation around blood-brain barrier vessels [7, 8].
In control brains staining for different fragments of amyloid
precursor protein was not observed (Fig. 1d) except for weak
immunoreactivity for the C-terminal of amyloid precursor
protein in the cytoplasm of single cells (Table 1).

Discussion

We identified a novel lesion in periventricular white matter
myelinated fibers caused by blood-brain barrier permeabil-
ity for toxic components of amyloid precursor protein in
ischemic brain. Therefore it is possible that the focal
abnormal levels of β-amyloid peptide and C-terminal of
amyloid precursor protein may locally destroy axon mem-

branes [7, 10, 13] and induce local axonal leakage e.g. for
amyloid precursor protein (Fig. 2). Moreover, if an axon is
destroyed at certain sites [7], amyloid precursor protein may
leak out and, via proteolysis of amyloid precursor protein, β-
amyloid peptide may be produced in a vicious cycle [1, 3]
(Fig. 2). Both circulatory and intraaxonal components,
including amyloid precursor protein, may leak out of
ischemic blood-brain barrier and ischemic axons and
produce leukoaraiosis, in same way as in Alzheimer’s brain
(Fig. 2). This process may be involved in the formation of
amyloid plaques that may also play a causative role in the
cognitive deficits in Alzheimer’s disease [6, 8] (Fig. 2).

In the present study we found that swollen axons are
accompanied by ischemic blood-brain barrier changes and
accumulation of the C-terminal of amyloid precursor
protein and β-amyloid peptide [7]. The occurrence of
astrocytic and axonal swelling in perivascular space one
year following brain ischemia [7] represents vasogenic
edema. On the other hand the available evidence indicates
that impaired axonal transport is a key process inducing
axon swelling in an experimental model of Alzheimer’s
disease [11]. Axonal swelling phenotypes that resemble the
dystrophic neurites related to senile plaques have been
described not only in Alzheimer’s disease mouse models
but also in the brains of aged and Alzheimer’s disease
patients. It is possible that the swollen axons [7] with local
membrane damages [10, 13] may in turn affect axonal
transport and make axonal leakage worse. Amyloid
precursor protein is a functional membrane protein in axons
that is produced in the cell body and transported to the
distal part of axons [5]. If amyloid precursor protein
leakage occurs at the site of axonal leakage, then β-amyloid

Fig. 2 Schematic diagram of
the ischemic pathological pro-
cesses in leukoaraiosis develop-
ment. BBB-Blood-brain barrier;
APP-amyloid precursor protein;
βA-β-amyloid peptide

Table 1 Immunoreactivity for N-terminal of amyloid precursor
protein (NAPP), β-amyloid peptide (βA) and C-terminal of amyloid
precursor protein (CAPP) and horseradish peroxidase (HRP) in the
periventricular white matter perivascular space following 10-min brain
ischemia

Group NAPP βA CAPP HRP

Controls – – ± –
Short-term survival
2 days ++ ++ ++ +
7 days ++ ++ ++ +
Long-term survival
6 months – +++ +++ +
12 months – +/++ +/++ +

The staining intensity was categorized into five grades as follows: - no
staining; ± staining for cytoplasm of single cells; + a single and diffuse
areas; ++ a few and diffuse areas; +++ many strong and diffuse areas
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peptide production and deposition may occur in the
extraaxonal space by proteolysis of amyloid precursor
protein [1, 3] (Fig. 2). Accumulation of β-amyloid peptide
and other products of amyloid precursor protein cleavage,
at the sites of axonal injury after traumatic experimental
brain lesion, suggest that this may also be the case in
Alzheimer’s disease [1, 3, 11]. The uncontrolled leakage of
amyloid precursor protein and other proteins may decrease
the availability of these components in the distal part of
axons, resulting in dystrophic neurites and diminished
neurotransmitters at the axon terminals. Axonal leakage
may be an additional factor in the development of
leukoaraiosis and retrograde secondary neuronal death in
ischemic injury and dementia (Fig. 2).

If ischemic blood-brain barrier with different fragments
of amyloid precursor protein and axonal leakage appear
together around the neurites as we observed in our
experimental model, this may explain the formation of
amyloid plaques with dystrophic neurites typical of
Alzheimer’s disease. It is understandable that axonal
leakage is due to direct and indirect ischemic membrane
damage of axons. Any factor that affects membrane
stability and results in severe blood-brain barrier [7, 12]
and axonal leakage, may precipitate Alzheimer’s disease-
like neuropathological change. Our findings indicate that
blood-brain barrier and axonal leakage may be a key
pathological change that would help to explain mechanisms
of leukoaraiosis. These changes may possibly lead to the
development of amyloid plaques and neurofibrillary tangles
and may contribute to Alzheimer’s dementia (Fig. 2).
Finally we can observe age-related loss of myelinated
fibers and neurons [9]. The development of substances
stabilizing axonal transport might represent a novel thera-
peutic target to prevent cognitive decline in neurodegener-
ative disorders such as ischemia and Alzheimer’s disease.
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Matrix metalloproteinase inhibition attenuates brain edema
after surgical brain injury

Vikram Jadhav & Mitsuo Yamaguchi & Andre Obenaus &

John H. Zhang

Abstract
Background Neurosurgical operations can result in inevi-
table brain injury due to the procedure itself. This surgical
brain injury (SBI) can cause post-operative complications
such as brain edema following blood-brain barrier (BBB)
disruption leading to neurological deficits.
Methods We tested whether inhibition of matrix metal-
loproteinases (MMPs) 9 and 2 provided neuroprotection
against SBI. A rodent SBI model, which involves a partial
frontal lobe resection, was used to evaluate two treatment
regimens of MMP inhibitor-1 (inhibitor of MMP-9 and
MMP-2); a single dose (5 mg/kg, pretreatment) and daily
dose treatment (5 mg/kg x 3, pre- and post-treatment). Post-
operative assessment at different time periods included
brain water content (brain edema), immunohistochemical
analysis, zymography for MMP enzymatic activity, and
neurological assessment.

Findings The results indicate that SBI caused localized
edema around the site of surgical resection with concom-
itant increase in MMP-9 and MMP-2 activity. Both
treatment regimens with MMP inhibitor-1 decreased brain
edema and attenuated the rise in MMP-9 and MMP-2
activity. An increased expression of MMP-9 was also seen
in the neurons and neutrophils in the affected brain tissue at
the periphery of surgical resection.
Conclusions The study suggests a potential role for MMP
inhibition as preoperative therapy before neurosurgical
procedures.

Keywords Surgical brain injury .MMP-9 .MMP-2 .

Brain edema

Introduction

Neurosurgical procedures can result in inevitable brain
injury by different means including direct trauma, retractor
stretch, hemorrhage, and electrocautery causing postopera-
tive complications such as brain edema, ischemia, BBB
disruption and neuronal cell death leading to neurological
deficits and adverse outcomes [2, 6, 7, 11, 12, 19, 22, 23].
Our previous in-vivo study showed that brain edema
following disruption of blood-brain barrier (BBB) played
an important role in pathophysiology of this surgical brain
injury (SBI) [13, 14, 20]. Thus, therapies aimed at reducing
the BBB disruption are likely to attenuate post-operative
brain edema after SBI and decrease the neurological
deficits.

Matrix metalloproteinases (MMPs) are proteases which
cause disruption of BBB [3, 10, 21] and are well implicated
in different types of ischemic, hemorrhagic and neurode-
generative brain pathologies in clinical as well as experi-
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mental animal studies [1, 5, 8, 18, 25]. Furthermore, MMPs
such as MMP-9 and MMP-2 play a critical role in cerebral
edema formation and increasing permeability of BBB after
different brain injuries [3, 8, 10, 21]. In this study we tested
MMP inhibitor-1, an inhibitor of MMP-9 and MMP-2, for
neuroprotective effect in the rodent model of SBI [13, 14,
20]. We hypothesized that MMP-9 and MMP-2 inhibition
will decrease brain edema and improve neurological
deficits after SBI.

Materials and methods

Surgical brain injury modeling and treatment groups

This protocol was evaluated and approved by the Institu-
tional Animal Care and Use Committee at Loma Linda
University, Loma Linda, CA. The rodent model of SBI was
used as described before [13, 14, 20]. In brief, following
anesthesia with ketamine (100 mg/kg) plus xylazine
(10 mg/kg) i.p, a square cranial window was drilled such
that the left lower corner of the square was at the bregma.
The dura was incised and reflected to expose the underlying
right frontal lobe. Using a flat blade (6 mm×1.5 mm), two
incisions were made along sagittal and coronal planes
leading away from the bregma to sever an area of brain
2 mm lateral of sagittal and 1 mm proximal of coronal
planes. The depth of the incisions extended to the base of
the skull. The weight of the sectioned brain was not
significantly different between the various groups. Hemo-
stasis was achieved by intraoperative packing and saline
irrigation. Sham surgery included only craniotomy and
replacement of the bone flap without any dural incisions. A
total of 67 Sprague-Dawley male rats (300–350 g) were
divided randomly into four groups; (1) SBI with vehicle
treatment (0.1% DMSO), (2) SBI with single pretreatment
of MMP inhibitor-1 (an inhibitor of MMP-9 and MMP-2
administered i.p. 5 mg/kg 60 mins before surgery, Calbio-
chem, CA, U.S.A.), (3) SBI treated daily (total three doses
of MMP Inhibitor-1, 5 mg/kg each at 60 mins before
surgery, and at 24 and 48 hrs post-surgery) and (4) sham
surgical group.

Brain water content

The animals were sacrificed under deep anesthesia at different
time points and the brains were divided into frontal ipsilateral,
frontal contralateral, parietal ipsilateral, parietal contralateral,
brain stem and cerebellum on ice. These parts were weighed
immediately (wet weight) and weighed again after drying in
oven at 105oC for 48 hours (dry weight) [26]. The percent of
water content was calculated as [(wet weight – dry weight)/
wet weight] x 100%.

Immunohistochemistry

Immunofluorescence studies were performed on ten mi-
crometer-thick frozen brain sections (Leica cryostat CM
3050 S) using standard protocols [15] with minor mod-
ifications. Sections were incubated with primary polyclonal
antibodies (1:50 dilution in buffer solution) which included
MMP-9, MMP-2, myeloperoxidase (MPO) (Santa Cruz
Biotechnology, CA, U.S.A.) and NeuN (Chemicon Inter-
national, Temecula, CA) at 4OC for 24 hours, followed by
appropriate fluorescent secondary antibodies (FITC,
TRITC, 1:50). Digitalized microphotographs of immuno-
fluorescent sections were obtained using Olympus BX51
fluorescent microscope and analyzed by MagnaFire SP
2.1B software.

Matrix metalloproteinase zymography

MMP-9 and MMP-2 gelatinase activities were deter-
mined by gel zymography as described previously [25].
Briefly, aforementioned brain parts (similar to those used
for brain water content) were homogenized in lysis buffer
including protease inhibitors on ice. After centrifugation,
the supernatant was collected and the total protein
concentrations were determined using the Bradford assay
(Bio-Rad, Hercules, CA, U.S.A.). Equal amounts (50 μg)
of total protein extracts were prepared and separated by
10% Tris-glycine gel with 0.1% gelatin as substrate (Bio-
Rad). After separation, the gel was renatured and
incubated with developing buffer (at 37°C for 24 hours).
After developing, the gel was stained with 0.5% Coomas-
sie Blue R-250 for 30 minutes and then destained.
Gelatinolytic activity was determined as clear zones or
bands at the appropriate molecular weights and the results
were quantified using Image J software from http://www.
nih.gov (http://rsb.info.nih.gov/ij/). Mouse MMP-9 and
human MMP-2 (Chemicon, Temecula, CA, U.S.A.) were
used as standards.

Neurological evaluation

Neurological status of the animals was evaluated at
different time points using a 27 point scoring system
modified from Garcia et al [9].

Data analysis

Data are expressed as mean ± S.E.M. Statistical signifi-
cance was verified by one-way ANOVA for multiple
comparisons and student’s ‘t’test wherever applicable.
Probability value of p<0.05 was considered statistically
significant.
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Results

Brain edema after SBI

Our pilot experiments using 10 animals and previously
published reports showed that brain water content is
maximal 24–72 hours after SBI, however, only in the
ipsilateral frontal lobe i.e brain tissue surrounding the
surgical resection site [13, 14, 20]. In this study, there was
increased brain water content (83.58±0.5%) in the ipsilat-
eral frontal lobe after SBI as compared to sham-operated
animals (79.20±0.09%). Brain water content in rest of the
brain areas was not statistically different between the SBI
and sham groups. This animal model had zero mortality in
any of the groups.

MMP enzymatic activity in brain after SBI

Both MMP-9 and MMP-2 gelatinase activities determined
by gel zymography [25] were increased only in the
ipsilateral frontal lobe (data not shown) and over days 1–
14 as compared to pre-surgery levels (Table 1). MMP-9
enzymatic activity, however, was greatly increased over
days 1–3 after surgical-injury (P<0.05 vs preoperative
values, n=4 in each grp).

MMP Expression in Different Cell Types

Fluorescent double-immunostaining was done on brain
tissue bordering SBI (bregma +2.20 mm) to examine the
cells expressing MMP-9 and MMP-2 at 48 hours post-
surgery. MMP-9 immunoreactivities were increasingly
expressed on the neurons (labeled with NeuN) and
neutrophils (labeled with MPO) after SBI (Fig. 1). MMP-
2 immunoreactivities, however, were not seen in any cell
types (data not shown). In negative controls, immunoreac-
tivities of MMP-9, NeuN, and MPO were not observed

after omitting the respective primary antibodies (data not
shown).

Protective effects of MMP inhibitor-1

Both treatment regimens (single and daily treatment) with
MMP Inhibitor-1 effectively attenuated the MMP-9 and
MMP-2 gelatinase activities in ipsilateral frontal lobe 72 hrs
post-surgical injury (Table 2). Both the treatment regimens
also significantly attenuated the brain edema in frontal
ipsilateral brain as compared to vehicle treated group 72 hrs
post-surgical injury (Table 2), however they did not
improve the neurological score over 24–72 hrs.

Discussion

This study shows that inhibition of MMP-9 and MMP-2
using MMP Inhibitor-1 attenuates brain edema after SBI.
Localized brain edema was seen in the brain tissue
bordering the surgical injury. Increased MMP-9 and
MMP-2 enzyme activities were also observed in the same
brain tissue at time points corresponding to maximal brain
edema. MMP-9 activity was greatly increased, especially
over 1–3 days. On the other hand, MMP-2 enzyme activity,
though significant, was only mildly increased after surgical
injury (Table 1). Immunohistochemical evidence further
suggested that the MMP-9, but not MMP-2 expression,
increases in neurons and recruited neutrophils in the
affected brain tissue (Fig. 1). Neutrophils have been
implicated as major cellular source of MMP-9 after brain
injury [16, 17]. MMP-9 promotes BBB breakdown sec-
ondary to microvascular lamina proteolysis leading to
edema formation after brain injuries [8, 21]. Thus,
increased MMP activity especially that of MMP-9 could
produce BBB disruption leading to brain edema after SBI.

Accordingly, we tested MMP Inhibitor-1 which inhibited
MMP-9 and MMP-2 enzymatic activity in the affected
brain. Treatment with two different regimens (single dose
and daily treatment) of MMP inhibitor-1 resulted in reduced
brain edema. Although, the present data suggests a
prominent role of MMP-9 in SBI induced brain edema,
the exact contributions of MMP-9 and MMP-2 will have to
be addressed in future studies using selective inhibitors. It
would be interesting to study if MMP-9 disrupts tight
junction proteins after SBI leading to enhanced BBB
permeability as shown recently in a rat model of focal
ischemia [24].

All animals subjected to SBI showed neurological deficits,
however the MMP inhibitor-1 treatment regimens did not
improve the neurological scores. The subtle neurobehavioral
deficits resulting from frontal lobe injury will require specific
and sensitive neurobehavioral tests [4, 9] to detect outcomes.

Table 1 Time course of MMP-9 and MMP-2 activity

MMP-9 MMP-2
(Expressed in arbitrary density units)

Day 0 0 0
Day 1 9209±2746* 851±265*
Day 3 8793±4307* 3443±785*
Day 7 2792±830* 2576±510*
Day 14 1763±446* 2547±427*

depicts the MMP-9 and MMP-2 enzymatic activity in ipsilateral frontal
lobe tissue at different time points after SBI. Both MMP-9 and MMP-2
activities are significantly higher than pre-operative levels (P<0.05 vs
preoperative values, n=4 in each grp); however, MMP-9 activity is
greatly increased.
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These experiments are planned for future studies. The study
suggests that inhibition of activity of type IV collagenases
such as MMP-2 and MMP-9 activity reduces brain edema.
This effect of MMP Inhibitor-1 is mechanistically distinct

from presently used clinical modalities such as diuretics,
steroids and osmotic agents. MMP inhibition may have
potential therapeutic utility in clinical neurosurgical practice
for prevention of post-operative edema.

Fig. 1 Co-localization of MMP-9 with different cell markers. MMP-9
immunoreactivities were co-localized with NeuN (neuronal marker) and
myeloperoxidase (MPO, neutrophilic marker) immunoreactivities. All
individual pictographs are appropriately labeled and representative of 4
experiments each. The arrows show some of the cells that colocalize the

markers for panels A and B and for panels C andD respectively. The IgG-
immunostained brain section (panel E, bregma +2.20 mm) indicates the
region of interest in the brain tissue adjoining the surgical-injury. Scale
bar for panels A-D represents 50 μm

Table 2 Effect of MMP inhibitor-1

MMP Levels (Arbitrary Density Units)

Vehicle Treated Single Treatment Daily Treatment

MMP-9 8739±4307 2662±675* 1707±655*
MMP-2 3433±785 973±348* 740±550*
Neurological Score (Max=21 points)
Day 1 20.5±0.7 24.5±1.0 22.8±1.4
Day 2 23.0±0.4 25.7±0.7 25.5±1.2
Day 3 25.0±0.3 25.3±0.9 25. 8±0.6
Brain Edema (% Brain Water Content)
Sham
78.8±0.03 82.2±0.26* 80.9±0.05*# 80.2±0.12*#

depicts the effects of MMP Inhibitor-1 with a single and daily dose treatment regimen. Both single and daily dose regimens inhibit the MMP-9
and MMP-2 enzymatic activity compared to the vehicle treated at 72 hrs post-surgery, P<0.05 for * vs vehicle-treated group, n=4. Both treatment
regimens also attenuate the brain edema indicated by decreased brain water content at 72 hrs after surgical-injury. P<0.05 for * vs sham and # vs
vehicle treated respectively. The neurological scores were significantly decreased in all animals with SBI modeling as compared to sham-operated
animals, however, there was no significant difference between the individual groups.
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Thrombin enhances glioma growth

Ya Hua & Lingling Tang & Richard F. Keep &

Julian T. Hoff & Jason Heth & Guohua Xi &
Karin M. Muraszko

Abstract
Background Our previous studies have demonstrated that
argatroban, a specific thrombin inhibitor, reduces brain
edema and neurological deficits in rat glioma models. The
present study investigated whether or not thrombin enhances
glioma growth in vivo and in vitro.
Methods There were two parts in this study. In the first part,
rat C6 glioma cells were treated with or without thrombin.
These cells were then injected into the right caudate of adult
male Fischer 344 rats. Rats underwent behavioral testing
prior to sacrifice 12 days later for tumor mass measurement.
In the second part, C6 cells were incubated in serum-free
medium for 24 hours and then treated with thrombin with or
without argatroban, a thrombin inhibitor. DNA synthesis was
examined using a 5-bromo-2′-deoxyuridine (BrdU) ELISA
kit. Cell proliferation was determined using a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide
(MTT) assay.
Findings Treatment of C6 cells with thrombin prior to
intracerebral implantation resulted in a larger tumor mass
and worse neurological deficits at day12. In vitro, thrombin
increased DNA synthesis in C6 glioma cells, and this effect
was blocked by argatroban. MTT assay showed that
thrombin significantly increased glioma cell proliferation
in vitro.

Conclusions In summary, thrombin enhances C6 glioma
growth in vivo and cell proliferation in vitro suggesting that
thrombin may be a target of glioma therapy.

Keywords Thrombin . Gliomas . Argatroban . Proliferation

Introduction

Brain tumors kill thousands of people every year. There are,
as yet, no effective treatments for malignant gliomas.
Investigations indicate that thrombin may be a key factor
contributing to tumor proliferation, invasion, angiogenesis
and metastasis [10, 13–15]. Our recent studies have also
found that thrombin has a key role in the growth of gliomas
[7]. Thrombin activity is increased in C6 cell gliomas and
intracerebral infusion of argatroban, a specific thrombin
inhibitor, reduces brain edema and neurological deficits in a
rat glioma model [5, 7]. Systemic use of argatroban also
reduces tumor mass, attenuates glioma-induced neurological
deficits and prolongs survival time [8].

In the present study, we investigated whether or not
thrombin enhances glioma growth in vitro and in vivo.

Materials and methods

Experimental groups

The study comprised in vivo and in vitro experiments. In
the first part, rat C6 glioma cells (6×105 in 10 μl saline)
were treated with or without rat thrombin (0.5 U/ ml) for
one hour at room temperature and infused into the right
caudate of adult male Fischer 344 rats. Rats underwent
behavioral testing at days 3, 6, 9 and 12 and were
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euthanized at day 12 for tumor mass measurement. In the
second part of the study, C6 cells were cultured in 96-well
plates. The cells were incubated in serum-free medium for
24 hours and then treated with human thrombin (0.5 U/ml)
with argatroban (10 μM) or with vehicle. Cell prolifera-
tion was determined 72 hours later by 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT)
assay. DNA synthesis was measured 24 hours later using
a 5-bromo-2′-deoxyuridine (BrdU) ELISA kit (Roche
Molecular Biochemical).

Cell culture

C6 glioma cells (passage number 36 to 42) were obtained
from American Type Culture Collection (Manassas, VA).
They were grown at 37°C in air with 5% CO2 in Ham’s
F-10 medium with 2.5% fetal bovine serum and 15% horse
serum [7].

Experimental brain tumor

The University of Michigan Committee on the Use and
Care of animals approved the protocols for these animal
studies. The animals were anesthetized with pentobarbital
(40 mg/kg, ip). Core temperature was maintained at 37°C
with use of a feedback-controlled heating pad. The rats
were positioned in a stereotaxic frame (Kopf Instrument),
and a cranial burr hole (1 mm) was drilled on the right
coronal suture 3.5 mm lateral to the midline. Approximately
6×105 C6 cells pre-treated with rat thrombin (Sigma) or
vehicle for one hour and suspended in10 μl saline were
infused into the right caudate nucleus (coordinates: 0.2 mm
anterior, 5.5 mm ventral and 3.5 mm lateral to the bregma) at
a rate of 1 μl/min using a 10-μl Hamilton syringe.

Tumor mass

We used the weight difference between the ipsilateral
(tumor side) and contralateral hemisphere to estimate the
tumor mass [5].

Behavioral tests

Two tests were used to assess tumor-induced behavioral
deficits. A vibrissae-stimulated forelimb placing test (10
trials per side for each rat) was used to examine
sensorimotor/ proprioceptive capacity. A corner turn test
was also used as a measure of sensorimotor function. In that
test, the rat was allowed to proceed into a corner, the angle
of which was 30 degrees. To exit the corner, the rat could
turn either to the left or right, and this was recorded. This
was repeated 10 to 15 times, with at least 30 seconds

between trials, and the percentage of right turns was
calculated. All behavior was scored by experimenters who
were blind to both neurological and treatment conditions.
These tests are highly correlated with extent of striatal
injury without being influenced by repeated testing [5, 6].

Cell proliferation measurement in vitro

Cells were plated in 96-well plates at a cell density of
10,000 cells/well. Cells were incubated in serum-free
medium for 24 hours and treated with 0.5 U/ml of human
thrombin with or without 10 μM argatroban for 72 hours. A
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bro-
mide (MTT; Sigma) assay was performed 72 hours later.
Metabolically active cells can change yellow tetrazolium
salt MTT to indigo-blue formazan. For the assay, MTT
(5 mg/ml, 25 μl per 200 μl medium) was filtered, added to
the wells and incubated at 37°C for 4 hours. Medium was
removed gently using a 21-gauge needle and 200 μl
dimethyl sulfoxide (DMSO) was added. After 10 minutes,
the optical density was measured on a micro plate reader at
a wavelength of 540/630 nm. All in vitro studies were
repeated three times.

DNA synthesis assay

C6 glioma cells were cultured in 96-well plates at a cell
density of 20,000 cells/well. Cells were incubated in serum-
free medium for 24 hours and then treated with 0.5 U/ml of
thrombin with or without argatroban (10 μM) for another
24 hours. DNA synthesis was determined using a BrdU
ELISA kit (Roche Molecular Biochemical). The optical
density was measured at a wavelength of 370/490 nm.
Studies were repeated three times.

Statistical analysis

All data in this study are presented as mean ± standard
deviation. Data were analyzed with Student’s t test or
Wilcoxon test. Significance levels were set at p<0.05.

Results

In vivo, intracerebral implantation of C6 glioma cells
treated with thrombin resulted in a larger tumor mass
(98±45 vs. 41±36 mg in controls, p<0.05, Fig. 1A) and
also induced worse neurological deficits. Both forelimb
placing (day 12: 21±8% vs. 60±8% in controls, p<0.01)
and corner turn (day 9: 75±11% vs. 44±4% in controls,
p<0.05) scores were worse in animals injected with
thrombin-treated cells (Fig. 1B and C).
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In vitro, thrombin treatment increased DNA synthesis in
C6 glioma cells (p<0.05, Fig. 2A), an effect blocked by the
thrombin inhibitor, argatroban (optical density of BrdU:
1.21±0.08 vs. 1.46±0.07 in thrombin only group, p<0.01,
Fig. 2A). An MTT assay also showed that thrombin
increased glioma cell proliferation (optical density of
MTT: 1.02±0.14 vs. 0.59±0.10 in controls, p<0.01,
Fig. 2B). Argatroban again blocked thrombin-induced
glioma cell proliferation (p<0.01, Fig. 2B).

Discussion

Our recent studies have demonstrated that thrombin and
thrombin receptors are present in gliomas and that
argatroban, a thrombin inhibitor, can reduce tumor mass
and prolong survival time in a rat glioma model. In this
study, we found that thrombin enhances glioma growth in
vitro and in vivo. The results suggest a crucial role of
thrombin in glioma pathogenesis.

Multiple sources of thrombin, including glioma- and
plasma-derived thrombin, may contribute to glioma growth.
Prothrombin mRNA and thrombin immunoreactivity have
been detected in cultured glioma cells and in both rat and
human dissected gliomas [7]. Thrombin can also be
produced immediately in the brain and/or in the glioma
resulting from an influx of prothrombin from blood
following blood-brain barrier breakdown or a leaky blood-
tumor barrier. In addition, normal parenchyma cells can
produce thrombin [17].

Fig. 2 C6 glioma cells were treated with control or thrombin (0.5 U/
ml) with or without argatroban (10 μM) for 24 hours. (A) DNA
synthesis was determined using a BrdU ELISA kit. (B) C6 cell
proliferation was examined by MTT assay. O.D.: optical density.
Values are mean ± SD, *p<0.05 vs. control p<0.01 vs. argatroban
10 μM. #p<0.01 vs. control and argatroban 10 μM

Fig. 1 (A) Tumor mass (the weight difference between the ipsilateral
and the contralateral hemisphere) in rats 12 days after C6 cell
implantation. The C6 cells were pre-treated with or without thrombin
(0.5 U/ml). (B) Forelimb placing scores of the rats after C6 cell
implantation. (C) Corner turn scores of the rats after C6 cell
implantation. Values are mean ± SD, *p<0.05, #p<0.01 vs. the
control group
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Thrombin stimulation may enhance glioma development
via an increase in glioma cell proliferation. Our in vitro
studies have found that thrombin can increase DNA
synthesis and proliferation in C6 glioma cells. Studies from
other research groups have also shown that thrombin can
regulate cell proliferation. Neveu et al have reported that
thrombin enhances the synthesis and secretion of nerve
growth factor [12] and stimulates proliferation in glial cells
[1]. Others have demonstrated that thrombin may act as a
direct growth factor for other types of tumor cells [2, 11]
including human glioma cells [16].

Thrombin mediates its widespread actions on cells
through the activation of G-protein-coupled protease
activated receptors (PARs) [3]. Recent studies indicate
that PARs mediate some of the pathological effects of
thrombin. For example, PAR-1 activation by thrombin
receptor activating peptide results in angiogenesis [9, 10]
and activation of PAR-1 is also associated with tumor cell
invasion [4]. Whether or not thrombin-mediated glioma
growth is through thrombin receptor activation needs
further investigation.

In summary, thrombin stimulates glioma growth in vitro
and in vivo, suggesting that thrombin may be a therapeutic
target of gliomas.
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The antioxidant effects of melatonin in surgical
brain injury in rats

Steve Lee & Vikram Jadhav & Robert Ayer &

Hugo Rojas & Amy Hyong & Tim Lekic & Gary Stier &

Robert Martin & John H. Zhang

Abstract
Background Surgical brain injury (SBI) to normal brain tissue
can occur as inevitable sequelae of neurosurgical operations.
SBI can contribute to post-operative complications such as
brain edema following blood-brain barrier (BBB) disruption
leading to neurological deficits. Melatonin is a commonly used
drug with known antioxidant properties and neuroprotective
effects in experimental animal studies (Chen et al., J Pineal Res
41:175–182, 2006; Chen et al., J Pineal Res 40(3):242–250,
2006; Cheung, J Pineal Res 34:153–160, 2003; Lee et al., J
Pineal Res 42(3):297–309, 2007; Reiter et al., Exp Biol Med
(Maywood) 230(2):104–117, 2005).
Methods We tested different concentrations of melatonin
(5 mg/kg, 15 mg/kg and 150 mg/kg) administered 1 hour
before surgery for neuroprotection against SBI using a
rodent model. Post-operative assessment included brain
water content (brain edema), lipid peroxidation assays
(oxidative stress), and neurological assessment.

Findings The results showed a trend in decreasing brain
edema with lower doses of melatonin (5 mg/kg and 15 mg/
kg), however, high concentration of melatonin (150 mg/kg)
significantly increased brain edema compared to all other
groups. This deleterious effect of high-dose melatonin was
also observed in lipid-peroxidation assay wherein lower-
dose melatonin (15 mg/kg) attenuated oxidative stress, but
high-dose melatonin (150 mg/kg) increased oxidative stress
as compared to vehicle-treated group. Furthermore, high-
dose melatonin also worsened neurological outcomes com-
pared to other groups whereas; the low-dose melatonin group
(15 mg/kg) showed some improved neurological parameters.
Conclusions The study suggests that low-dose melatonin
may provide neuroprotective effects against SBI. Further
studies are needed to confirm this. More importantly, the
findings of the study stress the need to carefully reassess
safety issues with high doses of melatonin, which is
considered to be a practically non-toxic drug.
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Introduction

5-methoxy-N-acetyltryptamine, commonly known as mela-
tonin is a well known dietary supplement used in the USA
for over a decade [13]. Melatonin is a naturally secreted
hormone from the pineal gland with important function in
the regulation of circadian and seasonal rhythms. However,
it has also been reported to have powerful antioxidant
properties and acts as a direct free radical scavenger [22, 23].
Melatonin also activates antioxidant enzymes such as
superoxide dismutase, catalase, and gluthathione peroxi-
dase [25]. Recent experimental studies have shown that
melatonin provides neuroprotection against cerebral ische-
mia and decreases hemorrhagic transformation seen after
stroke [2, 3, 6, 18, 24]. Melatonin was observed to decrease
oxidative stress, prevent the disruption of blood brain
barrier (BBB) integrity, and attenuate resulting brain edema
after stroke. Melatonin is also thought to be neuroprotective
in other forms of brain injury induced by excitotoxicity,
trauma and neurodegenerative diseases such as Alzheimer’s
disease and Parkinson’s disease [1, 4, 19].

In our previous studies, we have seen that BBB
disruption leading to brain edema is critical in pathophys-
iology of surgical brain injury (SBI) after neurosurgical
procedures [15, 16, 20]. Postoperative complications such
as brain edema are commonly encountered after neurosur-
gical procedures leading to neurological deficits [9, 21, 26].
Our studies have shown that there is also increased
oxidative stress in the brain tissue affected by SBI [20].
Free radical toxicity and oxidative stress are pivotal in
disruption of BBB and formation of brain edema [8, 12].
Melatonin is known to freely cross the BBB and is widely
distributed in all tissues allowing it to act on all cells [7].
We hypothesized that melatonin will decrease oxidative
stress and attenuate post operative complications such as
brain edema after neurosurgical procedures and provide
neuroprotection against SBI.

Materials and methods

Surgical brain injury modeling

This protocol was evaluated and approved by the Institu-
tional Animal Care and Use Committee at Loma Linda
University, Loma Linda, CA. The rodent model of SBI was
used as described before [15, 16, 20]. In brief, following
anesthesia with ketamine (100 mg/kg) plus xylazine
(10 mg/kg) i.p, a square cranial window was drilled such

that the left lower corner of the square was at the bregma.
The dura was incised and reflected to expose the underlying
right frontal lobe. A sharp flat steel blade with the cutting
surface measuring 6 mm×1.5 mm, was used to make two
incisions along sagittal and coronal planes leading away
from the bregma to resect an area of brain 2 mm lateral in
the sagittal plane and 1 mm ventral in the coronal plane.
The depth of the incisions extended to the base of the
skull. The weight of the sectioned brain was not significantly
different between the various groups. Hemostasis was
achieved by intraoperative packing and saline irrigation.
After confirmation of hemostasis, the drilled bone piece was
placed back in position and the skin sutured with 3-0 Ethicon
on reverse cutting needle. Vital parameters including
temperature (maintained between 35–37°C) and respiration
were monitored intraoperatively and postoperatively. All
animals received post-operative fluids. Sham surgery in-
cluded only craniotomy and replacement of the bone flap
without any dural incisions.

Treatment groups

Melatonin (5-methoxy-N-acetyltryptamine) was purchased
from Sigma Aldrich (St. Louis, United States). The
compound was dissolved in 0.9% NS with 10% ethanol to
create solutions for dosages for treatment groups receiving
5 mg/kg, 15 mg/kg and 150 mg/kg intraperitoneally 1 hr
before the surgery (pretreatment). All other group received
equal volume of vehicle.

Brain water content

The animals were sacrificed under deep anesthesia at 24 hrs
and the brains were divided into frontal ipsilateral (right),
frontal contralateral (left), parietal ipsilateral, parietal
contralateral, brain stem and cerebellum and placed on
ice. These parts were weighed immediately (wet weight)
and weighed again after drying in oven at 105°C for
48 hours (dry weight) [15, 16, 20]. The percent of water
content was calculated as [(wet weight — dry weight)/wet
weight] × 100 % as reported previously [27].

Lipid peroxidation assay

The animals were anesthetized, perfused with ice cold PBS,
and brain samples were collected at 24 hours after surgical
injury. The level of lipid peroxidation products (malondial-
dehyde [MDA]) in the ipsilateral (right) frontal lobe were
measured using a LPO-586 kit (OxisResearch; Portland,
United States) as previously described [20]. The brain
tissue from right frontal lobe (ipsilateral) was homogenized
in 20 mmol/L phosphate buffer (pH 7.4) with 0.5 M
butylated hydroxytoluene (Sigma Aldrich Corp, MO, USA)
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in acetonitrile. The homogenates were centrifuged at
20,800 g for 10 min at 4°C and the supernatants were
collected (Centrifuge 5417C/R from Eppendorf AG, 22331
Hamburg, Germany). Protein concentration was measured
by DC protein assay (Bio-Rad) and the samples were
reacted with a chromogenic reagent at 45°C for 60 min.
After incubation, the samples were centrifuged at 20,800 g
for 10 min at 4°C and supernatants were measured at
586 nm. The level of MDAwas calculated as picomoles per
milligram protein according to the standard curve.

Neurological evaluation

Neurological status of the animals was evaluated at 24 hrs
using a 18 point scoring system modified from Garcia et al.
[10]. Briefly, the scoring system consisted of six tests with
scores of 1–3 for each test. These six tests included: (i)
spontaneous activity; (ii) symmetry in the movement of
four limbs; (iii) forepaw outstretching; (iv) climbing; (v)
body proprioception; and (vi) response to vibrissae touch.
The score given to each rat at the completion of the
evaluation was the summation of all six individual test
scores. The minimum neurological score was 3 and the
maximum was 18. Vibrissae stimulation (paw placement
test) as described previously [14]. Briefly, right and left
whiskers were stimulated separately and the ability of left
paw to be placed on table was noted. Similarly, right paw
was tested, however the contralateral side (left paw) was
affected and only those results were reported. Beam
walking tests were also performed using 2.4 cms diame-
ter×100 cms length beam and 5 cms diameter × 60 cms
length beam. Time spent on beam, distance traveled and
speed were calculated.

Data analysis

Data are expressed as mean ± S.E.M. Statistical signifi-
cance was verified by one-way ANOVA for multiple
comparisons. Probability value of p<0.05 was considered
statistically significant.

Results

Brain Edema after SBI

There was increased brain water content in the right and left
frontal lobes in all rats subjected to SBI. The lower doses of
melatonin showed a trend towards lowering brain edema,
though not statistically significant (p = 0.13 for 15 mg/kg,
right frontal lobe). On the other hand, high-dose melatonin
(150 mg/kg) significantly increased brain edema in both
right and left frontal lobes compared to all other groups (p<
0.05, Table 1). Brain water content in rest of the brain areas
was not different between the SBI and sham groups. This
animal model had zero mortality in any of the groups.

Melatonin effects on oxidative stress

Lipid peroxidation assay (malondialdehyde levels) showed
that low-dose melatonin (15 mg/kg) significantly attenuated
the oxidative stress after SBI compared to vehicle group.
This, however, was reversed with the high-dose melatonin
(150 mg/kg) which showed significantly higher oxidative
stress as compared to all other groups (Table 2).

Neurological evaluation

Numerous neurological tests were performed to evaluate
the sensorimotor deficits 24 hours after surgery (Table 3). A
modification of scoring system by Garcia et al. [10] using
an 18 point maximum scoring showed that all rats subjected
to SBI had worsened scores. However, the rats treated with
high-dose melatonin (150 mg/kg) had further worsening of
neurological deficits compared to vehicle control as well as
low dose melatonin groups (5 mg/kg and 15 mg/kg)
(Table 3A). The vibrissae stimulation studies reported here
depict response of left paw (contralateral side) after
stimulation of left and right whiskers separately. All
animals subjected to SBI showed significantly lower scores,
compared to controls after the following stimulation
paradigms a) left whisker left paw and b) right whisker

Table 1 Effects of melatonin on brain edema

Sham (8) Vehicle (8) 5 mg/kg Melatonin (8) 15 mg/kg Melatonin (7) 150 mg/kg Melatonin (6)

Right Frontal Lobe 79.20±0.09 81.44±0.25*# 81.38±0.23*# 80.97±0.22*# 82.20±0.24*
Left Frontal Lobe 78.59±0.18 79.87±0.22* 79.66±0.05*# 79.61±0.11*# 80.27±0.31*

The table shows brain water content in right (ipsilateral) and left (contralateral) frontal lobes 24 hrs after surgical injury. Both right and left frontal
lobes show increased brain water content compared to respective sham group, however, the right lobe has much higher water content (almost 2%).
Low-dose melatonin (5 mg/kg and 15 mg/kg) show a trend towards lowering brain water content, though not statistically significant (p=0.13 with
15 mg/kg dose, right frontal lobe). The high-dose melatonin (150 mg/kg), however, significantly increases brain water content compared to other
groups. (P<0.05 is considered significant,* and # indicates v/s sham and 150 mg/kg melatonin respectively). n numbers of animals per group are
indicated in parentheses.

The antioxidant effects of melatonin in surgical brain injury in rats 369



left paw (Table 3B) as outlined in methods. The low dose
melatonin group (15 mg/kg) significantly improved these
scores compared to the vehicle-treated group, which were
significantly reversed by the high-dose melatonin (150 mg/
kg) treatment (Table 3B). With the exception of ‘time spent
on beam’ parameter for 5 cm diameter beam, all vehicle
treated rats showed significant deficits compared to sham
animals on both 2.4 cm and 5 cm diameter beams for all
parameters tested (Table 3C). Both doses of melatonin
(15 mg/kg and 150 mg/kg) significantly lowered the time
spent on 2.4 cm diameter beam, to almost sham group levels.

Discussion

The present study showed that low-dose melatonin showed
a trend towards lowering brain edema after surgical injury
caused during neurosurgical procedures. On the other hand,
high-dose melatonin (150 mg/kg) notably increased brain

edema following SBI. Furthermore, high-dose melatonin
also worsened the neurological outcomes in rats after SBI.
Presently, melatonin is freely available as a supplement
mainly used as an aid for better sleep. It is generally
thought to be a very safe drug with practically no toxicity
[5, 6]. However, few studies have examined the effects of
high-dose melatonin. One study which used high concen-
tration of melatonin (100 mg/kg), comparable to the dose
used in the present study, reported a lack of antioxidant
effects of melatonin at that particular dose [11]. In the
present study we also observed that, high-dose melatonin
(150 mg/kg) did not lower oxidative stress, and on the
contrary, it significantly worsened the oxidative stress
following SBI.

The low-dose melatonin (15 mg/kg) treatment decreased
oxidative stress. Though, not statistically significant, there
was a trend towards decreased brain edema with this dose
as well. Melatonin at this dose improved some neurological
parameters as seen in beam-walking tests. The low dose

Table 3 Neurological evaluation tests

Sham Vehicle 5 mg/kg Melatonin 15 mg/kg Melatonin 150 mg/kg Melatonin

(A) Neurological Tests (n=11) (n=15) (n=8) (n=13) (n=14)
Scores (Max=18) 18.0±0.0 14.7±0.9*# 15.7±1.4# 15.7±0.6*# 12.0±0.4*
(B) Paw Placement Test (n=11) (n=15) (n=8) (n=13) (n=14)
Lt Whisker Lt Paw 10.0±0.0 1.6±0.8*$ 2.2±1.2* 5.0±1.3* 1.5±0.9*$

Rt Whisker Lt Paw 10.0±0.0 1.6±0.7*$ 2.5±1.2* 5.1±1.2* 2.1±0.9*$

(C) Walking Beam Tests
2.4 cm Diameter Beam (n=11) (n=8) (n=6) (n=14)
Time (secs) 22.7±3.7 73.7±1.8* – 23.0±6.1& 28.4±4.4&

Distance (cms) 15.3±4.3 4.0±2.4* – 5.8±2.2* 1.6±1.2*
Speed (cms/sec) 4.9±1.1 1.8±0.9* – 0.8±0.4* 0.8±0.6*
5 cm Diameter Beam (n=4) (n=8) (n=6) (n=14)
Time (secs) 60.0±0.0 52.5±4.9 – 50.3±4.0 42.8±5.2
Distance (cms) 125.1±14.0 18.1±16.7* – 6.6±6.6* 1.0±0.5*
Speed (cms/sec) 15.7±5.3 2.0±1.5* – 0.5±0.5* 0.7±0.4*

(A) An 18 point neurological scoring system showed that all rats subjected to SBI had significant neurological deficits; however, the groups
treated with high-dose melatonin had significantly more neurological deficits as compared to all other groups. * and # indicates v/s sham and
150 mg/kg melatonin respectively. (B) Paw placement test showed worsening scores in all groups subjected to SBI. The 15 mg/kg dose
significantly improved the scores compared to vehicle group which were reversed with 150 mg/kg dose. * and $ indicates v/s sham and 15 mg/kg
melatonin respectively. (C) The beam walking tests on both 2.4 cms and 5 cms diameter beams indicated that vehicle-treated animals showed
worsening parameters such as increased time taken, decreased distance traversed and lesser speed on the beams as compared to sham group. Both
melatonin groups showed significant improvement in time taken on 2.4 cms beam with no significant changes in other parameters. * and &
indicates v/s sham and vehicle respectively. P<0.05 is considered significant. n numbers of animals per group are indicated in parentheses

Table 2 Antioxidant effects of melatonin (lipid peroxidation assay)

Sham (4) Vehicle (6) 15 mg/kg Melatonin (8) 150 mg/kg Melatonin (6)

Lipid Peroxidation pmole/mg protein 2.21±1.52 15.25±1.43* 8.28±1.415*# 19.78±0.95*# $

The table shows malondialdehyde levels for lipid peroxidation assay from right (ipsilateral) frontal lobe 24 hrs after surgical injury. All rats
subjected to SBI showed increased oxidative stress compared to sham group. Low-dose melatonin (15 mg/kg) significantly attenuated the
oxidative stress compared to vehicle; however, high-dose melatonin (150 mg/kg) significantly increased oxidative stress compared to all other
groups. (P<0.05 is considered significant, * # and $ indicates v/s sham and v/s vehicle and v/s 15 mg/kg melatonin respectively). n numbers of
animals per group are indicated in parentheses.
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melatonin group (15 mg/kg) performed significantly better
on 2.4 cms diameter beam but not on the 5 cms diameter
beam as compared to the vehicle-treated group. The
narrower beam is more likely to unmask the subtle
neuroprotective benefits provided by this dose of melatonin
for SBI. Whether these neuroprotective effects are through
other mechanisms which secondarily affect brain edema
needs to be investigated. Studies using other models have
suggested that melatonin has anti-apoptotic, anti-inflamma-
tory, anti-excitotoxicity actions in addition to activating
neuroprotective signaling pathways [17, 28]. Future studies
on melatonin in SBI can be directed towards studying these
neuroprotective mechanisms.

Most importantly, this study shows that high-dose
melatonin may be deleterious by paradoxically increasing
oxidative stress, worsening brain edema and adversely
affecting neurological outcomes. Further studies with high-
dose melatonin are warranted given the easy availability
and inexpensive nature of the drug [5, 6].
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Dymanics of matrix-metalloproteinase 9 after brain
trauma – results of a pilot study

Martin Kolar & Jan Pachl & Helena Tomasova &

Pavel Haninec

Abstract
Background Secondary brain injury contributes to poor
outcome for patients sustaining brain trauma. Matrix
metalloproteinase-9 (MMP-9) is a potential marker, as well
as effector of secondary brain injury. This enzyme degrades
components of extracellular matrix, and thus it can
contribute to blood-brain barrier disruption.
Methods We studied dynamics of MMP-9 in jugular
venous blood of 15 patients sustaining either an isolated
head injury or a head injury as a part of major trauma, and
requiring intensive care (Glasgow Coma Scale ≤8 at the
time of admission). Blood samples were taken at the 1st,
3rd and 5th day, levels of MMP-9 in plasma were assessed
using ELISA. Outcome quality was assessed at the time of
discharge from our hospital.

Findings Our results show an increase of MMP-9 levels on
the 1st day after the brain trauma, followed by a drop on the
3rd day and a rise on day 5. This biphasic time-course was
observed in all patients, but no statistically significant
differences between each group (major trauma vs. isolated
brain trauma, good outcome vs. poor outcome) were found.
Conclusions Initially increased MMP-9 levels in the 1st
posttraumatic day is probably related to transient blood-brain
barrier dysruption. The decrease of MMP-9 levels observed
on the 3rd day can be explained by restoration of blood-brain
barrier integrity and its reduced permeability. The second rise
of MMP-9 levels observed in the 5th day probably indicates a
developing secondary brain injury during which MMP-9 is
produced in the brain as a part of an inflammatory response.
Results of our study suggest that MMP-9 could play an
important role in pathogenesis of secondary brain injury.

Keywords Brain trauma . Secondary brain injury .

Blood-brain barrier .Martix metalloproteinase 9

Introduction

Traumatic brain injury is a leading cause of death and
disability in patients younger than 40 years of age.
Incidence of brain trauma in European countries is about
235 / 100,000 and mortality is 15 / 100,000 per year (16).
In European Union countries, costs of a hospital stay of a
patient with a severe head trauma ranged from 5,500 to
9,000 € (7) (approx. 7,600 to 12,500 USD). Prognosis of
the patient is worsened by secondary brain injury which
develops as a result of pathophysiologic reactions caused
by the primary insult. Aggressive managment in the
intensive care can prevent or reduce the consequences of
the secondary brain injury.
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Post-traumatic secondary brain injury results from in-
creased intracranial pressure and negatively affected brain
tissue perfusion. An increased permeability of the blood-brain
barrier is a part of the complex mechanisms responsible for
intracranial hypertension. Mediators acting in the blood-brain
barrier disruption are, among others, matrix metalloprotei-
nases (MMPs). These zinc-dependent endopeptidases de-
grade both fibrillar and amorphous components of
extracellular matrix (13, 19). In physiological conditions,
MMPs play an important role in ontogenesis, e.g. in tissue
differentiation and angiogenesis, wound healing, bone
remodelling or implantation (19). In disease, a role for
MMPs has been described in multiple sclerosis (11), vascular
dementia (1), growth of tumor and metastases (10) or airway
remodelling in pulmonary asthma, idiopatic pulmonary
fibrosis or chronic obstructive pulmonary disease (5).

Extensive experiments in animal models demonstrated the
importance ofmatrix metalloproteinase-9 (gelatinase B) for
brain injury development in various pathologic conditions (3,
12, 18, 20). Upregulation of MMP-9 mRNA on the 1st and
4th posttraumatic day was observed in experimental brain
trauma (18). Increased activity of MMP-9 in mice with brain
contusion was observed not only in the injured hemisphere,
but also in the contralateral hemisphere (20). Blood-brain
barrier disruption and increased MMPs levels have been
observed after focal ischaemia (3, 14) as well as in diffuse
brain injury caused by inflammation (12). The extent of
injury after focal ischaemia (3, 4) as well as after brain
contusion (20) was significantly smaller inMMP-9 knock-out
mice. Administration of broad-spectrum MMPs inhibitors
reduced injury in a murine model of focal brain ischaemia (3).
Also, MMP-9 levels in cerebrospinal fluid and the extent of
cortical lesion were reduced in animals with pneumococcal
meningitis treated by an MMPs inhibitor (12).

Despite extensive animal model research, a limited number
of human studies have monitored the levels of MMP-9. A
prior study, performed in intensive care patients, showed
increased MMP-9 levels in the first day following brain
trauma (15). Our study further investigates the temporal
profile of MMP expression with patients studied at multiple
time points to 5 days following traumatic brain injury.

Aim of this study was to describe the dynamics of
MMP-9 plasma levels in human traumatic brain injury
during the first 5 days following injury.

Material and methods Study performed in Dept. of
Anesthesiology and Critical Care Medicine of Teaching
Hospital Kralovske Vinohrady, Prague, Czech Republic,
included patients who sustained either an isolated head
injury or a head injury as a part of major trauma, and
required intensive care (Glasgow Coma Scale ≤8 at the
time of admission). All patients were treated according to
Brain Trauma Foundation guidelines. A catheter into the

dominant jugular bulb was inserted within the first 24
hours.

Blood samples were taken from jugular bulb on the 1st,
3rd and 5th day after the injury (day of the injury = day 0).
Noncoagulant blood was centrifuged for 5 minutes at
6,000 rpm and the plasma was stored at – 30°C. Levels of
matrix metalloproteinase 9 were assessed using ELISA kits
by Amersham Bioscience (sensitive for both activated
enzymes and their proenzymes). Quality of outcome was
assessed at the time of discharge from our hospital using
Glasgow Outcome Score. The patients were not observed
after discharge from the hospital. Data were statistically
evaluated by Mann-Whitney and Wilcoxon’s tests.

Results

Characteristics of the experimental group

Fifteen patients (14 men and 1 woman, age 20–87 years,
median 35 years) with a brain trauma (12 brain contusions,
8 epidural and/or subdural hematomas, 4 traumatic sub-
arachnoidal bleedings) admitted between November 2001
and July 2002 were enrolled into the study. Eight patients
sustained an isolated brain injury and 7 sustained a
polytrauma (7 long bones or pelvis fractures and 4 lung
contusions). The length of hospital stay was 1 to 36 days
(median 16 days). Good outcome (GOS 4 and 5) at the time
of discharge from our hospital was observed in 8 patients and
poor outcome (GOS 1-3) in 7 patients (including 3 deaths).

Fig. 1 Levels of MMP-9 in jugular blood on the 1st, 3rd and 5th day
after severe brain trauma (Glasgow Coma Scale ≤8 at the time of
admission). Average ± standard deviation shown
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Changes in MMP-9 levels

Obtained data show elevated MMP-9 levels in jugular
blood during the first day (111,9±94,5 ng/mL, average ±
standard deviation), followed by a decrease on the 3rd day
(26,6±12,1 ng/mL) and an increase on the 5th day (65,3±
55,0 ng/mL). (Fig. 1) This dynamics was observed in all
patients (statistically not significant due to a wide range of
values and a small number of patients). Higher levels of
MMP-9 on the 1st day were observed in polytraumatised
patients compared to patients with isolated craniotrauma.

Although the data show higher MMP-9 levels in patients
with poor outcome (Glasgow Outcome Score 1-3), this in
not statistically significant due to a small number of
patients (data not shown). Higher levels of MMP-9 in
jugular venous blood on the first day after brain trauma
were observed in patients with poor outcome (p=0,1).

Discussion Our results show an increase of MMP-9 levels
on the 1st day after the brain trauma, followed by a drop on
the 3rd day and a rise on day 5. These findings agree with
results of a study performed in neurocritical care patients in
which an increase of MMP-9 jugular blood levels occurred
during the first 24 hours of traumatic brain injury (15).
High variability of MMP-9 levels obtained in our study
may be related to the timing of the first blood sampling.
This was always performed on the first posttraumatic day,
but not exactly 24 hours after the injury.

The decrease of MMP-9 levels observed on the 3rd day
can be explained by restoration of blood-brain barrier
integrity at this time point. Animal model studies prove
that rapid and transient changes in blood-brain barrier
permeability can be observed immediately after traumatic
brain injury. Rapid changes of blood-brain barrier perme-
ability occur immediately following the brain injury as well
as a rapid reversal of the increased permeability outside the
injured area within first 60 minutes after experimental
traumatic brain injury (8). In a study by Tanno (17) the
greatest blood-brain barrier permeability to horseradish
peroxidase was observed during the first hour and to IgG
in the first 24 hours following traumatic brain injury.
Magnetic resonance imaging studies have shown that
maximal blood-brain barrier permeability occurs within 30
minutes after an experimental craniotrauma (6).

The second rise of MMP-9 levels observed in the 5th
day may indicate developing secondary brain injury, during
which MMP-9 is produced as a part of an inflammatory
response. This corresponds with previous findings (9)
showing a biphasic course of post-traumatic brain oedema,
with the first peak during the first 24 hours followed by a
second peak on days 3 to 5. Polymorphonuclear cells, which
can be a source of MMP-9, infiltrate the brain tissue during
this time frame.

Conclusion

In our 15 patients with traumatic brain injury, elevated
levels of MMP-9 were observed in the early posttraumatic
period. The levels were elevated within the first 24 hours,
decreased on the 3rd day, and then increased again on the
5th day following traumatic brain injury. The increase of
MMP-9 levels in the 5th day may be related to inflamma-
tory mechanisms of secondary brain injury. Matrix metal-
loproteinase 9 can contribute to the development of a
secondary brain injury by increasing the blood-brain barrier
permeability and enabling influx of inflammatory media-
tors. Current studies with exact timing of blood sampling
and prolonged monitoring periods are ongoing in order to
determine the dynamics of matrix metalloproteinases action
after brain trauma.
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Experimental subarachnoid hemorrhage
in the rat: influences of nimodipine

Sebastian Thomas & Birte Herrmann & Madjid Samii &
Thomas Brinker

Abstract
Background Traumatic subarachnoid hemorrhage is a com-
mon finding following traumatic brain injury. Clinical
studies revealed a positive influence of Nimodipine.
However, till now no experimental studies have been
performed. The aim of the present study was to determine
the influence of early Nimodipine administration on
outcome and histological findings in the rat:
Methods Diffuse brain injury was produced in Sprague-
Dawley rats using a brass weight falling from a predeter-
mined height. Traumatic subarachnoidal hemorrhage was
produced by administration of heparin before the injury. A
total number of 52 animals were divided in 4 groups.
Findings Mortality increased following administration of
heparin. Mortality was not reduced following administra-
tion of Nimodipine. The histological investigation revealed
less cell loss in animals with administration of Nimodipine
as well as increased GFAP immunoexpression.
Conclusions Administration of Heparin results in a marked
traumatic subrachnoidal hemorrhage following diffuse trau-
matic brain injury. Administration of Nimodipine does not
reduce overall mortality. However, histological investiga-
tions indicate a positive effect of Nimodipine on cell loss.

Keywords Traumatic subarachnoidal hemorrhage . Rat .

Nimodipine . Animal model

Introduction

Following traumatic brain injury traumatic subarachnoid
hemorrhage (t-SAH) is a common finding. In a study by
Eisenberg et al. based on analysis of computed tomography
scans of 753 patients t-SAH was found in 39% cases [1]. In
a Japanese series by Kobayashi et al. (1988) t-SAH was
detected in 23% of 414 severely head injured patients [6].
A European multicenter study known as the Head Injury
Trial No.2 (HIT II) indicated t-SAH in 33% of 819 patients
[5]. A clinical study of 750 unselected patients from the
European Brain Injury Consortium Survey of Head Injuries
confirm the adverse prognostic significance of t-SAH [2].

Although the importance of t-SAH on outcome follow-
ing trauma has been described in several clinical studies
there is a lack of animal studies.

In a previous study from our laboratory a t-SAH model
in the rat was established for the first time. Utilizing this
model we found a significant increase of ICP due to the
actual bleeding with an overall mortality of 41.6% [9, 10].

The aim of the present study was to determine the
influence of Nimodipine administration on outcome and
histological findings in the rat following t-SAH.

Materials and methods

As approved by the Animal Research Committee of the
Medical School of Hannover, 52 male Sprague-Dawley rats
(350–400g) were used for this study. They were initially
anesthetized with isoflurane and then intubated and
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artificially ventilated with a gas mixture of N2O (70%) and
O2 (30%) with isoflurane. Body temperature was main-
tained between 37° and 38° C with a thermostatically
controlled heating pad. Polyethylene catheters (PE-50) were
placed into the femoral artery and connected to a Statham-
transducer. The impact acceleration model modified by
Thomas et al. [3, 9] was used to produce trauma. Following
a midline scalp incision the skin and periosteum were
reflected and the skull carefully dried. A stainless steel disc
serving as a helmet was mounted on the skull using
cyanoacrylate. A brass weight (500 g) fell free onto from
a predetermined height of 1 m on the helmet guided by a
2m Plexiglas tube. The animal was placed in prone position
on a foam (20×20×50 cm; spring constant 30/50) held
within a wooden frame. The lower end of the tube was
placed directly above the helmet. Immediately following
the initial impact the box was slid horizontally to prevent a
second impact. Five minutes before trauma a high-dose
heparin (10 I.E./g) was injected i.a.. Five minutes following
trauma the equivalent dose of protamine (10 I.E./g) was
administered and anesthesia reinstated.

2 cc Nimodipine was administered s.c. for consecutive 7
days.

Animals were divided in four groups: Group 1: Heparin/
Nimodipine (N=17); Group 2: Heparin/no Nimodipine
(N=15); Group 3: no Heparin/Nimodipine (N=10);
Group 4: no Heparin/no Nimodipine (N=10).

All brains were processed for hematoxylin-eosin staining
using 20 µm coronal sections. Surviving animals were

perfused transcardially 8 days after injury and the brains
were removed and post-fixed in 4%-formalin. Sections
were studied under light-microscopy for cell loss and
hemorrhages.

All measurements were stored and analyzed using
commercially available software (Dasy Lab V.3, Datalog,
Mönchengladbach, Germany). Statistical analysis was
performed using a z-test. Data are presented as mean ± SD.

Results

The mortality rates for different groups were as follows:
Group 1: 59%; group 2: 60%; group 3: 20%; group 4: 10%.
Statistical analysis revealed a significant difference between
heparinized (Group 1+Group 2) and non-heparinized
(Group 3+Group 4) animals. The highest mortality rate
was on day 1 in all groups. In addition heparinized animals
exhibited a significant increase of mortality on day 3.
(Fig. 1).

The histological investigation indicated in group 2
(Heparin/no Nimodipine) multiple necroses in cortical and
hippocampal areas. There were a few intact pyramidal cells.
In 50% of all animals in that group there were extravasated
erythrocytes in cortical and hippocampal areas and necro-
sis. In group 1 (Heparin/Nimodipine) there was less blood
vessel dilatation compared to group 2. There was less
cortical necrosis (40%) and more intact pyramidal cells
found. Cortical bleeding was detected in 43% of those
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animals. In group 4 (no Heparin/no Nimodipine) there was
no cortical bleeding. Compared to the heparinized animals
there were less cortical necrosis and less necrosis in the
hipocampal CA3 layer. However, necrosis was detected in
all CA1 layers. In group 3 (no Heparin/Nimodipine)
animals there was no cortical bleeding. There were almost
no cortical necrosis. Necrosis in CA3 was only detected in
one brain. Necrosis in CA1 layer was detected in 40% of
the animals.

Discussion

The present study represents for the first time the utilization
of the previously established t-SAH model to investigate
the influence of Nimodipine administration following t-
SAH. The results indicate no benefit of Nimodipine on
mortality. However, the histological investigations indicated
less cell loss in the hippocampal areas. Further investiga-
tions regarding the histological changes are under way.

Within the last few years, several clinical studies have
been undertaken to determine the influence of Nimodipine
in patients with traumatic brain injury and particular
emphasis on t-SAH. The first published studies indicated
promising results [4, 5]. However, till now those initial
positive data have not been verified. In a study on 750
patients from the European Brain Injury Consortium
Survey of Head Injuries, the adverse prognostic signifi-
cance of t-SAH was confirmed. It was concluded that death
among patients with t-SAH is related to the initial
mechanical damage, rather than to the effects of delayed
vasospasm and secondary ischemic brain damage [2].
Those results were in contradiction to data from Lee et al.
indicating that hemodynamically significant vasospasm,
which typically occurs in the setting of SAH, is strongly
associated with poor outcome [7].

The clinical studies reveal quite contradictory results and
conclusions regarding pathophysiological mechanisms and

pharmaceutical influence. Therefore, more experimental
studies are required.
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Neuroprotective effect of C1-inhibitor following traumatic
brain injury in mice

L. Longhi & C. Perego & E. R. Zanier & F. Ortolano &

P. Bianchi & N. Stocchetti & M. G. De Simoni

Abstract
Background The goal of the study was to evaluate the
effects of C1-inhibitor (C1-INH), an endogenous glycopro-
tein endowed with multiple anti-inflammatory actions, on
cognitive and histological outcome following controlled
cortical impact (CCI) brain injury.
Methods Male C57Bl/6 mice (n=48) were subjected to CCI
brain injury. After brain injury, animals randomly received
an intravenous infusion of either C1-INH (15 U either at 10
minutes or 1 hour postinjury) or saline (equal volume, 150 μl
at 10 min postinjury). Uninjured control mice received
identical surgery and saline injection without brain injury.
Cognitive function was evaluated at 4 weeks postinjury
using the Morris Water Maze. Mice were subsequently
sacrificed, the brains were frozen and serial sections were
cut. Traumatic brain lesion was assessed by dividing the area
of the ipsilateral hemisphere for the area of the contralateral
one at the level of the injured area of the brain.
Findings Brain-injured mice receiving C1-INH at 10 min
postinjury showed attenuated cognitive dysfunction compared
to brain-injured mice receiving saline (p<0.01). These mice
also showed a significantly reduced traumatic brain lesion

compared to mice receiving saline (p<0.01). Mice receiving
C1-INH at 1 hour post injury did not show a significant
improvement in either cognitive or histological outcome.
Conclusions Our results suggest that administration of C1-
INH at 10 minutes postinjury attenuates cognitive deficits
and histological damage associated with traumatic brain
injury.

Keywords Traumatic brain injury . Inflammation .

Complement . Neuroprotection

Introduction

Each year traumatic brain injury (TBI) affects 2,000,000–
3,000,000 people in the USA [1] and almost 1,000,000
people in the European Union [2]. Traumatic brain injury is
associated with primary injury (due to the biomechanical
effects of the impact) and with secondary molecular and
cellular events that are initiated minutes after the injury and
may last for months. These secondary processes activated
by trauma interact in a complex network leading to cell
death or recovery [3]. Since the major part of traumatic
brain damage is known to evolve over days following the
impact, an opportunity exists for pharmacological thera-
peutic intervention to attenuate secondary pathological
cascades. The complement system is a major component
of innate immunity that includes plasma and membrane
proteins that mediate pathways of enzymatic reactions.
Complement activation results in deposition of complement
components on pathologic targets and liberation of proin-
flammatory molecules. Excessive complement activation is
believed to be deleterious to host-tissue [4, 5]. Intracerebral
complement activation has been documented both in
humans and in animal models following TBI [6–8], where
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it has been suggested to mediate post-traumatic cell death
by increasing post-traumatic inflammatory response, apo-
ptosis and direct cell lysis [9]. The C1-inhibitor (C1-INH)
is an endogenous serine-protease inhibitor of the comple-
ment and contact-kinin pathways [10] that has been
previously approved for clinical use as treatment in cases
of hereditary angioedema [10]. In models of ischemia-
reperfusion, C1-INH attenuated acute neurobehavioral
deficits, ischemic volume at 48 hours post-ischemia, and
neurodegeneration at 4 days post-ischemia [11, 12].
Potential mechanisms associated with C1-INH neuropro-
tection include 1) reduced leukocyte infiltration at 24
hours post-ischemia, 2) reduced microglial activation/
macrophage infiltration up to 48 hours, 3) reduced gene
expression of intracellular adhesion molecule (ICAM)-1,
p-selectin, and pro-inflammatory cytokines such as tumor
necrosis factor (TNF)-alpha (α), Interleukin (IL)-18 and
procaspase 3, and 4) increased gene expression of the
anti-inflammatory cytokine IL-10 and of markers of
neuronal integrity such as heavy-chain neurofilament
protein (NFH) [12, 13]. Therefore, complement inhibitors
such as the glycoprotein C1-INH might act on multiple
targets in the complex cascades of post-traumatic sec-
ondary brain injury. In the present study we tested the
hypothesis that plasma-derived C1-INH (Berinert CSL-
Behring, Marburg, Germany) might reduce the cognitive
dysfunction and histological damage associated with
controlled cortical impact (CCI) brain injury in mice.

Material and methods

Experimental brain injury

All procedures were conducted conform the institutional
guidelines that are in compliance with national (D.L. n.116,
G.U. suppl. 40, 18 February 1992) and international laws
and policies (EEC Council Directive 86/609, OJL 358,1;
Dec.12,1987; NIH Guide for the Care and Use of Laboratory
Animals, U.S. National Research Council 1996).

Male C57Bl/6 (20–25 g, n=36) were anesthetized with
intraperitoneal (i.p.) administration of sodium pentobarbital,
(65 mg/kg) and placed in a stereotactic frame. An eye
lubricant ointment (Xantervit ophthalmic ointment, Sifi,
CT, Italy) was applied to protect corneal membranes during
surgery. Mice were subjected to a craniectomy followed by
CCI brain injury. Our model of injury uses a 3 mm rigid
impactor driven by a pneumatic piston, rigidly mounted at an
angle of 20° from the vertical plane and applied perpendic-
ularly to the exposed dura mater over the left parieto-
temporal cortex, between bregma and lambda at a velocity
of 5 meter/second and depth of 1 mm [14]. At 10 minutes
postinjury, animals randomly received an intravenous infu-

sion of either C1-INH (15 U, n=12) or saline (equal volume,
150 μl, n=12). An additional group of mice received the C1-
INH at 1 hour postinjury (n=12). A fourth group of mice
received identical anesthesia, surgery without CCI and saline
infusion to serve as uninjured controls (sham, n=12).

Behavior

Cognitive function was evaluated at 4 weeks postinjury
using the Morris Water Maze (MWM). Our MWM is a
white circular pool (1 meter diameter) that is filled with
water (18–20°C) made opaque by adding non-toxic water-
soluble white paint. The postinjury visuo-spatial learning
task requires that animals learn how to locate a submerged
platform placed 0.5 cm under the surface of the water using
external visual cues. The essential feature of this task is that
the mice learn how to escape from the cold water onto the
platform after being randomly placed into the pool at one of
four sites. Latencies to reach and climb onto the platform
are recorded for each trial, with a maximum of 60 seconds
per trial. The learning task consists of 8 trials/day for three
consecutive days for a total of 24 trials. The cognitive
performance of all animals was obtained by averaging the
latencies of 24 trials over three days as previously described
[14].

Histology

All animals were sacrificed one month postinjury for
histological analysis. Under deep anesthesia (Equitensin
i.p., 120 µl/mouse), they were transcardially perfused with
20 ml of phosphate buffer saline (PBS) 0.1 M, pH 7.4,
followed by 50 ml of chilled paraformaldehyde (4%) in PBS,
and then the brains carefully removed from the skull. The
brains were postfixed overnight at 4°C, then transferred to
30% sucrose in 0.1 M phosphate buffer for 24 hr until
equilibration. Subsequently the brains were frozen and 40-
micron-thick serial sections cut using a cryostat from
bregma + 1 mm to bregma – 3.25 mm. Finally the section
were stained using Neutral Red (Neutral Red Gurr
Certistain, BDH, Poole, UK) [11]. The ipsilateral and
contralateral hemispheres were manually outlined. Subse-
quently the injured area was calculated by dividing the
ipsilateral hemisphere for the contralateral hemisphere at
the coordinates mentioned above.

Statistical analysis

Learning latencies and traumatic injured area are presented
as mean ± standard error of the mean. The comparison
between groups was performed by 2 way analysis of
variance (ANOVA) followed by Bonferroni post-hoc test. A
“p” value < 0.05 was considered significant.
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Results

Cognitive function

At 4 weeks following brain injury all the animals were able
to swim in the MWM without notable impairment in
swimming ability and were able to learn the visuo-spatial
task, as reflected by decreasing latencies to find the
platform over the three-day period. The learning ability
(latency) of brain-injured animals was significantly worse
than the performance of sham-injured animals (p<0.01). By
4 weeks post-treatment, the learning ability of the mice
receiving C1-INH at 10 minutes postinjury was significant-
ly better than that of vehicle-treated, brain-injured mice (p<
0.01). Mice receiving C1-INH at 1 hour postinjury showed
a learning ability that was intermediate between that of the
mice treated at 10 minutes postinjury and the mice
receiving saline (Fig. 1).

Neuroprotection

At 1 month postinjury we observed a trauma-induced area
of tissue loss (involving the ipsilateral cortex and hippo-
campus) extending from bregma + 0.6 to bregma –
3.25 mm. Mice receiving C1-INH at 10 min postinjury
showed a significantly reduced traumatic cerebral lesion
compared to mice receiving saline (p<0.01). Brain-injured
mice receiving C1-INH at 1 hour postinjury showed a
similar traumatic cerebral lesion compared to brain-injured
mice receiving saline (Fig. 2).

Discussion

In the present study we observed that administration of the
endogenous glycoprotein C1-INH at 10 minutes following
CCI brain injury significantly attenuated cognitive dysfunc-
tion and reduced histological damage at 1 month postinjury
in mice. C1-INH is a multifaceted anti-inflammatory
compound, one of its best known actions being inhibition
of the complement cascade.

Following TBI, intracerebral synthesis of complement
factors occurs together with passive leakage across the open
BBB as shown by accumulation of complement factors into
the injured brain [9]. Complement activation occurs via 3
pathways: the classical, the alternative and the lectin that
converge to the common protein C3 and result in the
generation of C3a and C5a (anaphylotoxins), C4b and C3b
(opsonins) and the membrane attack complex (MAC) [4].
Following acute brain damage, the anaphylotoxins C3a and
C5a might increase blood brain barrier (BBB) permeability
leading to leukocytes recruitment into the injured brain and
subsequent free radicals production [9]. The fragment C5a
might also induce apoptosis in neuronal and glial cells by
binding to the C5a receptor (R) [9]. Finally, the membrane
attack complex (MAC) might induce cell lysis [9]. The
relevance of the different complement pathways in the
pathogenesis of TBI has been studied by others investi-
gators using genetically engineered mice and pharmacolog-
ical strategies aimed at blocking complement activation. It
has been shown that antagonism of C3 using transgenic
mice overexpressing the endogenous C3 convertase inhib-
itor [15] or pharmacological compounds [16, 17] resulted in

Fig. 1 Mice receiving C1-INH at 10 min postinjury showed a better
cognitive performance compared to mice receiving saline. Two way
ANOVA: time effect: p<0.001; group effect: p<0.001. Bonferroni: #
p<0.01 Injury C1-INH 10 min vs. Injury Saline

Fig. 2 Mice receiving C1-INH at 10 min postinjury showed a
significantly reduced traumatic brain lesion compared to mice
receiving saline. Two way ANOVA: progression of the lesion: p<
0.001; group effect: p<0.001. Bonferroni: # p<0.01 Injury C1-INH
10 min vs. Injury Saline; * p<0.001 Injury C1-INH 10 min vs. Injury
Saline
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attenuated functional deficits and histological damage
following TBI, suggesting that complement inhibition at
the point where all activation pathways converge is a
promising strategy. In addition, the selective antagonism of
the alternative pathway using knockout mice for factor B
and a monoclonal anti-factor B antibody also resulted in
functional improvement and attenuation of post-traumatic
histological damage, suggesting that the alternative path-
way may exert a major role in the post-traumatic comple-
ment-mediated neuroinflammatory response [18, 19].
However more recently, You et al. subjected C1q (-/-), C3
(-/-), C4 (-/-) and wild type (WT) mice to CCI brain injury
and observed that only the C4 (-/-) mice showed reduced
neurological motor deficits and contusion volume when
compared to WT mice, suggesting that C4 (a mediator of
classic and lectin pathways) mediates post-traumatic cell
death and dysfunction via mechanisms that are independent
from C3 activation [20]. Since recent studies have used
different TBI models and differing outcome measures at
different time points, the most optimal therapeutic strategy
of complement modulation following TBI has yet to be
determined. Although C1-INH is a major inhibitor of C1q,
the first step of activation of the classical pathway, this
compound is also an inhibitor of the lectin and alternative
pathways [10, 21]. In a model of ischemia and reperfusion,
the neuroprotective effect of C1-INH occurrred also in C1q
(-/-) mice, suggesting that inhibition involved the classical
complement pathway is not required for C1-INH neuro-
protective action [12]. Despite the fact that the mechanisms
underlying C1-INH mediated neuroprotection following
TBI remain unknown, they are likely to be associated with
modulation of the inflammatory and apoptotic cascades.
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Up-regulation of L type amino acid transporter 1 after spinal
cord injury in rats

Terushige Toyooka & Hiroshi Nawashiro &
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Hidetoshi Ooigawa & Atsushi Ohsumi & Yoichi Uozumi &
Youichi Yanagawa & Hirotaka Matsuo & Katsuji Shima

Abstract
Background L-type amino acid transporter 1 (LAT1) is
proposed to be a major nutrient transporter at the blood
brain barrier. LAT1 requires the heavy chain of 4F2 cell
surface antigen (4F2hc) for functional expression.
Methods We investigated the expression of this heterodi-
meric transporter after traumatic spinal cord injury in rat by
using immunohistochemical and western blot analyses.
Findings LAT1 immunoreactivities were up-regulated in the
capillary endothelia in close to the injury epicenter 24 hours
after injury. It reached a peak at 48 hours after injury, and
thereafter decreased. 4F2hc was abundant and unchanged all
through the time course after SCI. Western blot analysis
under reductive and non-reductive conditions showed that
LAT1 and 4F2hc were conjugated as a heterodimeric
transporter and the functional regulation was dependent on
the light chain, LAT1.
Conclusions We suggest that LAT1 may be transiently up-
regulated as part of the tissue-repair process after traumatic
contusion injury in the spinal cord.

Keywords L type amino acid transporter 1 . LAT1 .

4F2 heavy chain . Spinal cord injury

Introduction

L type amino acid transporter is a heterodimeric system
which comprises the combination of a low molecular
weight protein (light chain) and a high molecular weight
glycoprotein (heavy chain) exert its functions as a highly
selective transporter [4]. L-type amino acid transporter 1
(LAT1), one of the light chains, is proposed to be a major
nutrient transporter at the blood brain barrier because it
has been shown to be expressed in the brain capillary
endothelial cells [7]. LAT1 requires an additional single
membrane spanning protein, the heavy chain of 4F2 cell
surface antigen (4F2hc) for the functional expression as an
amino acid transporter [4, 6]. LAT1 is thought to be up-
regulated to support the high protein synthesis for cell
growth because of the high level of its expression in tumor
cell lines [3]. LAT1 has been also proved to be over-
expressed in glioma cells, and linked to the gliomatous
proliferation [8]. Recent experimental study related to
exhaustive analyses about gene expression after traumatic
brain injury disclosed that the mRNA of LAT1 was up-
regulated 24 hours after traumatic severe brain injury in rat
[5]. In the present study, we elucidated, for the first time,
the temporal and spatial expression level of this transporter
after traumatic contusion injury in the rat spinal cord.

Materials and methods

Animal experimental procedures

Adult female Sprague-Dawley rats 10-weeks old and weigh-
ing 220 to 280 g were used. The rats were anesthetized by
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intraperitoneal injection of pentobarbital sodium (50 mg/Kg)
and inhalation of a 30:70 mixture of oxygen and nitrous
oxide gas through a facemask. The rectal temperature was
measured with a rectal probe and maintained constant at a
level of 37.0–37.5°C using a heating pad. The lamina of the
tenth thoracic vertebrae were removed and a New York
University (NYU) weight-drop device [2] used to produce a
severe spinal cord contusion injury with a 10 gram weight
dropped from a height of 25 mm. After injury, the rats
were placed on a heating pad to maintain a temperature of
approximately 37°C until they could move independently.
All animal procedures were approved by the National
Defense Medical College.

Tissue preparation

For Western blot analysis, a 10-mm spinal cord segment
containing the injury epicenter was dissected using intra-
peritoneal anesthesia with pentobarbital sodium (50 mg/Kg)
at 24, 48 and 72 hours and 5, 7 days after injury (n=4 per
time point). The cord segment was immediately submerged
in ice-cold artificial CSF (0.6 mmol/L NaH2PO4/2H2O,
3.35 mmol/L dextrose, 21 mmol/L sodium bicarbonate,
2.5 mmol/L calcium chloride, and 1 mmol/L magnesium
chloride) and the dura surrounding the excised cord were
removed. The tissue specimens were frozen and kept at
−80°C. Sham-control animals were subjected to a laminec-
tomy but did not receive a weight-drop injury and were

sacrificed 48 hours after injury (n=4). For immunohistochem-
ical analysis, the rats were perfused transcardially with normal
saline followed by 4% buffered paraformaldehyde at the same
time points after injury (n=3 per time point). Longitudinal
10-mm spinal cord segment centering on the injury epicenter
was removed and embedded in paraffin after fixation in 4%
buffered paraformaldehyde, followed by 0.1 mmol/L phos-
phate-buffered saline (pH 7.4) for 3–4 hours at 4°C. Sagittal
and axial sections (5-μm thick) were prepared.

Immunohistochemistry

Immunohistochemistry was performed by the dextran
polymer peroxidase complex method using an ENVISION+
Kit (DAKO, Kyoto, Japan). After deparaffinization and
hydration, the sections in 10 mmol/L sodium citrate (pH 6.0)
were boiled for 5 minutes at 95°C. Endogenous peroxidase
was blocked with 3% hydrogen peroxidase. The sections
were incubated with phosphate-buffered saline containing
10% normal goat serum at room temperature to eliminate
any nonspecific binding and were incubated overnight at
4°C with primary antibodies against LAT1 and 4F2hc
(Transgenic, Kumamoto, Japan). The sections were incu-
bated with secondary antibody linked with dextran
polymer peroxidase complex for 30 minutes at room
temperature. Peroxidase was demonstrated with DAB.
For an evaluation of morphological changes, adjacent
sections were counterstained with hematoxylin. For negative

Fig. 1 Photomicrographs show
the spatial distribution of im-
munoreactivity for LAT1 and
4F2hc in the spinal cord after
traumatic contusion injury.
Sections were prepared from the
sham control (a, c) and the rats
at 48 hours after injury (b, d).
No significant immunostaining
of LAT1 was seen in the sham
operated control (a). After inju-
ry, remarkable immunoreactivity
for LAT1 was detected on cap-
illary endothelia in the region
adjacent to the injury epicenter
(b, arrows). Immunoreactivity
for 4F2hc was ubiquitously
detected on the capillary endo-
thelia in the sham operated
control (c, arrows), and was not
changed very much in anywhere
all through the time course
after injury (D, arrows). All
bars=20 μm
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controls, normal rabbit IgG was used instead of the primary
antibodies.

Western blot analysis

The frozen tissue specimens were homogenized with ice-
cold histolysis buffer. The protein content was determined
using a detergent compatible protein assay reagent kit
(Bio-Rad, Hercules, CA, U.S.A.). Equal amounts of protein
(50 μg) were loaded in each lane on 12% tris polyacrylamide
gel (sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis with loading buffer (100 mM Tris-hydrochloride, pH 6.8;
4% sodium dodecyl sulfate, 20% glycerol, 0.2% bromophenol
blue, 200 mM dithiothreitol). The protein was loaded with-
out dithiothreitol when the electrophoresis was performed
under non-reductive conditions. The protein was trans-
ferred to polyvinylidene difluoride membranes (GE health-
care, Buckinghamshire, United Kingdom) at 250 mA for
3 hours. The membranes were then incubated overnight
at 4°C with primary antibody against monoclonal LAT1,
4F2hc (Transgenic) and GAPDH (Santa Cruz, CA, U.S.A.)
antibodies. The membranes were incubated for 1 hour at room
temperature with horseradish peroxidase conjugated second-
ary antibodies (Santa Cruz). The blots were developed with
ECL detection reagent (GE healthcare).

Statistical analysis

All data are expressed as the means±SD. The densities of
the immunoblotting band were quantified by using an
ImageJ analyzer, version 1.38× (National Institute of Health,
Bethesda, MD, U.S.A.). Statistical significance for Western
blots was determined using an analysis of ANOVA followed
by a post hoc Bonferroni/Dunn test. A p value of <0.05 was
considered statistically significant.

Results

Immunohistochemical results of LAT1 and 4F2hc are
summarized in Fig. 1. Strong immunoreactivity for LAT1
was detected on capillary endothelia in the region adjacent
to the injury epicenter from 24 hours after injury, although
no significant immunostaining was seen in the sham
operated controls (Fig. 1a,b). Expression was strongest
from 48 to 72 hours after injury, and thereafter decreased
gradually. On the contrary, immunoreactivity for 4F2hc was
ubiquitously detected on the capillary endothelia in the
sham operated control, and was unchanged all through the
time course after injury (Fig. 1c,d).

The results of Western blot analysis were consistent with
those of immunohistochemistry (Fig. 2). LAT1 immunore-
activity significantly increased 24 hours after injury

compared with sham-control rats, and reached a peak
48 hours after injury, and thereafter gradually decreased.
4F2hc immunoreactivity did not represent significant
change all through the time course after injury. Under non-

Fig. 2 Time cource of LAT1 and 4F2hc expression in the contused
spinal cord. Picture of representative Western blot analysis showed the
time course of immunoreactivity for LAT1, 4F2hc and GAPDH under
reductive condition (dithiothreitol +), and LAT1 under non-reductive
condition (dithiothreitol -) (a). The bar graph shows quantitative data
of the optical density in LAT1 (b) and 4F2hc (c) with equal amounts
of isolated protein from the 10-mm length spinal cord containing the
injury epicenter 24, 48 and 72 hours and 5 days after injury (n=4 per
time point). The values of LAT1 and 4F2hc were corrected relative to
that of GAPDH and are represented as percentage of the sham control
(mean ± SD). *P < compared with the sham-operated rats (n=4 per
time point)
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reductive conditions, the heterodimeric bands (120 kDa)
representing LAT1 (40 kDa) combined with 4F2hc (80 kDa)
appeared to show the same pattern as LAT1 alone.

Discussion

We indicated that LAT1 immunoreactivity increased during
a few days after traumatic spinal cord injury. By immuno-
histochemical findings, it was confirmed that this occurred
in the capillary endothelia adjacent to the injury epicenter.
LAT1 has been identified to be up-regulated by an activation
of lymphocytes, a hormonal stimulation [1, 3], and strong
LAT1 expression has been detected in some tumor cell lines
including glioma [4, 10]. We have previously reported that
high LAT1 expression correlated with poor survival of
patients with high grade glioma [8]. These data indicate that
LAT1 may be highly regulated to supply cells with more
essential amino acids to support cell growth and prolifer-
ation. It is noteworthy that up-regulation of LAT1 was
observed to also occur in traumatic spinal cord injury. In
addition, this up-regulation after trauma was seen in the
endothelium of the vasculature in the region of the epicenter
of the injury. This up-regulation may occur as part of the
tissue repair processes after injury.

In contrast, 4F2hc was abundant in normal spinal cord
and its immunoreactivity was unchanged all through the
time course after SCI. 4F2hc has been reported to be
expressed ubiquitously [9], and to play a functional role in
transferring LAT1 to plasma membrane. Interestingly, in
Western blot analysis under non-reductive conditions and
probing with primary antibody for LAT1, heterodimeric
bands (120 kDa) representing LAT1 (40 kDa) combined
with 4F2hc (80 kDa) appeared as the same pattern of LAT1.
We confirmed in the traumatic SCI that LAT1 and 4F2hc
were conjugated as a heterodimeric transporter.
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Cortical expression of prolactin (PRL), growth hormone
(GH) and adrenocorticotrophic hormone (ACTH)
is not increased in experimental traumatic brain injury

J. C. Goodman & L. Cherian & C. S. Robertson

Abstract
Background Cerebral cortical expression of the pituitary
hormones prolactin (PRL) and growth hormone (GH) have
reported in ischemic damage. Both hormones may be
involved in vascular tone regulation and angiogenesis, and
growth hormone is thought to be neuroprotective while
prolactin stimulates astrogliosis.
Methods We examined expression of prolactin, growth
hormone and adrenocorticotrophic hormone (ACTH) using
tissue microarray technology in the controlled cortical
impact model of traumatic brain injury (TBI).
Findings No increased expression of these hormones was
seen.
Conclusions Unlike ischemia, traumatic brain injury does
not result in up-regulation of the pituitary hormones PRL
and GH in cerebral cortex.

Keywords Traumatic brain injury . Prolactin .

Growth hormone . ACTH . Tissue microarray . Vasoinhibin

Introduction

Recent reports suggest that neocortical expression of the
pituitary hormones prolactin and growth hormone is
increased following ischemic brain damage, and that
growth hormone may be neuroprotective while prolactin
may stimulate astrogliosis [4, 5]. Both hormones are also
now recognized as a new class of compounds known as
“vasoinhibins” that suppress vasodilatation and angiogensis
while accelerating vascular regression via endothelial
apoptosis [2, 3]. We used tissue microarrays of rat neocortex
to assess expression levels and cellular localization of
prolactin, growth hormone and ACTH following controlled
cortical impact to see if these findings also occur in traumatic
brain injury.

Based on previous reports of participation of neocortical
extra-pituitary GH and PRL is ischemia models, we hypoth-
esized that neocortical expression of pituitary hormones
would be increased near a neocortical contusion induced by
controlled cortical impact.

Of particular interest are the vasoinhibin effects of PRL
and GH since defects of vascular reactivity are common in
TBI. In the CCI model, regional cerebral blood flow is
reduced immediately following injury. This CBF reduction
is associated with reduced nitric oxide production and
pharmacological maneuvers that restore nitric oxide levels
also restore CBF to physiological ranges and result in
reduction in cortical contusion volumes [1]. If PRL and GH
are upregulated in CCI, their suppression of vasodilatation
could contribute to the post-traumatic reduction in CBF. A
portion of the action of vasoinhibins is interference with
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nitric oxide induced vasodilatation due to inhibition of
endothelial nitric oxide synthase.

Tissue microarrays permit rapid high throughput analysis
of protein expression in tissue cores from a large number of
experimental animals. Since tissue cores preserve cellular
morphology, both cytological localization and relative
expression levels can be examined [6].

Materials and methods

Forty-eight rats were subjected to moderate controlled
cortical impact and the brains were obtained 14 days after
injury. From the paraffin blocks containing coronal sections
with the cortical contusions and underlying hippocampus, a
tissue microarray block was prepared containing tissue
cores from the injured and uninjured cerebral cortex. The
TBI microarray was created using a ATA-27 Automated
Tissue Microarray System (Beecher Instruments, Silver
Spring, MD) in the M.D. Anderson Cancer Center Tissue
Microarray Core courtesy of Dr. Gregory N. Fuller.

With this tissue microarray, we performed immunohis-
tochemical staining for prolactin, growth hormone and
ACTH simultaneously on 96 tissue cores. Two cores were
obtained from injured and uninjured cerebral cortex and
hippocampus in each animal. Semi-quantitative analysis of
intensity of tissue staining and cellular localization was
performed.

Results

There was extremely low expression of PRL in endothelial
cells and none in glia or neurons. No neocortical GH or
ACTH immunoreactivity was detected in either injured or
un-injured neocortex. Antigen preservation was confirmed
by robust GFAP, neurofilament, CD34 and vimentin stain-
ing. Rat pituitary gland served as a positive control and
demonstrated strong PRL, GH and ACTH immunoreactivity.

There was no increase or change in localization of
prolactin immunoreactivity. No growth hormone or ACTH
was seen in injured neocortex following controlled cortical
impact.

Discussion

Unlike findings reported in ischemic injury, we did not find
elevated cerebral cortical prolactin or growth hormone
following traumatic brain injury. In addition, we did not
see any ACTH expression. Ischemia is an important

mechanism of secondary injury in TBI but in this particular
experimental setting does not appear to activate cortical
pituitary hormone expression. It is important to recognize
that the reports of neocortical pituitary hormone activity in
ischemic injury were done in younger animals and at earlier
time points than our study; additional studies may be
appropriate to see if growth hormone and prolactin
expression in the cortex may be relevant to traumatic brain
injury in younger individuals or a more acute setting.

The vasoinhibins are recently described endogenous
regulators of angiogenesis and vascular tone. Immediately
following TBI there is dysregulation of vascular tone leading
to decreased CBF. This reduction in blood flow can be
sufficiently severe to reach ischemic levels and may contrib-
ute to secondary injury following TBI. Experimentally, this
phenomenon is associated with reduced regional nitric oxide
production and restoration of nitric oxide levels leads to
normalization of blood flow and reduced cortical contusion
volume. It is possible that vasoinhibin activation which
directly inhibits endothelial nitric oxide synthase activity
may contribute to this reduction in nitric oxide production.
Additional studies of prolactin expression at early time points
may be informative regarding this possibility.

Acknowledgement This work was performed in compliance of the
Baylor College of Medicine Animal Use and Care Regulations.
Funding from NIH NINDS PO-1 NS38660–01 is gratefully
acknowledged.

Conflict of interest statement We declare that we have no conflict
of interest.

References

1. Cherian L, Chacko G, Goodman C, Robertson CS (2003) Neuro-
protective effects of L-arginine administration after cortical impact
injury in rats: dose response and time window. J Pharmacol Exp
Ther 304:(2)617–623

2. Clapp C et al (2006) Vasoinhibins: endogenous regulators of
angiogenesis and vascular function. Trends Endocrinol Metab 17
(8):301–307

3. Clapp C, Gonzalez C, Macotela Y, Aranda J, Rivera JC, Garcia C,
Guzman J, Zamorano M, Vega C, Martin C, Jeziorski MC, de la
Escalera GM (2006) Vasoinhibins: a family of N-terminal prolactin
fragments that inhibit angiogenesis and vascular function. Front
Horm Res 35:64–73

4. Moderscheim TA et al (2007) Prolactin is involved in glial
responses following a focal injury to the juvenile rat brain.
Neuroscience 145(3):963–973

5. Scheepens A et al (2001) Growth hormone as a neuronal rescue
factor during recovery from CNS injury. Neuroscience 104(3):677–
687

6. Wang H, Wang H, Zhang W, Fuller GN (2002) Tissue microarrays:
applications in neuropathology research, diagnosis, and education.
Brain Pathol 12(1):95–107

390 J.C. Goodman et al.



Simvastatin attenuates cerebral vasospasm and improves
outcomes by upregulation of PI3K/Akt pathway
in a rat model of subarachnoid hemorrhage

Takashi Sugawara & Vikram Jadhav & Robert Ayer &

John Zhang

Abstract
Background Cerebral vasospasm is a common sequelae of
subarachonoid hemorrhage (SAH), however, the mecha-
nism of cerebral vasospasm is still unclear. Recently, statins
have been shown to have efficacy in ameliorating cerebral
vasospasm. The present study investigates whether simvas-
tatin attenuates cerebral vasospasm after subarachnoid
hemorrhage (SAH) via upregulation of the PI3K/Akt
pathway
Methods 47 adult male Sprague-Dawley rats were divided
into 6 groups: sham-operated, SAH treated with vehicle,
SAH treated with low dose simvastatin (1 mg/kg), high
dose simvastatin (20 mg/kg), SAH treated with simvastatin

plus the PI3K inhibitor (wortmannin), and sham-operated
plus wortmannin. Simvastatin was administered intraper-
itoneally 30 minutes after SAH created by the standard
endovascular perforation model. Histological parameters of
the ipsilateral internal carotid artery (ICA - diameter,
perimeter, and wall thickness) and neurological score were
assessed at 24 hours.
Findings Mortality was reduced to zero in both the treated
groups as compared to 20% in the vehicle-treated and 36%
in the simvastatin plus wortmannin-treated groups. The
decrease in ICA diameter and perimeter observed in
vehicle-treated group (203.2±10.3 μm, 652.7±29.0 μm)
as compared to sham (259.7±10.6, 865.4±39.5) were
significantly attenuated by high-dose simvastatin (267.4±
8.0, 882.4±30.0). The increase in wall thickness (vehicle
29.50±2.42 μm v/s sham 9.52±0.56 μm) was significantly
attenuated by both high and low dose simvastatin (11.87±
1.56, 19.75±1.40). These effects of simvastatin were
blocked with the addition of wortmannin (162.7±20.6,
528.9±65.9, 29.19±1.97). High dose simvastatin improved
the neurological deficits after SAH, but this was also
blocked by wortmannin.
Conclusions The beneficial effects of high dose simvastatin
in ameliorating cerebral vasospasm are likely mediated by
upregulation of the PI3K/Akt pathway.

Keywords Subarachnoid hemorrhage .

Cerebral vasospasm . Statin . PI3K

Introduction

Cerebral vasospasm is a common sequelae of subaracho-
noid hemorrhage (SAH) which may lead to secondary
ischemia [3]. The mechanism of cerebral vasospasm is
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still unclear. Recently, statins have been shown to have
efficacy in ameliorating cerebral vasospasm in experi-
mental and clinical studies [5, 6, 9]. In this study, we
investigated the involvement of one of the putative
mechanisms of statin mediation of cerebral vasospasm,
the PI3K/Akt/eNOS pathway, using a rat SAH endovas-
cular perforation model.

Materials and methods

Experimental animals and groups

All experiments were approved by the Institutional Animal
Care and Use Committee of Loma Linda University. Forty
seven adult male Sprague-Dawley rats (Harlan, Indian-
apolis, IN) weighing between 250 and 350 g were divided
randomly into 6 weight-matched groups: sham-operated
(sham n=6), SAH treated with 10% ethanol in normal
saline as vehicle (SAH n=10), SAH treated with low dose
simvastatin (Calbiochem, CA, USA) (1 mg/kg) (S(1) n=7)
or high dose simvastatin (20 mg/kg) (S(20) n=6), SAH
treated with simvastatin plus a PI3K inhibitor (wortmannin)
(w+S(20) n=14), and sham-operated plus a PI3K inhibitor
(sham+w n=4).

Induction of SAH

General anesthesia was induced with ketamine (100 mg/kg
i.p.) and xylazine hydrochloride (10 mg/kg i.p.) followed
by atropine (0.1 mg/kg s.c.). After intubation, the animals
were ventilated with an animal ventilator (Harvard Appa-
ratus). A heating pad and a heating lamp were used to
maintain rectal temperature at 36.0±0.5°C.

SAH was induced by endovascular perforation of the
internal carotid artery (ICA) bifurcation with a sharpened
4—0 nylon suture as described previously, with slight
modifications [1]. Shortly, after exposing the left common
carotid artery (CCA), external carotid artery (ECA), and
ICA, the ECA was ligated and fashioned into a stump.
The suture was advanced into the ICA from the ECA
stump through the common carotid bifurcation. The
suture was further advanced into the intracranial ICA
until resistance was felt (∽15 to 18 mm from the
common carotid bifurcation) and then pushed 3 mm
further to perforate the ICA wall. Then the suture was
withdrawn into the ECA and the ICA was reperfused.
Operative procedures were the same for the sham group,
except that the suture was removed once resistance was
felt without puncture. The rats were allowed to recover
after the incision was closed and they were housed
individually until euthanization. All animals had free
access to food and water.

Drug administration

Thirty minutes after the procedure, the treated groups
received an intraperitoneal injection of simvastatin adminis-
tered at a dose of 1 or 20 mg/kg. Sham, SAH, and sham+w
groups received vehicle (1.5 ml of 10% ethanol in normal
saline). The W+S(20) and sham+w groups received an
intravenous injection of wortmannin at a dose of 15 μg/kg
15 minutes before endovascular perforation.

Neurological scoring

Neurological scores were evaluated at 24 hours in a blinded
fashion with a modification of the scoring system reported
by Garcia et al. [4]. An 18-point scoring system was used to
evaluate the sensorimotor deficits.

Assessment of cerebral vasospasm

Histological parameters of the ipsilateral ICA such as
diameter, perimeter and wall thickness were used for
assessment of cerebral vasospasm 24 hours after surgery,
as shown before [2]. 6 animals from each group excepting
the sham+w group (n=4) were used for assessment.
Animals presenting with mild SAH were not included for
assessment of vasospasm and neurological scoring in order
to exclude unaffected vessels. SAH grades (mild, moderate
and severe) were categorized based on an 18 point scale
corresponding to the amount of subarachnoid blood clots,
and this correlated with the degree of vasospasm and
neurological score (data not shown). At 24 hours after
surgery, under deep anethesia the rats were transcardially
perfused with 0.1 mol/L PBS (pH 7.4) followed by fixation
with 10% formaline as described previously with a pressure
of 60–80 mmHg for 15 minutes [7]. The whole brains were
quickly exenterated and postfixed in 10% formaline
followed by 30% sucrose (w/v) for 3 days. Ten-micron-
thick coronal sections cut by a cryostat (Leica Micro-
systems LM3050S) were mounted on poly-L-lysine- coated
slides (Richard Allen, Kalamazoo, MI). These sections
were stained with hematoxylin and eosin (H&E). We
measured the major and minor axis, perimeter and wall
thickness of ipsilateral intracranial ICA using Image J
freeware from the National Institutes of Health, MD. The
diameter of the intracranial ICA was defined by taking the
average of major and minor axes.

Statistical analysis

Statistical differences between the various groups were
assessed using a 1-way ANOVA with Holm-Sidak posthoc
analysis. Data are expressed as mean±SEM. A value of P<
0.05 was considered statistically significant

392 T. Sugawara et al.



Results

Mortality was reduced to zero in both the treated groups
as compared to 20% in the vehicle-treated and 36% in
the simvastatin plus wortmannin-treated groups. There
was no mortality in the group treated with wortmannin
alone. The decrease in ICA diameter and perimeter
observed in the vehicle-treated group (203.2±10.3 μm,
652.7±29.0 μm) as compared to sham (259.7±10.6,
865.4±39.5) were significantly attenuated by high-dose
simvastatin (267.4±8.0, 882.4±30.0). The increase in

wall thickness (vehicle 29.50±2.42 μm v/s sham 9.52±
0.56 μm) was significantly attenuated by both high and
low dose simvastatin (11.87±1.56, 19.75±1.40). These
effects of simvastatin were blocked with the addition of
wortmannin (162.7±20.6, 528.9±65.9, 29.19±1.97). High
dose simvastatin improved the neurological deficits
observed after SAH and this was also blocked with the
addition of wortmannin. The group treated with wort-
mannin alone did not have significantly different mor-
phological parameters and neurological scores as
compared to the sham group (Fig. 1 and Table 1).

Table 1 Cerebral vasospasm.and neurological score

− Cerebral Vasospasm Neurological Score

Diameter (μm) Perimeter (μm) Thickness (μm)

Sham 259.7±10.6 865.4±39.5 9.52±0.56 18.00±0.00
SAH 203.2±10.3 * 652.7±29.0 ** 29.50±2.42 ** 14.33±1.43 *
S(1) 186.3±22.9 ** 610.6±69.0 ** 19.75±1.56 ** 15.50±1.14
S(20) 267.4±8.0 # 882.4±30.0 ## 11.87±1.40 ## 17.66±0.21 #
W+S(20) 162.7±20.6 ** 528.9±65.9 ** 29.19±1.97 ** 12.33±1.17 **
Sham+W 261.9±29.1 # 855.1±86.3 # 11.76±0.86 ## 18.00±0.00 #

Table shows morphological parameters i.e ICAl diameter, perimeter, and wall thickness from each group. High dose simvastatin prevented the
decrease in vessel diameter and perimeter and the increase in vessel wall thickening and also improved neurological deficits after SAH. All these
effects of high dose simvastatin were obliterated in the presence of wortmannin. Sham: sham, SAH: SAH treated with vehicle, S(1): SAH treated
with low dose simvastatin, S(20): SAH treated with high dose simvastatin, W+S(20): SAH treated with high dose simvastatin plus wortmannin,
and Sham+W: sham treated with wortmannin respectively. *: vs sham p<0.05, **: vs sham p<0.01, #: vs SAH p<0.05, ##: vs SAH p<0.01

Fig. 1 Cerebral vasospasm. A-F shows the representative cross-
sections of ipsilateral IC from each group, sham, SAH treated with
vehicle, SAH treated with low dose simvastatin, SAH treated with

high dose simvastatin, SAH treated with high dose simvastatin plus
wortmannin, and sham treated with wortmannin respectively
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Discussion

Simvastatin prevented the decrease in vessel diameter and
perimeter and the vessel wall thickening observed in
arteries (ICA) affected by cerebral vasospasm after SAH.
High dose simvastatin also improved neurological status
after SAH. These beneficial effects of simvastatin in
ameliorating cerebral vasospasm are likely mediated by
upregulation of the PI3K/Akt pathway. This pathway is
suggested to upregulate phosphorylation of eNOS in the
endothelial cells. Increased eNOS will produce NO which
may lead to vasorelaxation and thus ameliorate cerebral
vasospasm [8]. However, investigation is needed to
confirm this molecular mechanism.

Conflict of interest statement We declare that we have no conflict
of interest.

References

1. Bederson JB, Germano IM, Guarino L (1995) Cortical blood
flow and cerebral perfusion pressure in a new noncraniotomy
model of subarachnoid hemorrhage in the rat. Stroke 26:1086–
1091

2. Cahill J, Calvert JW, Solaroglu I, Zhang JH (2006) Vasospasm and
p53-induced apoptosis in an experimental model of subarachnoid
hemorrhage. Stroke 37:1868–1874

3. de Oliveira JG, Beck J, Ulrich C, Rathert J, Raabe A, Seifert V
(2007) Comparison between clipping and coiling on the incidence
of cerebral vasospasm after aneurysmal subarachnoid hemor-
rhage: a systematic review and meta-analysis. Neurosurg Rev
30:22–30

4. Garcia JH, Wagner S, Liu KF, Hu XJ (1995) Neurological
deficit and extent of neuronal necrosis attributable to middle
cerebral artery occlusion in rats. Statistical validation. Stroke
26:627–634

5. Lynch JR, Wang H, McGirt MJ, Floyd J, Friedman AH, Coon AL,
Blessing R, Alexander MJ, Graffagnino C, Warner DS (2005)
Simvastatin reduces vasospasm after aneurysmal subarachnoid
hemorrhage: results of a pilot randomized clinical trial. Stroke
36:2024–2026

6. McGirt MJ, Pradilla G, Legnani FG, Thai QA, Recinos PF,
Tamargo RJ, Clatterbuck RE (2006) Systemic administration of
simvastatin after the onset of experimental subarachnoid
hemorrhage attenuates cerebral vasospasm. Neurosurgery
58:945–951

7. Parra A, McGirt MJ, Sheng H, Laskowitz DT, Pearlstein RD,
Warner DS (2002) Mouse model of subarachnoid hemorrhage
associated cerebral vasospasm: methodological analysis. Neurol
Res 24:510–516

8. Santhanam AV, Smith LA, Akiyama M, Rosales AG, Bailey KR,
Katusic ZS (2005) Role of endothelial NO synthase phosphoryla-
tion in cerebrovascular protective effect of recombinant erythro-
poietin during subarachnoid hemorrhage-induced cerebral
vasospasm. Stroke 36:2731–2737

9. Tseng MY, Czosnyka M, Richards H, Pickard JD, Kirkpatrick PJ
(2005) Effects of acute treatment with pravastatin on cerebral
vasospasm, autoregulation, and delayed ischemic deficits after
aneurysmal subarachnoid hemorrhage: a phase II randomized
placebo-controlled trial. Stroke 36:1627–1632

394 T. Sugawara et al.



HIF-1 alpha inhibition ameliorates neonatal brain
damage after hypoxic-ischemic injury

Wanqiu Chen & Vikram Jadhav & Jiping Tang &

John H. Zhang

Abstract
Background Hypoxia-inducible-factor-1alpha (HIF-1α) has
been considered as a regulator of both prosurvival and
prodeath pathways in the nervous system. This study was
designed to elucidate the role of HIF-1α in neonatal
hypoxia-ischemia (HI) brain injury.
Methods 2-methoxyestradiol (2ME2), a HIF-1α inhibitor,
was tested at different dosages (1.5, 15 and 150 mg/kg) and
a therapeutic window was tested by administrating 2-
methoxyestradiol (15 mg/kg) immediately or 3 hours after
the induction of a hypoxic ischemic injury. Infarct size
using TTC staining and brain edema were measured at 48
hours post hypoxia-ischemia. Blood-brain barrier (BBB)
permeability was examined by IgG staining. Vascular
endothelial growth factor (VEGF) and HIF-1α expression
and distribution were studied by immunohistochemistry and
western blotting analysis.
Findings 2ME2 exhibited dose-dependent neuroprotection
by decreasing infarct volume and attenuating brain edema.
2ME2 also attenuated BBB disruption, and decreased HIF-
1α and vascular endothelial growth factor (VEGF) expres-
sion. The neuroprotection, however, was lost when 2ME2
was administered 3 hours after neonatal HI.

Conclusion The study shows that the acute inhibition of
HIF-1α is neuroprotective in neonatal hypoxic-ischemic
injury by preserving BBB integrity and reducing brain
edema.

Keywords Hypoxia inducible factor .

Neonatal hypoxia ischemia . Neuroprotection .

Vascular endothelial growth factor (VEGF)

Introduction

Perinatal hypoxic-ischemic brain injury is a major cause of
morbidity and mortality in infants and children, with an
incidence of 2–9 per 1000 babies [11] and it could lead to
neurological deficits, cerebral palsy and epilepsy [7].
However, clear evidence-based strategies for treatment are
not available now [7].

Hypoxia-inducible factor 1α (HIF-1α) is a heterodimeric
transcriptional factor and it regulates genes which are
important in tissue survival, such as vascular endothelial
growth factor (VEGF) and erythropoietin (EPO). There are
conflicting reports regarding the effects of HIF-1α in the
brain after ischemic injury [2, 6]. 2-Methoxyestradiol
(2ME2) is a naturally occurring derivative of estradiol and
an inhibitor of HIF-1α [8]. It has been shown to effectively
inhibit tumor growth and angiogenesis in vivo and inhibits
several stages of angiogenesis besides endothelial cell
proliferation [8].

The present study was designed to clarify the role of
HIF-1α in the neonatal brain in response to hypoxia/
ischemia. We evaluated the effects of 2ME2 in the
established Rice-Vannucci neonatal hypoxia/ischemia rat
model and tested the hypothesis that the acute inhibition of
HIF-1α provides neuroprotection against neonatal HI.

Acta Neurochir Suppl (2008) 102: 395–399
# Springer-Verlag 2008

W. Chen :V. Jadhav : J. H. Zhang (*)
Department of Physiology and Pharmacology,
Loma Linda University Medical Center,
Risley Hall, Room 214,
Loma Linda, CA 92354, USA
e-mail: johnzhang3910@yahoo.com

J. Tang
Department of Physiology and Pharmacology,
Loma Linda University Medical Center,
Risley Hall, Room 219,
Loma Linda, CA 92354, USA



Materials and methods

Animal modeling

The experimental protocol was approved by the Institutional
Committee for Animal Care and Handling. A modified Rice-
Vannucci model [9] was adopted as follows: Under
anesthesia (3% isoflurane), the right common carotid artery
of seven-day-old (P7) Sprague-Dawley rat pup was identi-
fied, exposed, and permanently ligated. After recovering for
2 hours, the pups were exposed to hypoxia (8% oxygen
balanced with nitrogen, 37°C) for 2 h. After hypoxia, the
animals returned to their dams and the ambient temperature
was maintained at 37°C for 24 h. Sham animals underwent
anesthesia and the common carotid artery was exposed
without ligation and hypoxia.

Drug administration

2ME2 (Sigma-Aldrich Corp, MO), an HIF-1α inhibitor, was
administered at three dosages of 1.5 mg/kg, 15 mg/kg and
150 mg/kg. The drug was dissolved in DMSO and further
diluted in PBS [13] to a final volume of 100 μl, and was
administered by intraperitoneal injection immediately after
HI. To assess the window period for effective treatment,
2ME2 (15 mg/kg) was also administered at 3 h after HI.
The vehicle-treated HI group received DMSO diluted with
PBS at the same volume as the treatment group.

Brain water content

At 48 hours after HI, brain tissue was removed for brain
water content analysis and divided into the following
three parts: right hemisphere, left hemisphere, and
cerebellum. The hemispheres were separated by a
midline incision and weighed on a high precision balance
(Denver Instrument, sensitivity ± 0.001 g) immediately
after removal (wet weight) and again after drying in an
oven at 105°C for 24 hours as described by others [12].
The percentage of water content was calculated as
wet weight� dryweightð Þ=wetweight½ � � 100%.

Histology and immunohistochemistry

At 24 h post-HI, animals were perfused with PBS
followed by 4% paraformaldehyde. Paraffin-embedded
brains were sectioned into 10-μm-thick slices by cryostat
(CM3050S; Leica Microsystems). Immunohistochemistry
was performed [3] for HIF-1α and VEGF (Santa Cruz
Biotechnology). IgG staining used for detecting BBB
breakdown was performed at 24 h after HI and conjugated
goat anti-rat IgG-biotin (sc-2041; Santa Cruz Biotechnology)
was used [10].

Infarct volume measurement

2,3,5-triphenyltetrazolium chloride monohydrate (TTC)
staining was used to measure infarct volume as previously
described [14]. Briefly, at 48 h after HI the brains were
removed and sectioned into 2 mm slices, then immersed
into 2% TTC solution at 37°C for 5 minutes, followed by
10% formaldehyde. The infarct volume was traced and
analyzed by Image J software (NIH), version 1.32.

Western blotting

Western Blot analysis was performed as described previously
[3]. Animals were euthanized at 24 h after HI (n=8 for each
group). The primary antibodies used were rabbit polyclonal
anti-HIF-1α and rabbit polyclonal anti-VEGF. Immunoblots
were then probed with an ECL kit and visualized with the
imagine system (Bio-Rad, Versa Doc, model 4000). The
data were analyzed by the software Quantity one 4.6.1
(Bio-Rad).

Statistics

Data were expressed as mean ± SD. Statistical differences
between more than two groups were analyzed by using 1-
way ANOVA followed by Tukey post-hoc analysis. A P
value of <0.05 was considered statistically significant.

Results

HIF-1α inhibition decreased infarct volume

HIF-1α inhibition by administration of 2ME2 immediately
following induction of HI reduced infarct volume in a
dose-dependent manner. The mean infarct volume was
significantly decreased at 15 mg/kg dosage (17.8±2.4%)
compared with vehicle-treated HI group (30.4±1.2%), but
not at 1.5 mg/kg dosage (30.4±2.4%). At the high dosage
of 150 mg/kg there was a maximal decrease in infarct
volume (10.3±3.4%); however, it was accompanied with a
high mortality (6 of 10 pups died). The other groups had
zero mortality. 15 mg/kg was considered appropriate
dosage for rest of the experiments and for elucidating
molecular mechanisms.

To evaluate the window period of treatment, 2ME2 was
administered at 15 mg/kg dosage immediately or at 3 hours
after HI and infarct volume was measured at 48 hours after
HI. Administration of 2ME2 3 hours after HI did not
decrease infarct volume as compared to controls (27.8±
2.9% vs. 30.4±1.2%). Administration of 2ME2 immediate-
ly after HI was used for the rest experiments for further
exploring the mechanisms.

396 W. Chen et al.



HIF-1α inhibition decreased BBB disruption
and brain edema

Brain edema as indicated by increased brain water content
was seen at 48 hours after HI. In the vehicle-treated HI
group, the water content in the hemisphere (ipsilateral to the
carotid ligation) increased significantly compared with both
the normal control groups (vehicle-treated vs. control
groups = 90.5±0.47% vs. 87.2±0.19%, P<0.001) and
sham groups (vehicle-treated vs. sham = 90.5±0.47% vs.
87.0±0.11%, P<0.001). In the 2ME2-treated group, with
dosage of 15 mg/kg and administered immediately after HI,
the mean water content of the ipsilateral hemispheres
differed significantly from the vehicle-treated HI group
(2ME2-treated vs. vehicle-treated = 88.0±0.28% vs. 90.5±
0.47%, P<0.001). The contralateral hemisphere and cere-
bellum did not show significant changes in brain water

content (Fig. 1a). The ratio of water content in the
ipsilateral hemisphere compared to the contralateral hemi-
sphere of each group also demonstrated that there is a
significant decrease in 2ME2-treated group compared with
the vehicle-treated HI group (Fig. 1b).

IgG staining demonstrated BBB leakage in the ipsilateral
cortex and hippocampus area in the vehicle-treated HI
group. It represented by the brown stains which is IgG
passing through the disrupted BBB and penetrating into the
brain parenchyma. The 2ME2-treated group demonstrated a
smaller IgG-stained region as compared with the vehicle-
treated HI group (Fig. 1c).

2ME2 inhibits HIF-1α and VEGF expression

Immunohistochemical analysis of brain sections revealed
that both HIF-1α and VEGF were extensively upregulated

Fig. 1 2ME2 attenuated brain edema after neonatal HI. (a) Quanti-
fication of brain water content in the cerebellum, ipsilateral and
contralateral brain hemisphere 48 h after HI. Compared with the sham
and normal control groups, the brain water content was markedly
increased in the HI group (*P<0.001 vs. control and sham. The
control group contained normal pups without any surgery or
treatment. Vertical bars indicate standard deviation). 2ME2 treatment
significantly decreased ipsilateral hemisphere water content as
compared with the vehicle-treated HI group (#P<0.001 vs. HI). There

was no statistical difference among the groups in contralateral
hemisphere and cerebellum water content. (b) Brain water content
was expressed as the ratio of ipsilateral/contralateral hemisphere water
content (*P<0.001, versus control and sham; # P<0.001, versus HI;
vertical bars indicate standard deviation). (C) IgG staining in sections
of the rat brain of sham, HI and HI+2ME2 groups, respectively. There
is no staining in the sham section. A dense IgG staining (brown stain)
was seen in the ipsilateral cortex and hippocampus in the HI group,
and it was reduced in HI+2ME2 group
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in the cerebral cortex region of the ipsilateral hemisphere at
24 h after HI, which was seen as brown granular deposits
within cells. After 2ME2 treatment, there were fewer cells
with condensed staining of HIF-1α and VEGF (Fig. 2a).
Western blot analysis showed an upregulation of HIF-1α 24
h after HI by about 2 fold, and it was significantly inhibited
by 2ME2 (Fig. 2b, P<0.05, HI+2ME2 vs. HI, ANOVA).
Similarly, VEGF was upregulated at 24 h after HI (Fig. 2c,
P<0.001, HI vs. sham, ANOVA) and it was significantly
decreased in the 2ME2-treated group (Fig. 2b, P<0.05,
HI+2ME2 vs. HI, ANOVA).

Discussion

In the present study, we evaluated the therapeutic effects of
acute inhibition of HIF-1α using 2ME2 after HI brain
injury in neonatal rats. The results indicated that HIF-1α
inhibition attenuated the disruption of BBB, reduced brain
edema and decreased infarct volume.

HIF-1α inhibition using different dosages of 2ME2 was
seen to reduce the infarct volume. Thus, pilot experiments
indicated that 15 mg/kg was an appropriate dose. Then we
evaluated the therapeutic window of 2ME2 treatment. Our
previous study showed that HIF-1α protein levels peaked
during the initial reperfusion phase (from 0 to 4 h). They
then steadily declined as reperfusion persisted (from 4 to
24 h), and remained elevated up to 24 h after the insult [3].
Administration of 2ME2 3 hours after induction of HI was
not effective, possibly due to the early surge of HIF-1α
levels. HIF-1α is known to regulate pro-apoptotic members
such as p53 and BNIP3 in cerebral ischemic injuries [1, 4, 5].
The reduction of infarct volume after 2ME2 treatment may
be due to the inhibition of pro-apoptotic pathways. Future
studies, however, are required to evaluate if anti-apoptotic
mechanisms are involved in the neuroprotective effects of
2ME2 in neonatal HI.

2ME2 may provide neuroprotection by inhibiting HIF-
1α and some of its target genes such as VEGF. VEGF can
promote angiogenesis and restore cerebral microvascular

Fig. 2 Immunohistochemistry and Western blot for HIF-1α and
VEGF expression after hypoxia-ischemia injury. (a) Immunostaining
for HIF-1α and VEGF in the cortex of the ipsilateral hemisphere at
24 h after HI. Compared with the vehicle-treated HI group, HIF-1α
and VEGF expression was reduced in the 2ME2 group. Arrowheads
indicate cells that are positive for HIF-1α and VEGF. Scale bar
represents 200 μm. (b and c) Representative Western blot analysis

showed that HIF-1α and VEGF (with β-actin as a loading control)
were expressed in the ipsilateral hemisphere at 24 h after HI
respectively. Quantification of the Western blot analysis showed
increased HIF-1α and VEGF in the vehicle-treated HI group
compared with both the sham group and the 2ME2-treated group
(*P<0.001, versus sham; #P<0.05, versus HI; vertical bars indicate
standard deviation)
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circulation. However, VEGF is a potent vascular perme-
ability factor which could enhance the BBB leakage
especially in the early stages after HI injury [15]. It has
been suggested that the inhibition of VEGF at the acute
stage of stroke may be beneficial. In this study, reduced IgG
staining and brain water content in the 2ME2-treated group
indicated a decreased BBB breakdown and less brain
edema respectively. VEGF expression was increased after
HI and it was attenuated in the 2ME2-treated group,
suggesting that the reduced BBB permeability and brain
edema may be involved in the inhibition of VEGF in the
acute stage of stroke.

HIF-1α has a dual role as a regulator of both prosurvival
and prodeath pathways in the nervous system. Some studies
have shown that HIF-1α induction by hypoxic precondition-
ing or HIF-1α inducer such as deferoxamine is required for
neuronal protection [2, 15]. Other studies have also shown
pro-death responses of HIF-1α through p53 and BNIP3 [1, 5].
In vivo studies using HIF-1α knockout mice showed that the
conditional brain depletion of HIF-1α is neuroprotective in
acute hypoxia injury [6]. These contradictory effects of HIF-
1α can be attributed to the duration and severity of ischemic
injury. It has been suggested that mild hypoxia induces
adaptive gene expression, whereas under severe or sustained
hypoxia HIF-1α can promote apoptotic cell death.

In summary, acute HIF-1α inhibition by 2ME2 has a
neuroprotective effect by preserving BBB integrity, ame-
liorating brain edema and reducing infarct volume after
neonatal hypoxia-ischemia injury. This therapeutic effect of
HIF-1α inhibition is likely associated with the inhibition of
VEGF.
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Simvastatin treatment in surgically induced brain injury
in rats

Steve Lee & Vikram Jadhav & Tim Lekic & Amy Hyong &

Martin Allard & Gary Stier & Robert Martin &

John Zhang

Abstract
Background HMG-CoA reductase inhibitors (Statins) have
been shown to reduce blood brain barrier (BBB) disruption
and improve neurologic outcome in cerebrovascular dis-
orders. Brain injury due to neurosurgical procedures can
lead to post-operative complications such as brain edema
and altered neurologic function. The objective of this study
was to evaluate whether simvastatin reduces brain edema
by preventing BBB disruption and improves neurologic
status after surgically-induced brain injury (SBI).
Methods Animals were pretreated for seven days with
vehicle or simvastatin i.p. daily, after which they underwent
SBI. Neurologic evaluation was assessed at 24 hours post-
SBI and the animals were sacrificed for brain water content
calculation and BBB evaluation.
Findings Brain water content was significantly increased in
the right frontal lobe in all SBI groups as compared to the
left frontal lobe. There was no significant difference in
brain water content in the right frontal lobe between

simvastatin and vehicle treated groups. Evans blue testing
did not show a significant difference in disruption of the
BBB between groups. Neurologic scores were not signif-
icantly different.
Conclusions Simvastatin did not reduce brain water con-
tent, protect the BBB, or improve neurologic scores after
SBI.

Keywords Simvastatin . Surgically induced brain injury .

Neuroprotection . Brain edema

Introduction

Surgical procedures inevitably lead to inflammation from
the use of electrocautery, scalpel blades, and retraction.
Tissue at the edge of the surgical resection site is especially
vulnerable to neuronal cell death [4]. Tissue inflammation
leads to cascades which cause edema and consequential
volumetric expansion. The problem encountered with
cerebral inflammation is the limited intracranial space in
which it is confined. Current therapies for surgically
induced brain injury, such as steroids and diuretics, are
relatively non-specific and focus mostly on reducing the
post-operative edema that has already transpired [8].
Therefore, discovering direct anti-inflammatory mediators
could result in more effective reduction in brain edema,
improve neurologic outcomes, and could ultimately reduce
post-operative morbidity and mortality.

Statins, or 3-hydroxy-3-methyl-glutaryl-coenzyme A
(HMG-CoA) reductase inhibitors, have recently become
the focus of numerous clinical trials. Outside of their
cholesterol lowering effects, this class of drugs has been
shown to reduce the incidence of stroke independent of
cholesterol levels [10, 11]. This finding has led to
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investigation of the various pleiotropic effects of statin
medications. Statins have been found to induce angiogen-
esis and neurogenesis, improve endothelial function, in-
crease nitric oxide bioavailability, and exert antioxidant and
anti-inflammatory properties [1, 2]. Statins have also been
found to protect the blood brain barrier (BBB) [7]. Ifergan
et al. [5] found simvastatin and lovastatin reduced BBB
permeability and restricted leukocyte migration.

Given these qualities, the objective of this study was to
evaluate whether simvastatin pretreatment reduces brain
edema by preventing BBB disruption and improves
neurologic status after surgically-induced brain injury
(SBI).

Materials and methods

36 male Sprague Dawley rats weighing between 275 and
325 g were divided randomly into four groups: sham
surgery (n=4), vehicle (n=13), simvastatin 1 mg/kg (n=8),
and 10 mg/kg (n=11). As a comparison, 40 mg per day is
the maximum dose given in humans. Animals were
pretreated with vehicle or simvastatin intraperitoneal injec-
tions daily over 7 days after which they were subjected to
SBI. The rodent SBI model was used as previously
described [6]. Briefly, following anesthesia with ketamine
(100 mg/kg) and xylazine (10 mg/kg) i.p, a 3 mm by 3 mm
cranial window was drilled 1 mm anterior and 2 mm lateral
to the coronal and sagittal sutures respectively. The dura
was incised and reflected to expose the underlying right
frontal lobe. Using a flat blade (6 mm × 1.5 mm), two
incisions were made along the sagittal and coronal planes
leading away from the bregma and extending to the edge of
the craniotomy window. The depth of the incisions
extended to the base of the skull. The weight of the
sectioned brain was not significantly different between
groups. Hemostasis was achieved by temporary intraoper-
ative packing with sterile gauze and saline irrigation.
Electrocautery was utilitzed for 2 seconds along the medial

coronal and posterior sagittal borders at an RF power level
consistent with the coagulation setting used in the operating
room. Sham surgery included only craniotomy and replace-
ment of the bone flap without any dural incisions. Core
temperature was monitored using a rectal probe and was
maintained at 37±0.5°C.

At 24 hours post-SBI, animals underwent behavior tests
based on the modified Garcia score [3] and vibrissae-
stimulated forelimb placement test [9] 24 hours post
surgery, after which they were sacrificed for brain water
content and BBB analysis using Evans Blue. The brains
were sectioned into left frontal, right frontal, left parietal,
right parietal, brain stem and cerebellum sections on ice.
Each section was weighed immediately (wet weight) and
weighed again after drying in an oven at 105°C for 48
hours (dry weight) [12]. The percent brain water content
was calculated as wet weight� dryweightð Þ=wet weight½ ��
100%.

To quantitatively assess BBB compromise, Evans Blue
was administered through a left femoral cannula 24 hours
post-SBI. Animals were then sacrificed and brains were
sectioned as described above. The right frontal lobe was
homogenized and processed for Evans Blue dye extravasa-
tion under a spectrophotometer. Significance was set at p<
0.05. This protocol was evaluated and approved by the
Institutional Animal Care and Use Committee at Loma
Linda University, Loma Linda, CA.

Results

Brain water content

Surgically induced brain injury caused brain water content
to significantly increase in the right frontal lobe in all three
SBI groups (Vehicle: 81.64±0.52%; Simvastatin: 1 mg/kg:
81.29±0.34%; 10 mg/kg: 81.96±0.31%; Table 1) compared
to the left frontal lobe (Vehicle: 79.66±0.18%; Simvastatin:
1 mg/kg: 79.88±0.10%; 10 mg/kg: 80.2±0.28%). The
simvastatin treated groups did not show a significant

Table 2 Blood brain barrier analysis of the Right Frontal Lobe using
Evans Blue

Experimental group n ug/mL Evans Blue/g brain

Sham Surgery 4 0.748±0.402
SBI + Vehicle 6 3.877±0.402*
SBI + Statin 10 mg/kg 5 3.317±0.815*

SBI caused a significant increase in Evans Blue extravasation when
compared to Sham surgery. There was no significant difference
between Vehicle and Statin treated groups in protecting the BBB
* Indicates significance versus Sham Surgery, p<0.05 ANOVA

Table 1 Brain water content at 24 hours post surgically induced brain
injury

Experimental group n Right frontal lobe Left frontal lobe

SBI + Vehicle 7 81.00±0.52%* 79.66±0.18%
SBI + Statin 1 mg/kg 8 81.29±0.34%* 79.88±0.10%
SBI + Statin 10 mg/kg 6 81.96±0.31%* 80.21±0.28%

SBI caused a significant increase in brain water content in the
ipsilateral Right Frontal Lobe when compared to the contralateral,
nonsurgical Left Frontal Lobe. There was no significant difference
between Vehicle and Statin treatment groups
* Indicates significance versus Left Frontal Lobe, p<0.05 ANOVA

402 S. Lee et al.



difference in brain water content in the right frontal lobe
when compared to vehicle.

BBB evaluation using Evans Blue

SBI caused a significant amount of Evans blue dye leakage
when compared to sham surgery (Sham: 0.77±0.39 ug/mL/g;
Vehicle 3.88±0.40 ug/mL/g; Table 2); however, simvastatin
treatment did not show a significant difference in disruption
of the BBB when compared to vehicle (Simvastatin 10 mg/
kg: 3.32±0.81 ug/mL/g).

Neurologic testing

There was no significant difference in the modified Garcia
score (maximum score = 18) between simvastatin and
vehicle treated groups (Sham: 18±0; Vehicle: 15.44±0.60;
Simvastatin: 1 mg/kg: 16.00±0.63; 10 mg/kg: 15.37±0.50).
SBI caused a significant reduction in left forelimb place-
ment testing (maximum score = 10) when compared to
sham surgery. There was no significant change in vibrissae-
stimulated forelimb placement scores between treatment
and vehicle treated groups.

Discussion

Despite its antioxidant and anti-inflammatory properties,
simvastatin was not able to demonstrate a decrease in brain
edema in the surgically induced brain injury model. In
addition, based on the Evans Blue analysis, it appears that
simvastatin was not able to prevent BBB compromise as had
been previously reported. Despite the multiple pleiotropic
effects of statins, it is difficult to distinguish which pathway,
whether anti-inflammatory, antioxidant, or BBB proponent
contributes greatest in reducing post-operative edema.

This surgically induced brain injury model attempts to
replicate the instrumentation, resection, and electrocautery
employed during a tumor resection or other neurosurgical
procedure. These procedural manipulations entail removal
of brain tissue, compromise of the BBB, and stimulation of
inflammatory pathways that together lead to the formation
of brain edema. The goal was to design a model with
consistent tissue loss that leads to the reproducible
inflammatory effects involved in these types of surgeries.
Brain edema in the rat model peaks in the first 24 to 48 hrs
and begins to decrease by 72 hours. Based on clinical
experience, this rat model produces an accelerated time
course as compared to humans. We acknowledge that there
are differences between the brain of a rat and a human
including geometry and distributions of neurons. However,
numerous studies have used the rat model in evaluating
inflammatory pathways.

In studying the behavioral effects of a partial frontal
lobe resection, the modified Garcia score and vibrissae-
stimulated forelimb placement test were employed to
uncover any subtle changes in behavior caused by the
surgery and ensuing edema. Given the lack of efficacy of
simvastatin in reducing brain edema and BBB compro-
mise in comparison to controls, it was not surprising to
see the lack of effect of the drug in producing behavioral
changes. Perhaps the short time frame of 24 hours may
have contributed for the lack of difference in behavioral
testing. Longer time frames could possibly produce
differences, but was beyond the scope of this study.

Steroids, diuretics, and other interventions attempting to
reduce and prevent the morbidity associated with brain
edema, do not specifically attack the inflammatory
cascade. Despite the lack of effect of simvastatin in this
surgically induced brain injury model, more studies are
required to elucidate the effects of other drugs that may
directly address inflammatory mediators that lead to brain
edema. Discovering more effective medications could
potentially allow for surgeries in more anatomically
confined regions and ultimately reduce post-operative
complications.
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3% Hypertonic saline following subarachnoid hemorrhage
in rats

Steve Lee & Gary Stier & Suzzanne Marcantonio &
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John Zhang

Abstract
Background Hypertonic saline (HTS) has been proposed as
a treatment after aneurysmal subarachnoid hemorrhage
(SAH) to minimize ischemic brain injury due to its osmotic
and rheologic properties. Although the benefits of 7.2%
HTS use in brain injury have been studied, there is a
paucity of data on the use of 3%HTS.
Methods We investigated whether 3%HTS can reduce brain
water content and improve neurologic function after SAH
in the rodent model compared to 0.9% saline solution (NS).
Neurologic testing was conducted at 24 hours post-SAH
prior to sacrificing animals for brain water content
evaluation.
Findings There was significant potentiation of brain water
content in the right hemisphere between 3%HTS and NS
groups. The modified Garcia score was not significantly
different between the two groups; however, the vibrissae-

stimulated forelimb placement test showed significantly
lower scores in the HTS group. 3%HTS does not decrease
brain edema or improve neurologic deficits as compared to
NS. In fact, our study showed 3%HTS potentiated brain
edema and worsened neurologic deficits in the rat SAH
model.
Conclusions Given the potential adverse effects of HTS
therapies, including hyperchloremic acidosis, and the lack
of benefit found in our study, more investigation is required
to evaluate the clinical use of 3%HTS in the setting of
SAH.

Keywords Hypertonic saline . Subarachnoid hemorrhage .

Brain edema . Intracranial pressure

Introduction

Aneurysmal subarachnoid hemorrhage (SAH) is a devas-
tating disease with high morbidity and mortality. As many
as 40% of patients die within the first few weeks and 50%
of patients die in the first 6 months. Of survivors, more than
33% develop major neurologic deficits. [7, 12, 13] These
outcomes may develop as a result of acute brain damage
caused by global cerebral ischemia in the context of initial
aneurysmal rupture or focal ischemia in the setting of
vasospasm later on. In the acute post aneurysmal SAH
period, intracranial pressure (ICP) increases due to fluid
expansion in the cranium from extravasation of blood [17],
as well as cerebral edema secondary to the disruption of the
blood brain barrier (BBB). [3, 14] These effects lead to a
precipitous drop in cerebral blood flow (CBF) as increasing
ICP overwhelms the systemic blood pressure, ultimately
leading to brain ischemia [1].

Acta Neurochir Suppl (2008) 102: 405–408
# Springer-Verlag 2008

S. Lee :G. Stier : S. Marcantonio :M. Allard :
R. Martin : J. Zhang
Department of Anesthesiology,
Loma Linda University Medical Center,
11234 Anderson Street, Room 2534,
Loma Linda, CA 92354, USA

T. Lekic : J. Zhang
Department of Physiology, Loma Linda University,
Loma Linda, CA 92354, USA

J. Zhang (*)
Division of Neurosurgery,
Loma Linda University Medical Center,
11234 Anderson Street, Room 2562B,
Loma Linda, CA 92354, USA
e-mail: johnzhang3910@yahoo.com



Much focus has been placed on minimizing the
complications associated with SAH, including vasospasm,
rerupture of the aneurysm, and cerebral edema. Of interest,
recent research has proposed the use of hyperosmolar
agents to reduce brain edema. The rationale being that a
reduction in edema leads to a decrease in ICP, thereby
restoring CBF and preventing secondary ischemia due to
low global cerebral perfusion. Hyperosmolar agents, which
are being increasingly used in patients with traumatic brain
injury, could be applied in the setting of SAH based on
similar principles for reducing ICP. These agents have been
theorized to control ICP by reducing brain water content
and cerebral spinal fluid volume [6], as well as improving
the rheologic properties of blood through the optimization
of blood viscosity and enhancement of oxygen delivery [2,
9, 11].

Previous studies support the benefits of 7.5% HTS and
7.5% HTS with colloid, both nonclinical concentrations, in
ameliorating acute sequelae after SAH injury in rats. [1, 19]
In patients with SAH and hyponatremia, 3% hypertonic
saline is frequently used clinically to correct natremic
status. In a retrospective study by Suarez et al. [16], 3%
NaCl-acetate was used to correct mild hyponatremia in 29
patients with SAH and was found to have no associated
complications with HTS infusion, but also, interestingly, no
changes on CBF. Despite its uses in the setting of
hyponatremia and the growing literature supporting the
theoretical advantages of nonclinical concentrations (> 3%
HTS) of hyperosmolar agents in reducing ICP, no studies
have addressed the effects of 3% concentration HTS on
brain water content in normonatremic patients in compar-
ison to 0.9% saline solution.

The objective of this study was to determine whether 3%
hypertonic saline reduces brain water content and improves
neurologic function when compared to 0.9% saline solution
(NS) in the setting of SAH in rats.

Materials and methods

A total of 52 adult male Sprague Dawley rats weighing
between 300 and 350 g were used and after accounting for
mortality from severe SAH (35%), 33 rats remained for
study analysis. The animals were randomly divided into
four groups: SAH+3% HTS (n=7), SAH+0.9% NS (n=9),
Sham Surgery+3% HTS (n=9), and Sham Surgery+0.9%
NS (n=8). The rats were anesthetized using isoflurane,
intubated, and mechanically ventilated throughout surgery
and infusion. Core body temperature was monitored and
maintained at 37±0.50 C. The left femoral vein and artery
were cannulated using PE 50 polyethylene tubing for
arterial blood gas, hemodynamic monitoring, and infusion
access. Animals underwent SAH modeling using the
suture puncture method as previously described. [15]
Briefly, a sharpened 4.0 nylon suture was threaded
through the internal carotid artery (ICA) to the bifurcation
of the ICA and middle cerebral artery for puncture and
SAH. To simulate the time required for a patient to arrive
to the hospital and receive testing, animals remained under
anesthesia for one hour post puncture. They were then
administered 3% HTS or 0.9% NS with a bolus rate of
4 mL/kg over 20 minutes followed by a maintenance rate
of 0.5 mL/kg/hr over 100 minutes, for a total treatment
time of 2 hours.

Neurologic function of the animals was evaluated at 24
hours post-SAH using a 27 point scoring system modified
from Garcia et al. [4] and the vibrissae forelimb placement
test [10] prior to sacrificing animals for brain water content
evaluation by the wet-dry method. Briefly, brains were
sectioned, immediately weighed, dried for 48 hours, and
weighed again to calculate brain water content: [(wet
weight - dry weight)/wet weight] × 100%. Significance
was set at p<0.05. This protocol was evaluated and
approved by the Institutional Animal Care and Use
Committee at Loma Linda University, Loma Linda, CA.

Table 1 Brain water content in animals at 24 hours after SAH

Experimental Group n Right Hemisphere Left Hemisphere

SAH+3% HTS 7 79.9±0.3% *, # 80.3±0.3%#

SAH+0.9% NS 9 79.2±0.3% 80.0±0.4%#

Sham+3% HTS 9 78.9±0.1% 78.9±0.1%
Sham+0.9% NS 8 78.8±0.1% 79.0±0.2%

*Indicates significance versus SAH+0.9% NS, p<0.05 ANOVA
# Indicated significance versus Sham, p<0.05 ANOVA

Table 2 Vibrissae-stimulated forelimb placement test (Maximum score=10)

Experimental Group Rt Whisker Rt Forelimb Lt Whisker Rt Forelimb Lt Whisker Lt Forelimb Rt Whisker Lt Forelimb

SAH+3% HTS 0.27±0.27 * 1.20±0.49* 3.07±1.98* 3.53±2.09*
SAH+0.9% NS 5.41±1.56 5.33±1.54 8.37±1.10 7.93±1.08
Sham+3% HTS 10.00±0.00 10.00±0.00 10.00±0.00 10.00±0.00
Sham+0.9% NS 10.00±0.00 10.00±0.00 10.00±0.00 10.00±0.00

*Indicates significance versus SAH+0.9% NS, p<0.05 ANOVA
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Results

Brain edema after SAH

SAH caused a significant increase in brain water content in
both hemispheres: Left hemisphere (SAH+HTS: 80.3±0.3%
vs. Sham + HTS: 78.9±0.1%; Table 1) and right hemisphere
(SAH+HTS: 79.9±0.3% vs. Sham+HTS: 78.9±0.1%),
respectively, in the HTS treated animals. In the NS treated
animals, only the left hemisphere showed a significant
increase in brain water content (SAH + NS: 80.0±0.4% vs.
Sham + NS: 79.0±0.2%). Additionally, there was no
significant difference in brain water content between HTS
versus NS in the left hemisphere following SAH, however
there was a significant potentiation of brain water content in
the right hemisphere between 3% HTS and NS (SAH +
HTS: 79.9±0.3% vs. SAH + NS: 79.2±0.3%).

Neurologic testing

Neurologic scoring using the modified Garcia scale was not
significantly different between the HTS group and NS
group. However, the vibrissae-stimulated forelimb place-
ment test showed significantly lower scores after SAH in
the HTS as compared to the NS group (Table 2).

Discussion

The goal of this research was to study whether 3%
hypertonic saline, a clinically used concentration, would
show benefit over maintenance fluid, 0.9% saline solution,
in reducing brain water content and improving neurologic
scores. Previous research had demonstrated decreases in
ICP using 7.5% HTS [1, 19], a concentration not typically
used clinically. No studies that we are aware of have looked
at 3% HTS in normonatremic patients as a novel method of
reducing cerebral edema after SAH.

This study demonstrated that 3% HTS did not reduce
brain edema in the hemisphere ipsilateral to the vessel
puncture and actually potentiated brain water content in the
contralateral hemisphere when compared to NS. The
modified Garcia score was not able to detect differences
between the NS and HTS groups. The motor-sensory
vibrissae-stimulated forelimb placement test showed a
significant worsening in scores for the HTS group when
compared to the NS and sham groups. This behavior did
support the brain water content data that 3% HTS appears
to be detrimental in SAH rats.

Although side effects are rare, HTS is not a benign
substance and several complications have been reported in
the literature. Several studies found renal damage and
metabolic disturbances such as hyperchloremic acidosis in

patients administered with hypertonic saline. [5, 8, 18] In
addition, rapid infusion rates of HTS can lead to central
pontine myelinolysis and encephalopathy. Given these
potential side effects along with the current findings, the
clinical use of hypertonic saline solely to reduce brain
edema in normonatremic SAH patients cannot be sup-
ported. It is acknowledged that there are several limitations
to this research, however given the novelty of the study,
further research is needed to determine the clinical
appropriateness of hypertonic saline use in the setting of
aneurysmal rupture subarachnoid hemorrhage.
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Effect of traumatic brain injury on cognitive function in mice
lacking p55 and p75 tumor necrosis factor receptors

L. Longhi & F. Ortolano & E. R. Zanier & C. Perego &

N. Stocchetti & M. G. De Simoni

Abstract
Background Tumor necrosis factor (TNF)-α has been
suggested to play both a deleterious and beneficial role
in neurobehavioral dysfunction and recovery following
traumatic brain injury (TBI). The goal of this study was
to evaluate the specific role of tumor necrosis factor
(TNF) receptors p55 and p75 in mediating cognitive
outcome following controlled cortical impact (CCI) brain
injury by comparing post-traumatic cognitive function in
mice with genetically engineered deletion of the gene for
either p55 (-/-) or p75 (-/-) receptors.
Method Male C57Bl/6 mice (WT, n=29), and mice geneti-
cally engineered to delete p55 TNF (p55 (-/-), n=8) or p75
TNF (p75 (-/-), n=23) receptors were used. They were
anesthetized with intraperitoneal (i.p.) administration of
sodium pentobarbital (65 mg/kg) and subjected to CCI brain
injury of moderate severity. Sham-injured control mice were
anesthetized and surgically prepared similarly but they
received no impact. Assessment of mRNA expression of
inflammatory, proapoptotic and antiapoptotic genes was done
by real time-polymerase chain reaction (RT-PCR). Cognitive

outcome was evaluated at 4 weeks postinjury using the Morris
water maze (MWM).
Findings mRNA expression of inflammatory, proapoptotic
and antiapoptotic genes prior to TBI did not reveal any
baseline difference between p55 and p75 (-/-) mice. WT
mice showed greater baseline expression of inflammatory
genes. The learning ability of p55 (-/-) brain-injured mice
was significantly better than that observed in p75 (-/-)
brain-injured mice (p<0.05). Cognitive learning in WT
control mice fell between the p55 (-/-) and p75 (-/-) mice.
Conclusions These data suggest that TNF-α may both
exacerbate cognitive dysfunction via p55 receptor and
attenuate it via p75 receptor.

Keywords Traumatic brain injury . Inflammation . TNF-α .

Apoptosis

Introduction

Traumatic brain injury (TBI) is, in part, an inflammatory
disease. Post-traumatic inflammatory cascades have been
documented both in clinical and experimental TBI includ-
ing the entry of leukocytes into the injured brain [1, 2] that
occurs through the open blood-brain barrier (BBB). These
cells (neutrophils and activated macrophages) may release
reactive oxygen species (ROS). Post-traumatic inflamma-
tion is also associated with upregulation of intercellular
adhesion molecules, such as (ICAM)-1, that are involved in
vascular adhesion, transendothelial migration of leukocytes
[3], and the upregulation and release of cytokines, such as
tumor necrosis factor-α (TNF-α) [4, 5] and various
interleukins such as IL-1, IL-6, IL-10 and IL-12. Since
these cytokines have been implicated in post-traumatic
neuropathologic damage/recovery [6], initial pharmacolog-
ical strategies have been developed to interfere with
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cytokine production and/or activity with the aim of
reversing secondary post-traumatic damage [7]. However,
the role of some of these inflammatory molecules following
TBI remains unclear. Namely, studies using genetically
engineered mice lacking TNF-α or its receptors have
provided contradictory results, suggesting that this cytokine
might be detrimental in the acute phase following TBI
while participating in regenerative/healing processes in the
chronic phase [8, 9].

TNF-α binds two receptors: TNFR1 or p55 and TNFR2
or p75 [10]. Interestingly, these receptors may mediate
opposing functions. This has been recently demonstrated in
a murine model of retinal ischemia, where p55 receptor
aggravated tissue destruction, while p75 receptor was
protective [11]. Similarly, in a kainic acid-induced seizure
model p55 exacerbated, while p75 inhibited, seizures [12].
In the present study we tested the hypothesis that TNF-α
could exert opposite roles following TBI, via its p55 and
p75 receptors, by comparing the cognitive behavioral
response to TBI in wild type (WT), p55 (-/-) and p75 (-/-)
mice. Baseline cytokine expression was also evaluated for
each genotype.

Materials and methods

Experimental brain injury

All procedures conform to the institutional guidelines in
compliance with national (D.L. n.116, G.U. suppl. 40, 18
February 1992) and international laws and policies (EEC
Council Directive 86/609, OJL 358, 1; Dec.12, 1987; NIH
Guide for the Care and Use of Laboratory Animals, U.S.
National Research Council 1996).

The C57Bl/6 strain was used to generate homozigous
p55 (-/-) and p75 (-/-) mice [13]. We used male C57Bl/6 WT
mice (n=29), p55 (-/-) (n=28) and p75 (-/-) (n=23). They
were anesthetized with sodium pentobarbital (65 mg/kg, i.p.)
and placed in a stereotactic frame. An eye lubricant ointment
(Xantervit ophthalmic ointment, Sifi, CT, Italy) was applied
to protect corneal membranes during the surgery. The mice
were subjected to a craniectomy followed by CCI brain
injury. Our model of injury uses a 3 mm rigid impactor
driven by a pneumatic piston, rigidly mounted at an angle
of 20° from the vertical plane and applied perpendicularly
to the exposed dura mater over the left parieto-temporal
cortex, between bregma and lambda at a velocity of 5
meter/second and to a depth of 1 mm [14]. A second
group of mice received the same anesthesia and surgery
without the brain injury to serve as uninjured controls (sham,
n=29). A third group of mice (n=6 /genotype) was sacrificed
prior to TBI to provide tissue for baseline (pre-injury) gene
expression analysis.

RNA isolation, cDNA synthesis and Real-time PCR

Total RNA was isolated from cortices according to a
method previously described [15]. Complementary DNA
was synthesized starting from 1.5 μg total RNA from
each sample and reverse-transcribing it with random
hexamer primers using Multi Scribe reverse transcriptase
(TaqMan Reverse transcription reagents, Applied Biosys-
tems, Foster City, CA, USA). The following thermal
cycling protocol was used: 10 min at 25°C for incuba-
tion, 30 min at 48°C for reverse transcription and 5 min
at 95°C for inactivation.

Real-time PCR was performed using a GeneAmp 5700
Sequence Detection System (Applied Biosystems Foster
City, CA, USA) as shown previously [16]. Fifty nano-
grams of cDNA and gene specific primers (200 nM
final concentration) were added to Master Mix SYBR
Green Dye, TaqMan DNA polymerase, dNTPs with
dUTP and optimal buffer components (Applied Biosys-
tems, Foster City, CA, USA) and subjected to PCR
amplification in a total volume of 25 μl. The PCR
protocol included one cycle at 50°C for 2 min, one
cycle at 95°C for 10 min, 40 cycles at 95°C for 15 s
and 60°C for 1 min. Real-time PCR was conducted in
triplicate with each of the RNA samples. The amplified
transcripts were quantified using the comparative cycle
threshold method (Applied Biosystems users bulletin
#2). Primer optimizing procedures and validation experi-
ments were performed to demonstrate that efficiencies of
target and reference were equal. Primers were designed
using the Primer Express Software (Applied Biosystems
Foster City, CA, USA) based on the following GenBank
accession numbers: NM031144 (β-actin, the housekeep-
ing gene), NM031512 (IL-1β), NM012967 (ICAM-1),
NM 009741(BCL2) NM 009812(CSP8), AY 902320
(MMP9), NM 010548 (IL10), NM 013693 (TNFα), M
64404(IL-1IRa), NM_007527 (BAX). Gene expression
profiles are expressed as fold induction compared to
control group.

Behavior

Cognitive function (learning) was evaluated at 4 weeks
postinjury using the Morris Water Maze (MWM). Animals
were not pre-trained before the injury. Our MWM is a white
circular pool (1 meter diameter) that is filled with water
(18–20°C) made opaque by adding non-toxic water-soluble
white paint. The post-injury visuo-spatial learning task
requires that animals learn how to locate a submerged
platform placed 0.5 cm under the surface of the water using
external visual cues. The essential feature of this task is that
the mice learn how to escape from the cold water onto the
platform after being randomly placed into the pool at one of
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four sites. Latencies to reach and climb onto the platform
are recorded for each trial, with a maximum of 60 seconds
per trial. The learning task consists of 8 trials/day for three
consecutive days for a total of 24 trials [14].

Statistical analysis

Learning latencies and baseline cytokines expression are
presented as mean ± standard error of the mean. The
comparison between groups has been performed by 2
way analysis of variance (ANOVA) followed by Bon-
ferroni post-hoc test. A “p” value<0.05 was considered
significant.

Results

Real-time PCR

Both p55 and p75 (-/-) mice showed significantly lower
baseline mRNA expression of TNF-α compared to WT
(p<0.01). In addition, p75 (-/-) mice also showed a
significantly lower baseline expression of IL-1 and IL-1ra
when compared to WT mice (p<0.05). A trend towards
lower baseline expression of the other inflammatory genes
considered (IL-10, ICAM-1, MMP-9) in p55 and p75 (-/-)
mice was observed, but it did not reach statistical
significance (Fig. 1).

Cognitive function

At 4 weeks following brain injury all the animals were able
to swim in the MWM without impairment and were able to

Fig. 1 TNF-α: tumor necrosis
factor-α; IL-1 and IL-10:
interleukin-1 and interleukin-10;
IL-1Ra: interleukin-1 receptor
antagonist; ICAM-1: intercellu-
lar adhesion molecule-1; MMP-
9: matrix metalloproteinase-9;
csp-8: caspase-8. #: p<0.01 for
WT vs both p55 and p75 (-/-). *:
p<0.05 for WT vs p75 (-/-) mice

Fig. 2 Cognitive function at 4 weeks postinjury: Since we did not
find any difference in the learning ability between sham WT, p55 and
p75 (-/-) mice (data not shown), we pooled the data of the all sham
animals together. Two way ANOVA: learning over time: p<0.001;
difference between all groups: p<0.001. Bonferroni post-hoc: # p<
0.05 for p55 (-/-) vs p75 (-/-)
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learn the visuo-spatial task, as reflected by decreasing
latencies to find the platform over the three-day period. The
learning ability of the p55 (-/-) brain-injured mice was
significantly better than that of p75 (-/-) brain-injured mice
(p<0.05) (Fig. 2).

Discussion

In the present study we observed that: 1) p55 (-/-) mice
showed attenuated post-traumatic cognitive dysfunction com-
pared to p75 (-/-) mice; 2) p55 and p75 (-/-) mice had reduced
TNF-α expression compared to WT mice; 2) p75 (-/-) mice
also had reduced gene expression of IL-1 and IL-1ra
compared to WT mice and generally both p55 and p75
deficient mice showed a trend towards a lower expression of
inflammatory genes.

The role of TNF following TBI is very complex. Early
pharmacological studies showed that the antagonism of
TNF-α was associated with reduced neurobehavioral
sequelae [17, 18]; however studies using genetically
engineered mice gave contradictory results [8, 9]. When
TNF (-/-) mice were subjected to CCI brain injury of mild
severity and compared with their WT littermates, they
exhibited attenuated cognitive deficits and motor dysfunc-
tion during the first week postinjury. However, WT mice
showed a marked recovery over time, while TNF (-/-) mice
displayed persistent motor deficits up to 4 weeks postinjury
with an accompanying increased injury cavity. These data
suggested that while this cytokine may play a deleterious
role during the acute postinjury period, it may have a
beneficial role in long-term behavioural recovery and tissue
repair in the more chronic period after brain injury [8].
Following CCI brain injury, Sullivan et al. showed that
knockout mice, lacking both p75 and p55 TNF receptors,
showed a greater lesion volume and alteration in BBB
permeability in the acute post-traumatic period compared
with WT littermates, suggesting that TNF-α might be
protective also early after TBI [9]. In our study at 4 weeks
postinjury we observed attenuated cognitive deficits in p55
(-/-) mice compared to p75 (-/-) mice, while that of WT
mice was intermediate, suggesting that TNF-α might have a
dual role exacerbating post-traumatic cognitive sequelae via
the p55 receptor and attenuating cognitive sequelae via the
p75 receptors. We can’t compare our results with the one
obtained with the dual p55-p75 (-/-) mice because no
behavioral analysis has been performed in that study [9].
The dual role of TNF-α depending on which receptor is
activated has been previously observed in other models of
acute brain injury [11, 12]. Fontaine et al. compared retinal
damage in a model of retinal ischemia followed by
reperfusion in p55 and p75 and TNF (-/-) mice and
observed that, in comparison with WT, the p55 pathway

aggravated tissue destruction, while the p75 pathway was
protective via activation of PKB/Akt [11]. Balosso et al.
studied seizure susceptibility to kainic acid in WT mice and
in mice lacking p55, or p75 or the dual p55-p75 TNF
receptors, and observed a reduced duration and number of
seizures in p55 (-/-) mice that was associated with a marked
upregulation in p75 receptor. Viceversa, mice lacking p75
receptors showed prolonged seizures [12]. Recently, in a
model of cryoinjury it has been observed that p55 (-/-)
mice showed a reduced number of apoptotic cells at 3
and 7 days postinjury, compared with WT and p75 (-/-)
mice, that was associated with reduced inflammatory
response and reactive astrocytosis [19]. To understand the
molecular mechanisms associated with attenuated func-
tional outcome in our study, we studied whether WT, p55
and p75 (-/-) mice differ in the baseline preinjury
expression of genes that are linked to the post-traumatic
inflammatory response and apoptotic pathways. Consis-
tently, we observed lower values of baseline expression of
the inflammatory genes in p55 and p75 (-/-) mice,
suggesting that the deletion of either receptor down-
regulates this cytokine pathway. The meaning of the
observed difference has to be yet determined. However
p55 and p75 (-/-) mice were similar in terms of pre-injury
expression of inflammatory and apoptotic genes, suggest-
ing that the differences we observed in post-traumatic
behavioral learning between p55(-/-) and p75(-/-) mice
might be due to different post-injury responses in the two
strains. Post-traumatic molecular changes in p55 and p75
(-/-) mice await further analysis. These data might have
implications for the development of novel therapeutic
strategies to treat TBI.
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Brain contusions induce a strong local overexpression
of MMP-9. Results of a pilot study

A. Vilalta & J. Sahuquillo & M. A. Poca & J. De Los Rios &

E. Cuadrado & A. Ortega-Aznar & M. Riveiro &

J. Montaner

Summary
Background Brain contusions are inflammatory evolutive
lesions that induce intracranial pressure increase and
edema, contributing to neurological outcome. Matrix metal-
loproteinases (MMPs) 2 and 9 can degrade the majority of
the extracellular matrix components, and are implicated in
blood-brain barrier disruption and edema formation. The
aim of this study was to investigate MMP-2 and MMP-9
profiles in human brain contusions using zymography.

Methods A prospective study was conducted in 20 traumatic
brain injury patients where contusion brain tissue was resected.
Brain tissues from lobectomies were used as controls. Brain
homogenates were analysed by gelatin zymography and in situ
zimography was performed to confirm results, on one control
and one brain contusion tissue sample.
Findings MMP-2 and MMP-9 levels were higher in brain
contusions when compared to controls. MMP-9 was high
during the first 24 hours and at 48 to 96 hours, whereas
MMP-2 was slightly high at 24 to 96 hours. In situ
zymography confirmed gelatin zymography results. A
relation between outcome and MMP-9 levels was found;
MMP-9 levels were higher in patients with worst outcome.
Conclusions Our results indicate strong time-dependent
gelatinase expression primarily from MMP-9, suggesting
that the inflammatory response induced by focal lesions
should be considered as a new therapeutic target.

Keywords Neuroinflammation .Matrixmetalloproteinases .

Traumatic brain injury . Brain contusion . Zymography

Introduction

Brain contusions are highly dynamic and evolutive lesions
that induce cytotoxic and vasogenic edema, mass effect,
neurological deterioration and early or delayed increase in
intracranial pressure (ICP). They often increase in size over
hours to days after injury due to the evolving events related
to the interplay of hemorrhage, vasogenic edema and
ischemic necrosis [3]. An increasing body of evidence
implicates the inflammatory processes in the evolution and
maturation of contusions, in vasogenic edema development,
and points to their influence on the neurological outcome
[15]. Vasogenic brain edema results from blood-brain
barrier (BBB) disruption and massive infiltration of the
damaged tissue by leukocytes and extravasation of plasma
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proteins [17]. Several studies have reported the role of
MMPs, a family of neutral proteases that degrade or modify
almost all extracellular matrix (ECM) components, in
increasing the BBB permeability [4, 9, 12, 13] and in the
pathophysiology of traumatic brain injury (TBI). Brain
inflammatory cascades are triggered by the production of
proinflammatory cytokines, both by intrinsic (microglia,
astrocytes and neurons) and extrinsic pathways (infiltrating
macrophages, lymphocytes and leukocytes) [18]. Thus, by
opening the structurally intact BBB, plasma molecules and
inflammatory cells enter the brain neuropil. Because gelati-
nases (MMP-2 and MMP-9) are the main enzymes that
degrade type IV collagen, their role as mediators in BBB
opening is very intriguing. Experimental models of TBI
suggest a role for MMPs in the pathophysiology of severe TBI
[5, 10, 11, 14]. To date, two studies have assessed the
changes of MMP levels in the peripheral blood of TBI
patients [16, 19] but information regarding MMP levels in
human brain contusion tissue is still lacking.

The main goal of our study was to investigate the MMP-2
and MMP-9 profiles in surgically resected human brain
contusions, measuring their levels by using both gelatin
zymography and in situ zymography techniques.

Materials and methods

Prospective study of TBI patients who underwent surgical
treatment of brain contusions. Brain samples were obtained
from surgically resected areas of contusions. Brain tissue
samples obtained from lobectomies performed for extra-
axial tumors, that did not present MRI abnormalities in T1
and T2 weighted images, were used as controls. Depending
on time from injury to brain resection, four groups were
arbitrarily formed: A) <24 hrs, B) 24–48 hrs, C) 48–96 hrs,
D) >96 hrs. Clinical outcome was assessed at 6 months by
using the Extended Glasgow Outcome Scale (GOSE).
Scores obtained were pooled in two groups: Bad outcome:
1–4; Good outcome: 5–8.

Brain homogenates

Resected brain tissue was snap-frozen in liquid nitrogen
and stored at −80°C. Brain homogenates were obtained
from these tissues by adding lysis buffer and protease
inhibitors as described previously [2]. Total protein content
of supernatants was determined by bicinchoninic acid
(BCA) assay (Pierce, Rockford, IL, USA).

Gelatin zymography

Samples were adjusted to equal protein content (20 μg) and
were mixed 1:1 with a Tris-Glycine SDS sample buffer (2x)

from Novex®. Proteins were separated by electrophoresis in
pre-cast zymogram gels from Novex® at 100 V for two and
a half hours at room temperature. A MMP2-9 recombinant
protein (Chemicon International, Inc) was loaded in one
lane of each gel as a positive control. Following electro-
phoresis, gels were washed to remove SDS with a
zymogram renaturing buffer from Novex® for 45 minutes
two times. Zymograms were incubated at 37°C for 18 hours
in Novex® developing buffer. Enzymatic activity bands
were visualized after staining of the gels in Amido Black
1% for one hour and destaining for a total of 100 minutes,
in alternating periods of 20 minutes, in a solution of 30%
(v/v) methanol and 10% (v/v) glacial acetic acid. Band
intensities were read with a Kodak Gel Logistic 440
imaging system and analysis was performed with a Kodak
1D image analysis software. Band’s intensities were
compared with the positive control and expressed as ratios.

In situ zymography

Frozen cryostat brain sections (14 μm thick) from one
sample from a brain contused specimen and a control
patient were used to perform in situ zymography as
described elsewhere [6]. Nuclei were stained with 4′6-
diamidino-2-phenylindole (DAPI) (Vector Laboratories,
Inc. Burlingame, CA 94010, USA). Reactivity was ana-
lysed with a fluorescence microscope (Olympus IX71,
Center Valley, Pennsylvania, USA).

Statistical analysis

The Mann-Whitney Rank Sum Test was used to compare
contusion levels for each target protein with controls.
Summary variables are expressed as the median and range
or mean±SD. Depending on the distribution of the variables
either One-way ANOVA (with Bonferroni post-hoc test) or
Kruskal-Wallis ANOVA on Ranks were used to compare
differences between several groups or phases. Statistical
significance was assumed when P<0.05.

Results

We studied twenty specimens obtained from resected
contusions in TBI patients with a mean age of 44±17 and
a mean GCS of 10±4. Median time from TBI to brain
contusion extraction was 42 hrs (range:5–205) (Table 1).
Six specimens, as described above, were used as controls.

Gelatinase expression

An increase of MMP-2 (P=0.026) and MMP-9 (P=0.012)
was found in brain contusion homogenates when compared
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with brain control homogenates. A significant increase in
MMP-9 levels was found in the first 24 hours (P<0.05) and
at 48 to 96 hours (P<0.05) after injury (Fig. 1), with a
decrease towards normality after 96 hours from TBI. MMP-2
levels were slightly increased from 24 to 96 hours after
injury (24–48 hrs: P=0.065, 48–96 hrs: P=0.066) but this
increase was remarkably less pronounced than in MMP-9
(Fig. 1). Patients with bad outcome at six months had

significantly higher levels of MMP-9 (P<0.05) than
patients with good outcome when compared to controls
(Fig. 2). The differences in MMP-2 levels in both groups
did not reach statistical significance.

Mean intensities, expressed as ratios from arbitrary units,
for the tissues assayed with in situ zymography were as
follows: brain contusion proMMP-9 tissue level was 2.11
and brain control proMMP-9 tissue level was 1.05; brain
contusion proMMP-2 tissue level was 1.27 and brain
control proMMP-2 tissue level was 0.8 (Fig. 3).

In situ gelatinase activity

In situ zymography performed on a single specimen of brain
contusion showed a strong gelatinase activity (green fluo-
rescence; grey in the figure) when compared with a control.
In this control, the signal obtained was significantly weaker
(Fig. 3). High magnification images revealed that in the
control tissue, a weak gelatinase signal was detected within
the cytoplasm of cells whereas in the contusion tissue a
strong reactivity was found primarily in the cell boundaries.

Fig. 1 Box-plot graph summarizing proMMP-9 (a) and proMMP-2
(b) levels in brain contusion specimens and controls at different times
from injury. Only statistically significant differences are shown

Table 1 Descriptive data from patients and brain specimens

Brain Specimens GCS Sex Age Hrs from TBI Contusion phase (n) GOSE

Brain contusions 10±4 M: 17 44±17 42 hrs (range:5–205) A: 6; B: 6; C:6; D:2 4±2
n=20 F: 3
Brain controls - M: 1 49±20 - - -
n=6 F: 5

Descriptive data from brain control specimens and from contused brain resected at different times from injury. GCS: Glasgow Coma Score; Hrs:
hours; Contusion phase: A: ≤24 hrs, B: >24–48 hrs, C: >48–96 hrs; D: >96 hrs (sample size is shown); GOSE: Extended Glasgow Outcome Scale.
M:male; F: female

Fig. 2 Box-plot graph showing proMMP-9 levels in patients with bad
and good outcome compared with controls. Only statistically
significant differences are shown

Brain contusions induce a strong local overexpression of MMP-9. Results of a pilot study 417



Discussion

The progression of brain damage after trauma involves a
complex and multifactorial cascade of secondary events,
including excitotoxicity, oxidative stress, inflammation and
apoptosis [20]. Emerging evidence suggests that neuro-
inflammation plays an important role in the pathophysiol-
ogy of TBI and MMPs might be implicated in this process.
MMPs can degrade several substrates, including the
components of the basal lamina of cerebral blood vessels
and thus, they could increase BBB permeability [14]. At the
macroscopic level, brain edema, whether intra- or extracel-
lular, is still the most important cause of increased ICP after
TBI [8]. Several studies suggest that a large amount of

edema occurs in the core of brain contusions and that this
could contribute to the development of early massive
edema [7]. According to the pivotal studies of Katayama’s
group, the edema found in the core of contusions is not
strictly cytotoxic nor vasogenic but passive attraction of
water due to the high osmolality that necrosis of neurons,
glial cells and vessels exhibit in the contusion core [7].
However, vasogenic edema from the disrupted BBB also
facilitates an increase in brain water content.

In our study we found high levels of MMP-9 in brain
contusions compared with controls. This was also con-
firmed by in situ zymography, which showed higher
gelatinase activity in brain contusion tissue compared with
control brain tissue. These findings were in consonance
with gelatin zymography results (Fig. 3). MMPs also
presented a different temporal profile in brain contusions,
MMP-9 was highest over the whole of the period with 2
peaks at the first 24 hours and at 48–96 hours from TBI.
Although MMP-2 levels were higher in brain contusions at
24–96 hours from TBI, the small differences between
groups and the wide range of MMP-2 detected in controls,
preclude the extraction of any conclusion regarding MMP-2
levels, although perhaps with an increased sample size the
differences would be greater. Additionally, in a recent study
we found high levels of gelatinases in plasma and brain
extracellular fluid from patients with TBI [19]. Our
findings, if replicated in a larger series, would suggest an
early overexpression of MMP-9, creating new targets for a
novel approach to the pharmacological treatment of brain
contusions. Recent experimental studies have shown that
pharmacological blocking of the extracellular regulated
kinase can reduce MMP-9 levels attenuating brain edema
and tissue damage in mice [10], opening a new whole
avenue for pharmacological intervention in TBI patients.

Several studies have also demonstrated a close relation-
ship between different cytokines and the early increase in
MMPs. In these studies [1, 16] there was a significant
correlation between levels of blood MMP-9 and IL-6,
suggesting that in an incompletely understood way IL-6 is
associated with the observed increases in MMP-9. In a
preliminary study we found an increase in IL-6 and IL-1β
levels at 24 to 48 hours from TBI, followed by an increase
in MMP-9 levels at 48 to 96 hours from injury in brain
contusion homogenates (unpublished results).

Our study was not designed to investigate the outcome
in relation to MMP levels. However, we found that
patients with a bad oucome had higher MMP-9 levels
than patients with a good outcome. Although this should
not be disregarded as a spurious finding: adequately
powered studies are necessary to verify or refute these
results.

MMPs are pathologically overexpressed in TBI but
they can also have an important role in repairing brain

Fig. 3 In situ zymography images from a control specimen (a) and
surgically removed brain contusion tissue (b). High gelatinase activity
(green fluorescence, grey in the figure) is observed in the brain
contusion tissue. In the right-upper side of each image (inset) the
gelatin zymograms are shown for each specimen. In zymogram a
higher degradation intensity is also observed in tissue from contusion.
9: Band corresponding to proMMP-9 and 2: Band corresponding to
proMMP-2
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damage [21]. Further research is needed in order to determine
whether an increase of any gelatinase implicated in the
neuroinflammation cascade should be blocked or partially
blocked, depending on its repairing nature or pathological
condition and especially depending on the expression time
from TBI.

In conclusion, our preliminary results showed a signifi-
cant increase in MMP-9 levels in the acute phase of TBI
patients with brain contusions. This suggests that these
lesions induce a strong local and early infammatory response
that may play a very important role in their pathophysiology,
in their evolving mass effect and in clinical deterioration of
some patients. If this is confirmed in additional studies, the
modulation of the inflammatory response induced by focal
lesions should be considered a new therapeutic target for
improving outcome in these patients.
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Abstract
Background In blast wave injury and high-energy traumatic
brain injury, shock waves (SW) play an important role along
with cavitation phenomena. However, due to lack of reliable
and reproducible technical approaches, extensive study of this
type of injury has not yet been reported. The present study
aims to develop reliable SW-induced brain injury model by
focusing micro-explosion generated SW in the rat brain.

Methods Adult male rats were exposed to single SW
focusing created by detonation of microgram order of silver
azide crystals with laser irradiation at a focal point of a
truncated ellipsoidal cavity of 20 mmminor diameter and the
major to minor diameter ratio of 1.41 after craniotomy. The
pressure profile was recorded using polyvinylidene fluoride
needle hydrophone. Animals were divided into three groups
according to the given overpressure: Group I: Control,
Group II: 12.5±2.5 MPa (high pressure), and Group III:
1.0±0.2 MPa (low pressure). Histological changes were
evaluated over time by hematoxylin-eosin staining.
Findings Group II SW injuries resulted in contusional
hemorrhage in reproducible manner. Group III exposure
resulted in spindle-shaped changes of neurons and elongation
of nucleus without marked neuronal injury.
Conclusions The use of SW loading by micro-explosion is
useful to provide a reliable and reproducible SW-induced
brain injury model in rats.

Keywords Blast wave . Cavitation . Silver azide .

Traumatic brain injury

Introduction

Underwater shock waves (SW) created by micro-explosion
generate a sudden increase in pressure of readily 100 MPa
for a few microseconds and propagate into various media
having different acoustic impedances in a well-controlled
fashion. Because of the similarity in the acoustic impedance
of water and the soft tissues of the body, SW transmit into
the soft tissues without causing a substantial loss of energy.
SW transmitting through layers of different acoustic
impedances dissipates energy which induce mechanical
destruction of tissues, depending on their pressure value. In
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addition, this can trigger simultaneously high-speed micro
jet penetration due to the collapse of bubbles upon shock
loading. These phenomena are well studied as SW-bubble
interaction or bubble dynamic effects [7, 8]. SW are
considered to play an important role in blast injury [1, 2],
and high energy traumatic brain injury (TBI), [3, 4]
presumably as a result of the cavitation phenomena or
SW-bubble interaction. However, no extensive studies have
been performed regarding the effect of SW on blast
generated brain injury due to absence of reliable and
reproducible technical approaches.

To address these issues, we have developed reliable
experimental setup to evaluate SW-induced brain injury
using micro-explosive (silver azide pellet), and have exam-
ined pressure-dependent effects of SW on the rat brain.

Materials and methods

SW source: SW were generated by underwater micro-
explosion [6–9] of microexplosive (silver azide (AgN3))
weighing 1–400 µg (in terms of total energy 15 mJ to 6 J)
attached on the tip of 0.6 mm diameter quartz optical fiber.
The charge was placed at the focal point inside a half
truncated ellipsoidal cavity (exit diameter; 20 mm, ratio of
major to minor radii: 1.41) and detonated by irradiation of
Nd: YAG laser (Neodymium: Yttrium-Aluminum-Garnet
laser; Laser Photonics. Ltd. 1064 µm wavelength, 7 ns
pulse width, and 25 mJ/pulse) beam through it. The
contribution laser energy to SW formation was negligibly
small. Upon the detonation, spherical SW thus formed
attenuated from the cavity exit and the reflected SW from
the curved cavity wall and spontaneously focused at a focal
point outside the cavity. To assure the focal pressure during
the experiments, we monitored transient pressure at the
sidewall of the truncated ellipsoidal cavity using a
polyvinylidene fluoride (PVDF) needle hydrophone (serial
no. 300/25/289, Imotec Messtechnik, Wärendorf, Germany)
with a 0.5-mm-diameter sensing element of 0.34PC/bar,
and a rise time of 50 nsec. These values are suited for
temporally and spatially accurate pressure measurements.
Measured data were stored and displayed on a digital
oscilloscope (model DL 716; Yokogawa, Kyoto, Japan).
The axial variation of pressures was measured in series of
preparatory experiments and the dependence of charge
weight on the focus pressure was calibrated. The typical
pressure profile of generated shock wave is shown in Fig. 1.
Average SW focus pressure was 1.0±0.2 MPa for 1–3 µg,
and 12.5±2.5 MPa for 100–350 µg charges, respectively.

SW-induced brain injury rat model Eight-week-old male
Sprague-Dawley rats weighing between 250 and 270 g
were anesthetized systemically and locally, and a single

crainiotomy in the left skull (5–7 mm) was carefully
performed under a microscope using a drill without injuring
the underlying dura mater. The truncated ellipsoidal SW
generator was filled with 5 ml physiological saline (38°C)
and an acrylic holder (inner diameter 28 mm, outer
diameter 30 mm, height 35 mm) was tightly fixed between
the rat’s skull with skin flap and the bone window [10]. SW
was delivered to left cerebral hemisphere as shown in
Fig. 2. Animal procedures were approved by the Institu-
tional Animal Care and Use Committee of the Tohoku
University Graduate School of Medicine. The rats were
divided into three groups according to the SW exposure
patterns. Group I (n=4) served as a control, and did not
receive SW exposure. Group II (n=4) received high-
overpressure SW (average overpressure: 12.5 MPa). Group
III (n=4) received low-overpressure SW (average overpres-
sure: 1.0 MPa). Specimens were obtained at 24 hours after
SW exposure and were stained with hematoxylin and eosin
and examined with an optical microscope.

Results

After the application of high-overpressure SW (Group II),
intracerebral hemorrhage was observed in both the cortical

Fig. 1 Typical pressure profile of a shock wave (SW) using silver azide

Fig. 2 Schematic diagram of experimental settings
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and subcortical regions (Fig. 3a,c). Contusional brain injury
was also observed around the hemorrhage. After low-
overpressure SW application (Group III), although signifi-
cant hemorrhage was not evident in the cortical and
subcortical regions (Fig. 3b), mild morphological changes
such as spindle-shaped changes of neurons and elongation
of nucleus toward SW exposure were observed (Fig. 3d).
Interestingly, there was no significant histological damage
in the theoretical SW focus, which was located at left
hippocampus for both in Group II and III animals.

Discussion

Although the relationship between SW and resultant
cavitation effects were discussed previously to explain
TBI studies [2, 3, 5], no appropriate experimental animal
model has yet been developed due to difficulties in generating
an accurate and well controlled SW to a targeted area. Among
available SW sources, it is not always easy to measure shock
focusing pressure profiles. However, the use of micro-
explosives with a truncated ellipsoidal cavity enable us to
produce a SW well suited for brain injury studies. Minute
silver azide pellets in the magnitude of microgram, in
particular, can be a reliable energy source for this type of
injury. This model is backed up by extensive computational
fluid dynamic and SW dynamic studes [7, 11] and we have
previously applied it to evaluate liver injury [8].

Present study demonstrates that the application of high-
overpressure SW (average overpressure: 12.5 MPa) on rat
brain resulted in cerebral contusional hemorrhage in
repeatable manner, which is similar to the findings in other
organs, such as kidney, liver, and lung, where the injury is
considered to be due to small vessel rupture [4]. On the
other hand, low-overpressure SW (1 MPa) resulted in mild
morphological changes such as spindle-shaped changes of
neurons and elongation of nucleus toward SW exposure
without marked neuronal injury in repeatable fashion. The
underlying mechanism and clinical implication of such
morphological changes are not known, although similar
findings are reported in the SW-induced liver injury in
rabbit [8]. Based on the present study, the threshold of
pressure-dependent SW-induced brain injury is speculated to
be under 1 MPa, which is much lower than that in other
organs such as kidney (3–19 MPa), lung (2–10 MPa) and
liver (10 MPa) [4], probably due to the intrinsic vulnerabil-
ity of neurons as well as the presence of rich fine vessels in
the cortical region. Various factors including overpressure,
loading duration, impulse, number of exposures and
administration rate are considered to be involved in the
occurrence of tissue damage [4]. Among them, overpres-
sure would play a dominant role in rupturing vessel, leading
to tissue damage [10]. It would also be of interest to
determine wheter SW and resulting bubble rupture also
contribute to TBI. The combination of these effects may
further promote high energy TBI [3, 5], blast injury [1, 2],

Fig. 3 Histological findings
after application of high-
overpressure SW (Group II) (a,
c) and low-overpressure SW
(Group III) (b, d) at 24 hours
after SW exposure. In Group II,
intracerebral hemorrhage was
observed both at cortical and
subcortical region. Contusional
brain injury was evident around
the hemorrhage (a, c). In
Group III, spindle-shaped
changes of neurons and
elongation of nucleus toward
SW exposure without any
significant hemorrhage was
observed (b, d). Arrow:
direction of SW application.
Hematoxylin-eosin stain.
Original magnification A, B×
100. C, D×400
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and gunshot injury. These issues could be clarified in the
future study, in which we believe the new method presented
here would be useful. This new model of blast injury could
also be used to explore new ways of protecting the brain
from this type of injury. We have already reported brain
protection using materials that contain air, such as cott-
noids, expanded polytetrafluoroethylene, and GORE-TEX®
dura substitute[11], The development of this new model of
blast injury, along with continuing experimental and
numerical analysis may contribute to the reduction of SW-
induced blast injury in the future.
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Modulation of AQP4 expression by the selective V1a
receptor antagonist, SR49059, decreases trauma-induced
brain edema
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Ruth Prieto & Christina R. Marmarou &

Anthony Marmarou

Abstract
Background Currently, there are no pharmacological treat-
ments available for traumatically induced brain edema and
the subsequent rise of ICP. Evidence indicates that Aqua-
porin-4 (AQP4) plays a significant role in the pathophys-
iology of brain edema. Previously we have reported that
SR49059 reduced brain edema secondary to ischemia. We,
therefore, examined whether the selective V1a receptor
antagonist, SR49059, reduces brain edema by modulating
AQP4 expression following cortical contusion injury (CCI).
Methods Traumatic brain injury (TBI) was produced in
thirty-two adult male Sprague-Dawley rats by lateral CCI
(6.0 m/sec, 3 mm depth). Animals were randomly assigned
to vehicle (n=16) or SR49059 treatment (n=16) groups and

administered drug (960 μl/hr i.v.) immediately after injury
over a 5 hr period. Animals were sacrificed for assessment
of brain water content by Wet/Dry method and AQP4
protein expression by immunoblotting expressed as the
ratio of AQP4 and Cyclophilin-A densitometries.
Findings Elevated AQP4 expression levels and water
content were observed on the right injured side in both
the right anterior (RA) and right posterior (RP) section
compared to the left non-injured side inclusive of the left
anterior (LA) and right anterior (RA) sections. The average
AQP4 expression levels in contused areas for animals
receiving SR drug treatment (RA: 1.313±0.172, RP: 1.308±
0.175) were significantly decreased from vehicle-treated
animals (RA: 2.181±0.232, RP: 2.303±0.370, p=0.001, p=
0.003). Water content levels on SR treatment (78.89±0.14)
was also significantly decreased from vehicle levels (80.38±
0.38, p<0.01) in the traumatized hemisphere.
Conclusions SR49059 significantly reduced trauma-
induced AQP4 up-regulation in the contused hemisphere.
Moreover, brain water content was also significantly
reduced paralleling the AQP4 suppression. These data
provide further support that vasopressin (AVP) and V1a
receptors can control water flux through astrocytic plasma
membranes by regulating AQP4 expression. Taken in
concert, these results affirm our laboratories contention that
AQP4 can be effectively modulated pharmacologically.

Keywords AQP4 . AVP. V1a receptor . SR49059 .

Brain edema

Introduction

Brain edema, the infiltration and accumulation of excess
fluid in the brain, leads to an increase in brain tissue
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volume, a key determinant of morbidity and mortality
following TBI [16, 21, 25]. The cellular and molecular
mechanism contributing to the development and resolution
of TBI-associated brain edema are not well understood and
current treatments are unsatisfactory.

Aquaporins (AQPs), a family of water channel proteins
ubiquitously distributed throughout the body, comprises at
least 12 members in mammals [1, 34] and mediate rapid
trans-membrane movement of water. One member of this
family, aquaporin-4(AQP4), is abundantly expressed in
brain, specifically located in astrocytes and ependymal
cells, the cells facing capillaries and pia mater [22].
Recently, many groups have proposed that AQP4 plays a
significant role in the pathophysiology of brain edema [1, 2,
25, 33]. Manley et al. demonstrated that AQP4 deletion
protected mice from brain swelling in two models of
primarily cytotoxic edema: water intoxication and perma-
nent focal cerebral ischemia [20].

It has long been known that the brain contains an intrinsic
arginine vasopressin (AVP) fiber system [4, 9, 18]. Many
authors have described that centrally released AVP plays an
important role in the brain capillary water permeability [12,
26] and ionic homeostasis [6, 8]. Of great theoretical and
practical importance, there exists some possibility that of
AVP may be mediated by modulation of a specialized water
channel, AQP4 [17, 23]. AVP regulates AQP4 expression
and translocation in kidney collecting ducts, modulating
water re-absorption and maintaining water homeostasis. In
brain, in-vitro studies suggest that AQP4-mediated water
flux is facilitated by vasopressin V1a receptor agonist [23].
The non-peptide V1 receptor antagonist OPC-21268 sig-
nificantly reduced brain edema after cold brain injury [3].

Recently, our laboratory has explored the hypothesis that
modulation of AQP4 channels may represent a potential
avenue for therapeutic intervention. Kleindienst et al. (2006)
demonstrated that the selective vasopressin receptor (V1a)
antagonist, SR49059, reduced AQP4 expression and brain
edema following middle cerebral artery occlusion (MCA-O)
[17]. The results of these studies suggest that AQP4
modulation may be linked to AVP release and receptor
activation and be part of the mechanisms controlling brain
capillary water permeability and ionic homeostasis. There-
fore, the objective of this study is to examine whether the
selective V1a receptor antagonist, SR49059, reduces brain
edema by modulating AQP4 expression following TBI.

Materials and methods

Animals

All experimental procedures involving animals were
approved by the Virginia Commonwealth University

(VCU) Institutional Animal Care and Use Committee
(IACUC) and were conducted in accordance with the
recommendations provided in the National Institutes of
Health (NIH) guide for the Care and Use of Laboratory
Animals. Experiments were carried out on 350 to 430 g
adult male Sprague- Dawley rats (Harlan, Indianapolis
IN). Rats were housed at 22±1°C with 60% humidity, 12-
hour light/12-hour dark cycles, and pellet food and water
ad libitum.

Controlled cortical impact injury and surgical procedure

A well-established controlled cortical impact injury models
as previously described was used to cause TBI [11]. Rats
were initially anesthetized with isoflurane (4.0%), intubated
and then artificially ventilated with a gas mixture of nitrous
oxide (70%), oxygen (30%) and isoflurane (0.4–2.0%).
Rectal temperature was maintained at 37±0.5°C using a
heat lamp. Catheters (P.E.50, Becton Dickenson and
Company, Sparks, MD) were placed into the femoral artery
and femoral vein. Mean arterial blood pressure (MABP),
arterial blood gas levels, and brain temperature were
monitored and recorded continuously using a data acquisi-
tion system (ADInstruments, Colorado Springs, CO).
Animals were mounted on stereotaxic frame and secured
by two ear bars and an incisor bar. A midline scalp incision
was made, and, the skin and periosteum were retracted from
the skull surface. A 10-mm-diameter craniotomy was made
midway between bregma and lambda on the right side, with
the medial edge of the craniotomy 1 mm lateral to midline.
Injury was produced using a pneumatic impactor mounted
at an angle of 10° from the vertical plane. A single impact
at a velocity of 6 m/sec with a deformation depth of 3.0 mm
was delivered. After injury, the removed skull section was
replaced and sealed with bone wax and the incision was
closed with 4-0 silk suture.

Study protocol and drug preparation

The objective of these experiments was to assess the effect
of intravenous SR49059 administration on brain swelling
and AQP4 expression following CCI. The animals were
randomly assigned to vehicle infusion (n=16), or SR49059
infusion (n=16). SR49059 (Sanofi Recherche, Montpellier,
France) was dissolved in 1.5% dimethyl sulfoxide (DMSO)
as vehicle solution (Sigma-Aldrich, St Louis, MO).
SR49059 was injected intravenously immediately after
injury and then used in amount of 2.76 mg/kg at the same
speed (960 μL/hr) on the basis of information obtained
from the literature [29, 30] and our studies [17]. The drug
was intravenously administered for 5 hours by using a
continuous infusion pump (sp210w syringe pump, KD
Scientific, Holliston, MA). Five hours after TBI, animals were
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sacrificed by an overdose of isoflurane (5%) and decapitated in
order to remove the brain. Cerebral tissue was used to measure
brain water content by wet /dry weight method and AQP4
expression was assessed by immunoblotting.

Brain edema measurement

Percent brain water content was determined using the wet/
dry weight method. After animals were killed by decapita-
tion, brains were quickly removed and the cerebellum
discarded. The right and the left hemispheres along the
anatomic midline were separated, and the wet weight of
each hemisphere was measured. The tissue was then
completely dried in a desiccating oven at 95°C for 5 days,
and dry weight of each hemisphere was recorded. The
percentage water content (%water) was calculated for each
hemisphere as follows: %water=[(wet weight−dry weight)/
wet weight] ×100. Water content was reported in the left
uninjured hemisphere and the right injured hemisphere
comparing vehicle and SR treated groups.

Immunoblotting

Cerebral tissue was immediately cut into four consecutive
4 mm coronal sections excluding the most rostral and
caudal sections from further analysis. The central 4 mm
coronal section was then bisected into anterior and posterior
sections and then bisected at the midline. This yielded 4
sections of tissue for analysis, two on the uninjured side
designated left, anterior (LA) and right, posterior (RP) and
two sections on the contused, or injured side designated,
right anterior (RA) and right posterior (RP). Each of the
four sections was homogenized on ice with a tissue
homogenizer in 1200 μL of radioimmunoprecipitation

buffer (50 mM Tris, 150 mM NaCl, 1% Igepal, 0.5%
sodium n-dodecyl sulfate (SDS), 1%, pH 7.2) containing
proteolysis inhibitors (Aprotinin 1.5 nM, E-64 Protease
Inhibitor 0.01 μM, Leupeptin 0.01 μM). Homogenates
were centrifuged at 13500 g at 4°C for 30 minutes to obtain
supernatants and remove nuclei and mitochondria. Each
protein concentration of supernatants was determined using
protein assay kit (Bio-Rad Laboratories, Hercules, CA) and
loading samples were adjusted to the same concentration
(0.6 μg/μL) using sample buffer (Invitrogen, Carlsbad,
CA). Protein (15 μg) from each sample was loaded for
electrophoresis into 4–12% Bis-Tris polyacrylamide gels
(Invitrogen, Carlsbad, CA), and subsequently transferred to
a nitrocellulose membrane (Invitrogen, Carlsbad, CA).
After the transfer, membranes were blocked for 45 minutes
at room temperature in tris buffered saline plus Tween-20
(TBS-T)(10 mM Tris, 150 mM NaCl, 0.05% Tween-20, pH
7.5) with 3% milk powder, then incubated overnight at 4°C
in AQP4 monoclonal antibody (Abcam, Inc., Cambridge,
MA) diluted 1:750. The next morning, the membrane in
primary antibody was incubated at room temperature for 20
minutes, washed three times for 10 minutes in TBS,
blocked for 30 minutes, and subsequently incubated for 2
hours in secondary goat anti-mouse antibody (Rockland
Gilbertsville, PA) diluted 1:5000. After two washes in TBS-
T and three in TBS, immunodetection of AQP4 proteins
was accomplished using an enhanced chemiluminescence
system (Amersham, Buckinghamshire UK). Densitometric
analysis was used to quantify AQP4 protein expression
levels by determining intensity values for each band
relative to cyclophilin-A (used as an internal control for
lane loading).

Fig. 1 Graph demonstrates that selective V1a receptor antagonist,
SR49059, significantly reduced trauma-induced AQP4 up-regulation in
the contusional areas. Both traumatized areas (RA, RP) showed the strong
up-regulation of AQP4 compared to non-traumatize areas (LA, LP)

Fig. 2 Graph demonstrates that SR49059 treatment significantly
reduced brain water content in the traumatized hemisphere. Both
sections in the traumatized hemispheres (Right) showed increased
water content compared to those in the non-traumatized hemispheres
(Left)
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Statistical analysis

All data are given as means ± SEM. Statistical analyses
were performed by Student’s unpaired two-tail t-test. Values
of p<0.05 were considered significant.

Result

All experiments were carried out without injury-induced
morality. MABP and arterial blood gases were kept within
physiological limits throughout the experimental procedure,
requiring few adjustments in the isoflurane concentration
and ventilation parameters. Elevated AQP4 expression
levels and water content were observed on traumatized
side (RA and RP) compared to the non-traumatized side
(RA and RP). In brain sections bearing the contusion, the
average AQP4 expression level in rats subjected to SR
treatment (RA:1.313±0.172, RP:1.308±0.175) was signif-
icantly decreased from those treated with vehicle
(RA:2.181±0.232, RP: 2.303±0.370, p=0.001, p=0.003)
(Fig. 1). Water content levels on SR treatment (78.89±
0.14) was also significantly decreased from vehicle levels
(80.38±0.38, p<0.01) in the traumatized hemisphere
(Fig. 2).

Discussion

Arginine vasopressin (AVP) is a neuropeptide that is
synthesized in the hypothalamus and transported via the
axonal fiber system to the neurohypophysis, which releases
the hormone into the blood stream [4]. AVP has been
implicated in numerous central functions, including influence
on brain water permeability [12, 26], regulation of intracra-
nial pressure [24] and cerebrospinal fluid production [14].
The intraventricular injection of AVP aggravated cold injury
edema and ischemic brain edema in mammals [10, 13, 27].
In vitro, AVP has also been shown to regulate glial cell
volume [5, 7, 19]. Moreover, treatment with AVP receptor
antagonist prevented cold-induced vasogenic edema [3] and
hemorrhagic brain edema [28]. Accordingly, the increase of
AVP is strongly associated with brain edema formation and
facilitating transport of water from blood to brain.

It is generally assumed that V1a receptors mediate the
central effects of AVP. The compound SR49059 has been
characterized recently as the most potent and selective non-
peptide AVP V1a antagonist described thus far, with
marked affinity, selectivity and efficacy in both animal
and human receptors [29, 32]. This compound inhibits
AVP-induced vascular smooth cell contraction, blood
pressure elevation and platelet aggregation [29, 31].

In this study, we investigated the effects of intravenously
administered SR49059, a non-peptide selective AVP V1a
receptor antagonist, on trauma-induced brain edema in rats.
Our results showed that the increase in brain water content
induced by CCI was significantly suppressed by treatment
with SR49059. Recently, in our laboratory we have also
found that treatment with SR49059 significantly reduced
brain water content following middle cerebral artery
occlusion model [17]. Collectively, these studies provide
further experimental confirmation that the V1a receptor
antagonist has protective effects on brain edema.

Water can cross cell membranes through different path-
ways: specific water channels (aquaporins), the lipid bilayer
[15], or ion-water co-transport proteins [35, 36]. Specifi-
cally, in the central nervous system, AQP4 has been
suggested to play a crucial role in cerebral water balance
because of its anatomical and cellular localization. One
possible explanation for the protective effects of SR49059
on brain edema formation found in this study is that AQP4
expression or activity may be regulated by AVP through
V1a receptor. In these experiments, we found that trauma-
induced AQP4 up-regulation was prevented by SR49059.
To the best of our knowledge, this study is the first to
demonstrate that following CCI, AQP4 expression is
reduced by treatment with SR49059, the selective AVP
V1a receptor antagonist. Although the precise molecular
mechanisms of AQP4 regulation are not yet known, taken
in concert, our study strengthens the basic concept that
AQP4 expression can be regulated pharmacologically to
effect a reduction in brain edema. Further experiments are
needed to elucidate the fundamental mechanisms of AQP4
regulation and the relationship of AVP to V1a to provide
novel treatments for reducing brain edema following TBI.
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The modulation of aquaporin-4 by using PKC-activator
(phorbol myristate acetate) and V1a receptor
antagonist (SR49059) following middle cerebral
artery occlusion/reperfusion in the rat

Kenji Okuno & Keisuke Taya & Christina R. Marmarou &

Pinar Ozisik & Giovanna Fazzina & Andrea Kleindienst &
Salih Gulsen & Anthony Marmarou

Abstract
Background We have pursued the concept that traumatic
brain edema is predominantly cellular and that water entry
is modulated in part by aquaporins. Aquaporin-4 (AQP4)
has been shown to play a significant role in cellular edema
formation. Phorbol myristate acetate (PMA) is a potent
PKC activator; purportedly involved in modulation of
AQP4 activity. Alternatively, AQP4 may be regulated by
arginine-vasopressin. Administration of the vasopressin
antagonist (SR49059) reduced brain water content and
sodium shift following MCAo. To investigate if edema

formation is affected by the reduction of AQP4 expression,
we utilized PMA and SR49059 following middle cerebral
artery occlusion model (MCAo), and measured AQP4
expression by Western-Blot (WB) techniques.
Methods Male Sprague Dawley rats were randomly
assigned to sham (n=4) or MCAo groups (vehicle, PMA
or SR49059 infusion; n=6 each). Each solution was
infused for 5 hours, starting 1 hour before injury. After
a two-hour period of ischemia and two-hour reperfusion,
animals were sacrificed and brain regions of interest were
processed by WB to quantify the effect of treatment on
AQP4 expression.
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Results These studies demonstrate that MCAo results in a
significant up-regulation of AQP4 on the ischemic zone
when compared to the contralateral un-injured hemisphere
(p<0.05) and that PMA and SR49059 treatment signifi-
cantly down-regulated AQP4 expression compared to the
vehicle group (p<0.05).
Conclusions These studies support the hypotheses that
PMA and SR49059 may be useful in reducing cerebral
water accumulation by modulating AQP4 expression and
that pharmacological manipulation of AQP4 may emerge as
a viable strategy for the reduction of fulminating edema
following ischemic injury.

Keywords AQPwater channel . Vasopressin . Middle
cerebral artery occlusion . Brain edema

Introduction

Brain edema contributes to the high rate of secondary
morbidity and mortality in injured patients and is a frequent
complication of brain injuries such as cerebral ischemia,
trauma, brain tumor, inflammation, intoxications and
metabolic disorders [18, 19]. Although, the pathophysio-
logical mechanisms of water and solute movement in
traumatic brain edema are poorly understood, two major
types of brain edema, vasogenic and cytotoxic can be
discriminated. Vasogenic edema is due to a dramatic
increase in blood brain barrier (BBB) permeability, which
leads to a net influx of plasma components and fluid from
the blood compartment into the extracellular space of the
brain. Alternatively, cytotoxic edema results from subtle
disturbance in BBB permeability associated with cellular
disruptions in ionic homeostasis, and results in an intracel-
lular retention of water. The main feature of cytotoxic
edema is the swelling of brain cells, in particular the
enlargement of astrocytic end-feet and concomitant con-
traction of the extracellular space that may be related to
increased AQP4 expression [2, 3, 17]. AQP4 is the primary
water channel proteins found in astrocytic end-feet sur-
rounding the capillaries [23] In several studies, AQP4 has
been shown to play a significant role in brain edema
formation [1, 9, 12–14, 17, 21, 22, 24].

Recently, our laboratory has offered evidence suggesting
a primarily cellular route for cerebral sodium and water
inlet, supporting the role of AQP4 modulation as a potential
therapeutic avenue for the treatment of fulminating edema
[1, 13, 14]. AQP4 is strategically located on astrocytic end-
feet that surround cerebral vessels [2, 3, 23]. Further,
multiple investigations demonstrate that changes in AQP4
expression in reactive astrocytes following brain injury may
be a key factor in subsequent edema formation [1, 9, 12–14,
17, 21, 22, 24]. We therefore tested the hypothesis that

AQP4 may provide a potential target for the pharmacolog-
ical intervention of edema using two modulators of AQP4
activity, phorbol myristate acetate (PMA), an upstream
regulator of AQP4 activity and SR49059 a vasopressin
antagonist that acts by blocking the vasopressin receptor
(V1a). We utilized the middle cerebral artery occlusion/
reperfusion (MCAo) model as it provides a predominantly
cellular type of edema in the absence of BBB breakdown
[4, 8, 22]. We used a MCAo model to measure the effect of
PMA or SR49059 to reduce cellular swelling and concom-
itant water influx within the edematous brain

Phorbol myristate acetate (PMA) is a potent PKC
activator that mimics the effect of the natural activator
diacylglycerol (DAG) [9, 10]. In vitro studies suggest that
the activity of AQP4 water channels can be regulated by
PMA, through a PKC-dependent phosphorylation mecha-
nism [27]. Alternatively, many authors have described that
centrally released arginine-vasopressin (AVP) plays an
important role in the brain capillary water permeability
and ionic homeostasis [6, 13, 20]. In vitro, AQP4-mediated
water flux is facilitated by vasopressin V1a receptor
agonist. The non-peptide V1 receptor antagonist, OPC-
21268 has been shown to significantly reduce brain edema
after cold brain injury [5]. In our previous studies, we
explored the effect of PMA to reduce of brain edema
formation following MCAo and cortical contusion models
and demonstrated a decrease in brain water content, sodium
accumulation and AQP4 [1, 13]. In a comparison study,
administration of the vasopressin antagonist (SR49059)
reduced brain water content and sodium shift following
MCAo suggesting the potential relationship of SR49059 to
act on AQP4 [14]. These studies provided fundamental
information, but the mechanism of AQP4 regulation and
the potential for treatment of water accumulation in a
cellular model of edema was unclear. In this study, we
utilized two different types of drugs (PMA and SR49059)
following MCAo in rats, and measured AQP4 expression
by use of Western-Blot techniques.

Materials and methods

Animals and surgical procedure

The studies were conducted under approval of the Virginia
Commonwealth University (VCU) Institutional Animal
Care and Use Committee (IACUC) and in accordance with
the recommendations provided in the National Institutes of
Health (NIH) guide for the Care and Use of Laboratory
Animals. Experiments were carried out using 350–400 g
adult, male Sprague-Dawley rats (Harlan, Indianapolis IN),
housed with a 12:12 hr light/dark cycle, and at 22±1°C with
60% humidity, pellet food and water ad libitum. Surgery was
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performed after intubation under isoflurane anesthesia and
controlled ventilation (1.0–1.5% isoflurane in 70% nitrous
oxide and 30% oxygen). Rectal temperature was maintained
at 37.0±0.5°C using a heating lamp. The left femoral artery
and vein were cannulated with polyethylene tubing (P.E. 50,
Becton Dickinson and Company, Sparks, MD) for continu-
ous monitoring of mean arterial blood pressure (MABP),
blood sampling or drug infusion, respectively. Adequate
ventilation was verified by an arterial blood gas measure-
ment after one hour of anaesthesia.

Cerebral blood flow (CBF) over the supply territory of the
right MCA was continuously monitored by Laser Doppler
Flowmetry (LaserFlo vasamedics INC, St Paul, MN) through
a burr hole located 1 mm posterior and 5 mm lateral to bregma
leaving the dura intact. Animals were placed in a supine
position over the laser doppler probe, and CBF as well as
MABP were recorded continuously using a data acquisition
system (AD Instruments, Colorado Springs, CO).

MCA occlusion was induced using the intra-luminal
suture method described elsewhere [4] with slight mod-
ifications. Through a midline neck incision, the bifurcation
of the right common carotid artery (CCA) was exposed, and
branches of the external carotid artery (ECA) and internal
carotid artery (ICA) including the occipital, lingual and
maxillary arteries were separated and coagulated. The ECA
was ligated with a 4-0 silk suture, and after temporary
occlusion of ICA and CCA with vascular mini-clips, a 4-0
monofilament nylon suture (4-0 SN-644 MONOSOF nylon
Polyamide) with a silicon tip of 0.30 to 0.35 mm diameter
was inserted through the ECA stump and secured by a
suture. The clips were removed and the filament was
advanced through the ICA into the circle of Willis while
occluding the pterygopalatine artery with forceps. A CBF
reduction between 70 to 90% of baseline was observed
when the suture was advanced at a distance of 22 to 24 mm
from the carotid bifurcation thereby verifying proper
occlusion of the MCA. Two hours after occlusion, and a
2 hr period of reperfusion in the MCA territory was
performed by withdrawing the suture into the ECA stump
under confirmation by a consecutive increase in CBF.

Study protocol and drug preparation

The objective of these experiments was to assess the effect
of intravenous PMA and SR49059 infusion following
MCA occlusion on AQP4 expression. Twenty-two animals
were randomized into the following four groups; Group 1
Sham vehicle group (n=4), sham procedure with 1%
DMSO infusion as vehicle solution (Sigma Chemical Co.,
St Louis, MO). Group2 MCAo-vehicle group (n=6), MCAo
with 1% DMSO infusion. Group 3 MCAo-PMA group (n=
6), MCAo with PMA (200 µg/kg; Sigma Chemical Co., St
Louis, MO) infusion dissolved in 1% DMSO. Group 4

MCAo-SR group (n=6), MCAo with SR49059 (1 mg/Kg;
Sanofi Recherche, Montpellier, France) infusion dissolved
in 1% DMSO.

Each solution was infused at a uniform rate of 480 µL/hour
for the 5 hours using a continuous infusion pump (Kd
Scientific, sp210w syringe pump), starting 1 hour before
injury. After a two-hour period of ischemia and two-hour
reperfusion, animals were then sacrificed by an overdose of
isoflurane, decapitated and the brains removed.

Tissue processing and immunoblot

Cerebral tissue was immediately cut into four consecutive
4 mm coronal sections excluding the most rostral and caudal
sections from further analysis. After division into the right
and left hemispheres along the anatomic midline, the four
sections were homogenized on ice with a tissue homogenizer
in 1.2 ml of radioimmunoprecipitation buffer (50 mM Tris,
150 mM NaCl, 1% NP40, 1% deoxycholic acid, 0.5%
sodium n-dodecyl sulfate, pH 7.2) containing proteolysis
inhibitors (Aprotinin 1.5 nM, E-64 Protease Inhibitor
0.01 µM, Leupeptin 0.01 µM). These homogenates were
centrifuged in a Thermo MicroMax RF centrifuge (Thermo
Electron Corporation, Needham Heights, MA) at 13500×g
for 30 min at 4°C to remove nuclei and mitochondria. Each
protein concentration of supernatants was determined using
protein assay kit (Bio-Rad Laboratories, Hercules, CA) and
samples were adjusted to same concentrations (0.6 µg/µL)
using sample buffer (Invitrogen, Carlsbad, CA). Protein
(15 µg) from each sample were loaded for electrophoresis
into 12% Bis-Tris polyacrylamide gels (Invitrogen Nu-
Page, Carlsbad, CA), and subsequently transferred to a
nitrocellulose membrane (Invitrogen, Carlsbad, CA). After
transfer by electro-elution to nitrocellulose membranes,
membranes were blocked for 45 minutes at room temper-
ature in tris buffered saline plus Tween-20 (TBS-T)(10 mM
Tris, 150 mM NaCl, 0.05% Tween-20, pH 7.5) with 3%
milk powder, then incubated overnight at 4°C in AQP4
monoclonal antibody (Abcam, Inc., Cambridge, MA)
diluted 1:750. The next morning, the membrane in primary
antibody was incubated at room temperature for 20
minutes, washed three times for 10 minutes in TBS,
blocked for 30 minutes, and subsequently incubated for 2
hours in horseradish peroxidase-conjugated secondary goat
anti-mouse antibody (Rockland Gilbertsville, PA) diluted
1:5000. After two washes in TBS-T and three in TBS,
immunodetection of AQP4 proteins was accomplished
using an enhanced chemiluminescence system (Amersham,
Buckinghamshire UK). Controls were made by replacing
primary antibody with non-immune IgG (Cyclophilin).
Quantification was performed by densitometry.

Densitometry analysis was used to quantify AQP4
protein expression levels by determining intensity values
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for each band relative to cyclophilin-A (used as an internal
control for lane loading). AQP4 expression was expressed
as the ratio of AQP4 and cyclophilin-A densitometries.

Statistical analysis

All data are expressed as mean ± SD. Statistical analyses
were performed by Student’s unpaired two-tail t-test. Values
of p<0.05 were considered significant.

Results

The experiments were performed without complication or
procedure related mortality. Continuous recording of blood
pressure and repeated blood gas were kept within physio-
logical limits throughout the experimental procedure,
requiring few adjustments in the isoflurane concentration
and ventilation parameters. Statistical analysis showed no
significant alterations in physiological parameters in Sham,
MCAO, Vehicle, PMA, or SR49059 groups.

MCA occlusion with subsequent reperfusion significantly
up-regulated AQP4 expression on the ischemic region (Fig. 1).
A significant difference in AQP4 expression was found in
RA region, between the Sham Vehicle group (0.230±0.018)
and the MCAo Vehicle group (1.277±0.332, p<0.03).

PMA treatment significantly down-regulated AQP4
expression compared to the vehicle group in both of the
injured hemispheres. A significant difference in AQP4
expression was found in LA, LP, RA and RP region,
between the MCAo Vehicle group (0.160±0.046, 0.201±
0.061, 1.277±0.332, 0.445±0.129) and the MCAo PMA
group (0.010±0.003, p<0.03, 0.022±0.010, p<0.05, 0.213
±0.063, p<0.03, 0.089±0.063, p<0.05; Table 1).

We observed that the SR49059 treatment significantly
down-regulated AQP4 expression compared to the vehicle
group in both hemispheres. A significant difference in
AQP4 expression was found in LA, LP, RA and RP region,
between the MCAo Vehicle group and the MCAo SR group
(0.030±0.013, p<0.05 0.024±0.007, p<0.05, 0.163±
0.054, p<0.03, 0.049±0.009, p<0.03; Table 1).

Discussion

Edema formation involves the infiltration and accumulation
of water in the brain [18, 19] Current concepts regarding
the passage of water flux across cell membranes support
different pathways involved in maintaining fluid homeo-
stasis that may include the interplay of water channels
termed “aquaporins” and ion-water co-transport proteins [7,
16, 25, 27–29]. Presently, although the mechanisms are
unclear, because of its specific anatomical and cellular
localization in the central nervous system, AQP4 has been
suggested to play a significant role in the regulation of
water movement in the edematous brain [1–3, 5, 11–14,
17–19, 21, 24, 26]. We have put forth the notion that brain
edema is a combination of vasogenic and cellular edema with
the cellular component predominating [18, 19]. Vasogenic
and cytotoxic edema often occur simultaneously and a pure
form of either edema is unlikely to exist. In cerebral ischemia
models, both types of edema are involved. However, most
agree that during the early stages of ischemia, brain edema
can be considered primarily cellular in nature whereas
vasogenic edema is not found to occur within several hours
after an ischemic insult [8, 18, 19, 21, 22].

Our findings demonstrate that MCAo significantly up-
regulates AQP4 expression within the ischemic region. This
data suggests that the up-regulation of AQP4 expression plays
a significant role in cellular edema formation. In our previous

Fig. 1 Our results show that MCAo significantly up-regulated AQP4
on the ischemic side (p<0.05). We also found that PMA and SR49059
treatment significantly down-regulated AQP4 expression compared to
the vehicle group in both hemisphere

Table 1 The comparison of AQP4 expression between Vehicle vs PMA, and Vehicle vs SR49058

Vehicle PMA p value Vehicle vs
PMA

SR49059 p value Vehicle vs
SR49059

LA 0.160±0.046 0.010±0.003 p<0.03 0.030±0.013 p<0.05
LP 0.201±0.061 0.022±0.010 p<0.05 0.024±0.007 p<0.05
RA (ischemic side) 1.277±0.332 0.213±0.063 p<0.03 0.163±0.054 p<0.03
RP (ischemic side) 0.445±0.129 0.089±0.063 p<0.05 0.049±0.009 p<0.03
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studies, we examined the reduction of brain edema formation
through the regulation of AQP4 by PMA and selective
vasopressin V1a antagonist (SR49059) following MCAo
models and showed that edema was reduced [1, 13, 14].
The current study demonstrates that PMA and SR49059
down-regulate AQP4 expression on the ischemic and non-
ischemic region following MCAo model. We conclude that
the concomitant reduction of edema and AQP4 by these
drugs support our concept of water entry via AQP4 channels.

PMA is a potent protein kinase C (PKC) activator that
mimics the effect of the natural activator diacylglycerol
(DAG) [9, 10, 27]. PMA is able to inhibit AQP4 activity
and to regulate AQP4 expression at the transcriptional level
in vitro, through biochemical pathways that involve PKC
activation [10, 27]. PKC is a second messenger ubiquitous-
ly found throughout the body; the inhibition of PKC by
PMA may inhibit all second messenger pathways and may
be toxic. In these studies, we experienced no toxic effects
of PMA during experimental procedures.

Alternately, evidence indicates that AQP4 is regulated by
vasopressin, a neuropeptide endogenous to the brain
released via a vasopressin-containing fiber system [6, 15,
20]. V1a receptors are coupled via G-proteins to phospho-
lipase C resulting in an IP3-dependent Ca2+ release from
internal stores [9, 20]. V1a receptor stimulation also causes
activation of PKC, and evidence has been provided by
other investigators that vasopressin exerts part of its
facilitator effect through this signalling pathway [20].

In these experiments, we found that ischemia- induced
AQP4 up-regulation was prevented by PMA and SR49059.
To the best of our knowledge, this study is the first to
demonstrate that following MCAo, AQP4 expression is
reduced by treatment with PMA and the selective AVP V1a
receptor antagonist, SR49059, Although the precise molec-
ular mechanisms of AQP4 regulation are not yet known,
these studies provide further support to our notion that
AQP4 can be pharmacologically manipulated and effec-
tively reduce brain edema. Further experiments are needed
to elucidate the precise mechanisms of AQP4 regulation to
facilitate our understanding of the potential of new treat-
ments for brain edema.
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Pro-inflammatory and pro-apoptotic elements
of the neuroinflammatory response are activated
in traumatic brain injury

J. C. Goodman & M. Van & S. P. Gopinath &

C. S. Robertson

Abstract
Background The inflammatory response may contribute to
cerebral edema, increased intracranial pressure and cellular
loss in traumatic brain injury (TBI). Cytokines are
biomarkers of this inflammatory response and new methods
allow simultaneous measurement of multiple cytokines.
Methods We examined the IL-1β, IL-6, IL-8 and IL-12,
TNFα, and IL-10 in arterial and jugular blood as well as
cerebrospinal fluid in patients with severe traumatic brain
injury.
Findings Multiple cytokines, particularly pro-inflammatory
cytokines, are up-regulated following TBI. Cerebrospinal
fluid and arteriovenous differences of some of the cytokines
suggest production within the central nervous system. Anti-
inflammatory cytokines are not up-regulated.

Conclusions Cytokine up-regulation may contribute to the
neuroinflammatory reaction that follows traumatic brain
injury and may contribute to secondary injury.

Keywords Traumatic brain injury . cytokines .

inflammation . apoptosis

Introduction

The inflammatory response may contribute to cerebral
edema, increased intracranial pressure and cellular loss in
traumatic brain injury (TBI). Cytokines are biomarkers of
this inflammatory response and new methods allow
simultaneous measurement of multiple cytokines. We
examined the IL-1β, IL-6, IL-8 and IL-12, TNFα, and IL-
10 in arterial and jugular blood as well as cerebrospinal
fluid in patients with severe traumatic brain injury.

Cytokines are signaling molecules that were initially
described in the immune system were they modulate
activation and inhibition of innate, cellular and humoral
immunity [1]. They are expressed in a wide range of cells
well beyond the classical immune system, and in the central
nervous system the astrocytes and microglia appear to play
a major role in cytokine release. These molecules partici-
pate in complex interlocking signaling pathways that
ultimately up-regulate (pro-inflammatory) or down-regulate
(anti-inflammatory) elements of the host response to injury.
They also signal bias toward apoptosis (pro-apoptotic) or
toward cell survival (anti-apoptotic) pathways in cellular
targets. Interest in the role of these molecules in neurolog-
ical disorders has been increasing, and it has become
apparent that the central nervous system is capable of
mounting a sustained and robust neuroinflammatory re-
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sponse in conditions as diverse stroke, multiple sclerosis,
tumors, infections and traumatic brain injury [1, 2, 4, 5]

Materials and methods

Samples of arterial and jugular blood as well as cerebro-
spinal fluid were collected acutely and daily for three days
in 23 patients with severe TBI. The mean patient age was
32.7 year (15–57 years), the gender distribution was 17
males and 6 females, and the injuries resulted from motor
vehicle accident in 19, falls in 2, and assaults in 2. The
Glasgow Coma Scale (GCS) was less than 8 with a day 1
GCS of 4.5, day 2 of 5.2, and day 3 of 5.3. Detailed clinical
and physiological monitoring data including temperature,
intracranial pressure, mean arterial pressure, cerebral
perfusion pressure, white blood count, concurrent injuries,
and brain tissue pO2 were collected and stored in a central
data base along with the cytokine data.

Cytokine measurements were performed using multiplex
flow cytometric bead array analysis (Beckton Dickinson
Cytometric Bead Array, Human Inflammation Kit, San
Jose, CA). This method permits the simultaneous measure-
ment of 6 cytokines on a single sample.

Results

The pro-inflammatory and pro-apoptotic cytokines were
elevated in blood and CSF in all patients while the anti-
inflammatory response was not vigorous. Serum IL-6, IL-
8 and IL-10 were consistently elevated and CSF levels were
often extremely elevated indicating intracranial production.
The mean values (pg/ml) with standard deviations (S.D.)
for each of the cytokines for the first three days are shown
below.

Tumor necrosis factor (TNF) is a pro-apoptotic cytokine
had an arterial concentration of 6.35 (S.D. 6.36), jugular
venous concentration of 7.37 (S.D. 7.68) and a cerebrospi-
nal fluid concentration of 27.22 (S.D. 62.95).

Interleukin-12 (IL-12) is a pro-inflammatory cytokine
had an arterial concentration of 9.4 (S.D. 13.44), jugular
venous concentration of 10.07 (S.D. 14.69) and a cerebro-
spinal fluid concentration of 11.42 (14.24).

Interleukin-6 (IL-6) is a pro-inflammatory cytokine had
an arterial concentration of 853.22 (2038.40), jugular
venous concentration of 611.37 (S.D.1374.22) and a
cerebrospinal fluid concentration of 2755.63 (S.D.
4828.18).

Interleukin-1 (IL-1) is a pro-inflammatory cytokine had
an arterial concentration of 9.79 (S.D. 9.76), jugular venous
concentration of 9.44 (S.D. 8.65) and a cerebrospinal fluid
concentration of 88.55 (S.D. 217.2).

Interleukin-8 (IL-8) is a pro-inflammatory cytokine had
an arterial concentration of 351.04 (S.D. 823.53), jugular
venous concentration of 358.37 (S.D. 756.88) and a
cerebrospinal fluid concentration of 3591.87 (S.D.
5668.12).

Interleukin-10 (IL-10) is an anti-inflammatory cytokine
had an arterial concentration of 13.09 (S.D. 14.30), jugular
venous concentration of 14.87 (S.D. 16.44) and a cerebro-
spinal fluid concentration of 10.32 (S.D. 35.48).

There was no clear relationship between arterial or CSF
cytokines with core temperature, white blood count, ICP or
CPP. There are currently insufficient clinical follow-up
times to permit conclusions about the prognostic signifi-
cance of the cytokine elevations.

Discussion

Tumor necrosis factor (TNF-α) is produced by monocytes/
microglia and astrocytes, and it exerts pro-inflammatory
actions including increased leukocyte adhesion, augmented
coagulation, increased apoptosis and activation of other
pro-inflammatory cytokine production. This cytokine has
previously been studies and is up-regulated acutely in
experimental and clinical TBI, and inhibitors of production
are neuroprotective in experimental systems. In our study,
plasma levels were elevated 1.5 times over normal while
CSF levels were elevated 80-fold, indicating CNS produc-
tion [1, 3].

IL-12 is produced by microglia and macrophages and
exerts pro-inflammatory actions including increased pro-
duction of other pro-inflammatory cytokines and prolifer-
ation of cytotoxic lymphocytes. Increased IL-12 has been
described in CSF and serum in experimental and clinical
TBI. In the present study, IL-12 serum levels were elevated
4 times over normal and CSF levels were elevated 10 times
normal [1, 3].

IL-6 is produced by macrophages/microglia, astrocytes
and neurons; and exerts pro-inflammatory effects. This
cytokine is rapidly upregulated in experimental and clinical
TBI. Experimental studies suggest that IL-6 may be
deleterious at high concentrations but that it may be
neuroprotective at low concentrations. The present study
demonstrated a 45-fold increase over normal of plasma
levels and a 120-fold increase over normal CSF levels [1, 3].

IL-1 is produced predominantly macrophages/microglial
but also is produced by astrocytes. It exerts strong pro-
inflammatory responses and is a well recognized endoge-
nous pyrogen. IL-1 is elevated acutely in experimental and
clinical TBI, it is reduced by hypothermia, and antagonists
are neuroprotective in experimental TBI. We found that
plasma levels were double normal values while CSF levels
were elevated 12-fold [1, 3].
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IL-8 is a chemokine (chemoattractant cytokine) derived
from monocytes and endothelial cells and it exerts
generally pro-inflammatory effects. IL-8 is Increased in
CSF and serum in experimental and clinical TBI. We found
plasma levels were increased 4-fold while CSF levels were
elevated by 120-fold [1, 3].

IL-10 is produced by macrophages and microglia, and it
exerts anti-inflammatory effects including Inhibition of pro-
inflammatory cytokine synthesis and down regulation of
cell-mediated immunity. It does have some local pro-
inflammatory effects serving as a chemoattractant and it
stimulates humoral activity at sites of inflammation.
Previous studies have shown increased in plasma but not
CSF in clinical TBI. We found that plasma levels were
increased 1.5 times normal while CSF levels were increased
10-fold [1, 3].

Multiple pro-inflammatory and pro-apoptotic components
of the inflammatory response are activated in severe TBI. In
addition to the systemic response, there is a significant
intracranial contribution. While elements of this response
may be beneficial, it is likely that the neuroinflammatory
response contributes to increased intracranial pressure, cere-
bral edema and neuroglial cell death following injury.
Measurement and modulation of this response may have a
role in the management of the head injured patient.
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Protective effect of hyperbaric oxygen therapy
on experimental brain contusions

Cornelia Voigt & Annette Förschler & Matthias Jaeger &

Jürgen Meixensberger & Lea Küppers-Tiedt &
Martin U. Schuhmann

Abstract
Background We evaluated the effect of hyperbaric oxygen
therapy (HBO) on experimental brain contusions in rats
using magnetic resonance imaging (MRI).
Materials and Methods Ten Sprague-Dawley rats were
investigated at 24 h and 72 h after controlled cortical
impact injury. One hour after trauma, 5 rats were treated for
60 min with 100% oxygen at 2.5 absolute atmosphere

(ATA), 5 were kept at normobaric room air. MRI was
performed longitudinally at 24 h and 72 h after injury.
Lesion volume was determined in T2 weighted MRI scans.
Relative apparent diffusion coefficient (ADC) changes were
calculated in comparison to the contralateral side.
Results Following HBO, T2 lesion volume was smaller at
24 h versus controls (63.1±16.5 mm3 vs. 87.4±13.8 mm3,
p<0.05), and decreased further at 72 h (46.8±17.8 mm3 vs.
92.5±13.1 mm3, p<0.01). At 24 h, the mean relative ADC
change in the lesion area decreased from + 26.8±2.3% in
controls to + 2.3±12.2% in HBO animals (p<0.01). At 72 h,
the HBO effect on relative ADC values was less when
compared to 24 h.
Discussion A 60-minute exposure to hyperbaric oxygen
starting 1 h after impact injury significantly attenuated
lesion growth and relative increase of ADC values within
the contused area for up to 72 h. Thus, a “single-shot” HBO
treatment seems to have long-lasting neuroprotective effects
on the contused brain and its penumbra.

Keywords Hyperbaric oxygen . Controlled cortical impact .

Traumatic brain injury .Magnetic resonance imaging

Introduction

Hyperbaric oxygen therapy (HBO) following traumatic
brain injury has been evaluated experimentally as early as
1970 [7] and was applied in several clinical series during
the 1980’s, culminating in a prospectively randomized
single center study published in 1992 [11]. Although this
study showed a decrease in the mortality rate, wide-spread
use of HBO therapy did not occur as a result mainly due to
two factors, 1) the rate of good outcomes was not increased
and 2) the difficulties in transporting severely head injured
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patients into a hyperbaric treatment chamber. Recently,
there has been renewed interest in HBO, with some
encouraging clinical results [10, 12] and experimental data
using fluid percussion injury (FPI) and a contusion model
applying suction to the cortex. One FPI study showed that
HBO significantly increased brain tissue PO2 and restored
mitochondrial redox potential within 4 hours post-injury
[1]. Another investigation found that HBO therapy follow-
ing severe FPI attenuated ICP increase and decreased
mortality [13]. In the focal suction model, inflammatory
mechanisms were found to be attenuated after HBO [19]. In
a focal post-embolic stroke model, HBO was shown to be
very effective in reducing ischemic lesion size as measured
in MRI and histology [4].

We therefore investigated the therapeutic potential of HBO
in the most widely used experimental focal traumatic brain
injury model, the controlled cortical impact model. In this
pilot study we focused on the growth of the contusion and the
pericontusional “penumbra” zone in the first 72 h after injury.
In human brain injury, contusion growth and development of
pericontusional edema in the first 24–48 h is a clinically
relevant phenomenon, causing secondary space occupying
effects, elevations in ICP and neurological deterioration,
necessitating prolonged intubation and sedation, surgical
evacuation and in some cases, decompressive craniectomy.

Materials and methods

Subjects

Ten male Sprague Dawley rats weighting 250–300 g were
studied. All animals were kept on a 12 h-light/dark cycle
with free access to food and water. Five animals were

assigned to HBO or control group, respectively. All
received left parietal controlled cortical impact injury. Each
animal was studied by MRI longitudinally at 24 h and 72 h
after injury.

Procedures

Anesthesia was induced by breathing 5% Isoflurane in
N2O/O2 (2:1) for two minutes. Animals were then injected
with fentanyl (0.005 mg/kg), midazolam (2 mg/kg) and
medetomidine (0.15 mg/kg) intramuscularly and breathed
spontaneously. In a stereotactic frame the left parietal bone
was exposed via a midline incision and a left-sided 7 mm
craniotomy was centered 3.5 mm posterior and 4 mm
lateral to the bregma. Animals underwent a controlled
cortical impact injury with a device similar to that described
by Lighthall [6]. A 5 mm round impactor tip was accelerated
to 4 m/s with a vertical deformation depth of 2 mm and
impact duration of 200 ms. Body temperature was monitored
with a rectal probe and kept between 36.5 and 37.5 °C using
a heating pad. Dural tears were not repaired but the bone flap
was reinserted and fixed with dental cement. The skin was
closed tightly. Anesthesia was then immediately reversed.
One hour after impact HBO animals were pressurized within
10 minutes to 2.5 atmospheres absolute (ATA) of 100% O2,
which was maintained for 60 minutes, and then decom-
pressed within 10 min. Controls were also transferred into
the chamber for a comparable time interval, but breathed
normobaric room air.

Magnetic resonance imaging

We employed a 1.5 T Philips Intera scanner and a
microscopy coil. One mm slices were acquired with the

Fig. 1 Serial 1 mm coronal T2 weighted scans from a control animal
at 72 h (a) and a HBO treated animal at 24 h (b) and 72 h (c) post
injury. Compared to control (A), the effect of HBO treatment is

already apparent at 24 h (B) with a less prominent water signal in the
lesion area, which is also smaller. At 72 h (C) there is less increase in
tissue water resulting in a smaller lesion in the same animal
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following sequences. T2: TE/TR (ms) 3200/100, Res 0.22×
0.28 mm, FOV 50 mm. DWI: TE/TR (ms) 4770/100, Res
0.55×0.60, FOV 50 mm. For MR investigations, the
animals were anesthetized as they were for surgery.

Analysis of MRI

Lesion volume (comprising all hyperintense areas at the site
of impact, i.e. contusion and surrounding edema) was
determined from T2 weighted scans planimetrically using
ImageJ software (NIH, Bethesda, USA). ADC values of the
lesion were expressed as relative change compared to the
corresponding contra-lateral area.

Data analysis

Lesion volumes were expressed in mm3 and calculated as
mean±SD per group. ADC values were expressed in %
change to contralateral side. Differences between HBO
treated animals and controls were analyzed using the Mann-
Whitney U-test. A p value of <0.05 was required to reject
the null hypothesis of equivalence.

Results

Animals in both groups were matched for body weight and
age. At 24 h, the lesion appearance in the T2 weighted images
was much less prominent in the HBO group as compared to
controls (see Fig. 1). This was reflected in a smaller lesion
volume of 63.1±16.5 mm3 vs. 87.4±13.8 mm3 in controls
(p<0.05). Lesion volume at 72 h remained nearly unchanged
in the normobaric group, however decreased further in the
HBO group to 46.8±17.8 mm3 vs. 92.5±13.1 mm3 in
controls (p<0.01, see Fig. 2a). At 24 h the ADC value of
the lesion in control animals increased compared to the
contralateral side by +26.8±2.3%. In HBO animals, the
ADC, compared to the contralateral side, was only slightly
elevated in 2 of 5 animals and decreased in 3 of 5 animals,
resulting in a mean of +2.3±12.2%, p<0.01. At 72 h,
there were no relative decreases of ADC in any HBO
animal, however relative ADC was still less compared to
control animals (10.1±14.8% vs. 32.8±11.2%, p<0.02,
see Fig. 2b).

Discussion

The mechanisms responsible for brain contusion expansion
are similar to those that result in secondary brain injury.
The different molecular mechanisms that cause secondary
brain injury are numerous. Therefore, it is not surprising
that many studies utilizing the CCI model have shown that

a variety of different pharmacological agents and thera-
peutic maneuvers were able to limit secondary brain
injury and contusion growth, and result in improved
neuronal survival or functional outcome. However, most
of these therapies have not entered clinical use. Although
oxygen is a universally available “drug” in the ICU, it is
well understood that treating a heterogeneous patient
population with HBO will likely result in a wide range
of outcomes. Therefore possible beneficial effects of a
chosen therapeutic approach, which might act only on
certain aspects of the ongoing secondary injury cascades,
may not be detected. This may be one reason Rock-
swold’s randomized trial of HBO could not show an
improvement in outcome, although the mortality rate in
the treatment group, particularly among the more severe-
ly injured patients, was clearly lowered [11].

Fig. 2 Results of (a) planimetrical determination of lesion volume in
mm3 according to T2 weighted MR scans (T2 Lesion) and (b) relative
changes of ADC value in the lesion ROI compared to the
corresponding contra-lateral ROI (rel. ADC) in diffusion weighted
images
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The evolution of brain contusions is similar in the human
TBI and in the experimental set-up and can be primarily
evaluated by various imaging modalities and secondarily be
related to histological or functional outcome. Our pilot
study, applying a one hour HBO treatment early after injury
(1 h), showed that this “early single shot intervention”
effectively halted contusion expansion, which is known to
occur in this model within the first 24 to 48 h, with a
maximum growth between 4 h and 24 h [14–16].
Interestingly, we not only noted cessation of contusion
expansion, but a decrease in contusion size at 72 h
compared with 24 h. Thus intra- and pericontusional edema
had regressed between these time points, whereas it
remained unchanged in controls.

The pericontusional penumbra is known to be an area of
low cerebral blood flow [2, 3, 5] and cytotoxic brain edema
[9, 16]. Hyperbaric oxygenation appears to interrupt
secondary injury mechanisms early on after injury in the
contusion and the pericontusional penumbra, which in turn
seems to have a long-lasting effect on edema evolution.
Importantly, hyperbaric oxygenation appears to speed up
restoration of physiological conditions, as reflected by
normalization of brain water content measured by T2-
weighted MR imaging.

The positive effects of the HBO therapy might be
explained by the known increase of CaO2 and CBF, both
increasing the O2 availability in the tissue at risk. This
could be measured in the experimental setting by an
increase of partial pressure of brain tissue O2. In previous
studies this was accompanied by a recovery of aerobic
metabolism as expressed by restoration of the mitochondri-
al redox potential [1].

Others have investigated the role of normobaric oxygen-
ation (NBO) and HBO on neuroinflammation following
TBI, using a focal lesion model applying cortical suction.
HBO resulted in a more pronounced reduction of inflam-
matory infiltration and of TUNEL positive cells around the
focus of necrotic brain tissue than NBO (19). However, NBO
still demonstrated positive effects compared to control.

In our study ADC mapping was not able to distinguish
between different types of edema in the lesion, which is
composed of the mechanically disintegrated contusion core
and the pericontusional penumbra zone. This may be due to
the fact that we used a 1.5 T machine, where spatial
resolution is lower despite the use of a microscopy coil
compared to investigations in dedicated animal scanners.
The increase of relative ADC values in the lesion argues for
a predominant increase of extracellular water in the region,
which is in contrast to the findings of other investigators,
showing an ADC decrease [9, 16]. However, in these studies
the trauma intensity was more severe than in our study.

In the present study the HBO intervention seems to shift
pathophysiology away from a predominance of extracellu-

lar free water towards a predominance of intracellular water
accumulation, with a negative relative ADC in 3 of 5
animals at 24 h (-3% to -11%), and only slightly positive
relative ADC in the remaining 2 animals (+14 to +16%).
This suggests a protective effect of HBO on blood brain
barrier integrity [8, 18] and attenuated vascular basal
lamina degradation [17], which have been demonstrated in
stroke models of permanent MCA occlusion.

This pilot research used magnetic resonance imaging to
investigate whether an early “single shot” HBO therapy at
2.5 ATA has detectable beneficial effects on traumatic brain
contusion development. This was found to be true
regarding lesion size and changes in brain water distribu-
tion as detected by MRI. Future studies are necessary to
investigate whether these effects translate into improved
neuronal survival, attenuated inflammatory response, and,
most importantly, improved outcomes. If so, HBO therapy,
may hold promise as a “single shot early therapy” for TBI
patients that can be administered in the ICU immediately
following initial diagnosis in the CT scanner.
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