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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
Tiibingen, 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.

@ Springer
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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-
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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
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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. la). 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 (PRx;,)—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
IT) 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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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

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.

20 b

10 1

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)

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 s* (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
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Table 1 Study population

Patient Age Sex SAPS 1 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 El 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
SAPS Simplified acute physi- 15 43 M 32 13 E4 M6 V5
ology score. ICU stay: days. 16 29 M 39 43 El1 M2 V1
GCS(d) Glasgow Coma Score 17 49 M 41 20 E4 M5 V1
at ICU discharge—F eyes, M 18 29 M 45 14 E3 M3 VI

motor, V' verbal score

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,

0,60 -
®
0404 - @
®
0,20 1
0 O e
o
o
0,20 -
[ J
0401 P =0.005
000 100 200 300 4.00

Log HF (48h)
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
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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-

ROC
1,0

0.8

0.6 1

Sensitivity

0,4 +

0,2 +
AUC =0.67
P =0.001
0,0 T T T T
0,0 0,2 0.4 06 0,8 1,0
1 - Specificity

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%)
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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.
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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 Ritzén

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
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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
(ICPpean) [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 ICP,,.,, and hence it implies a
good compensatory reserve. A RAP index around 1

Table 1 Clinical profile of studied group

indicates that the changes in AMP and ICP,,, 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

Patient  Age/sex  CT classification Mechanism of  Surgical treatment Data length (h)
injury
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 DAL, 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, DA/ diffuse axonal injury, EDH epidural hematoma, SAH subarachnoidal hematoma, SDH subdural hematoma, 74

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 (F¢) 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 f=[F- —0.3 Hz:
Fc +0.3 Hz]. The desired quadratic function was linearly
modeled as

X=HO0+W

where X is the vector of magnitudes, H is a known
observation matrix dependent on f, 8 is a vector containing
curve parameters to be estimated and W is the unknown

Fig. 1 Histograms of MTF and 10
RAP coefficients are shown for

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

6= (H'H) 'H'X

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 ICP ., 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

40
-
patient 16 (top panels) and 8
patient 9 (bottom panels). In top o 5 o 20 g
panels MTF has a sharp and -
concentrated distribution below ﬂﬂﬂﬂﬂ]ﬂﬂﬂﬂ]ﬂﬂ]ﬂﬂ]ﬂﬂ]ﬂﬁm @
0.1, while RAP index indicates a 0 — 0 : :
smooth distribution between -1 —05 0 0.5 1 0 _0'2 0.4 0.6 . 0.8
~0.3 and 1. The opposite situa- RAP index Magnitude of the transfer function
tion can be recognized in bottom at the fundamental frequency
panels. The wider distribution of
MTF extended between 0.005 10 40
and 0.4 is observed for the sharp -
and concentrated distribution of o
RAP index around 1 o 5 o 20 @
©
0 0 =
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Fig. 2 Mean of MTF versus mean of RAP index. Patients with brain
swelling are highlighted by the square marks. For mean RAP index
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

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 7=0.82
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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
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(»<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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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
ICP ycan 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 ICP ¢y, and consequently RAP
index, over the different time intervals. On the other hand,
RAP index just indicates the synchronization degree among
AMP and ICP,,.., 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 of MTF 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 as ABP 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
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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
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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 cm” 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  Age (years), Reason for craniectomy Laterality of Time Lapse GCS score Changed neurologic
No. sex craniectomy (weeks) cranioplasty  symptoms
Before After
1 44, F Massive brain swelling due to Rt. Bilateral 6 6 6 No change in neurologic
contused ICH 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 65M Brain swelling post-SAH, Lt. A- Bilateral 8 8 10  Brisk eye opening
comm. aneurysm
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. Bilateral 16 8 8 No change in neurologic
aneurysm 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 Left 5 12 14 Improved headache,
aneurysm 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. Bilateral 5 12 15 Improved orientation
contused ICH
13 63, M Massive brain swelling due to Lt. Left 4 12 14 Improved orientation
contused ICH
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. Bilateral 8 6 6 No change in neurologic
aneurysm condition
21 60, F Massive brain swelling due to Rt. Bilateral 8 8 13 Improved verbal response,
contused ICH orientation
22 66, F Brain swelling post-SAH, Rt. MCA  Bilateral 6 6 6  No change in neurologic
aneurysm 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- Bilateral 10 9 12 Improved verbal response,
comm. aneurysm 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 Left 5 12 13 Improved right hemiparesis,

occlusion

orientation

Time Lapse = duration from craniectomy to crnioplasty
EDH epidural hematoma; GCS Glasgow coma scale; H-ICH hypertensive intracerebral hematoma; /CH 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 9,165 923 119 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 33.9 449 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 5,110 524 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 20
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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

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-

@ Springer

operatively to 38.1+13.9 cm/s (p<0.001) post-operatively
and from 33.148.3 t0 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).

Cerebral Blood How (mi/1000/min)
[}

Before After
Cranioplasy  Cranioplasly

Cranioplasty side

Before After
Cranioplasly Cranioplasly

Opposite side

Fig. 3 Bar graph depicting the influence of cranioplasty on the
cerebral blood flow (meantSD). 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
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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
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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%0,, 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: AJDO, 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 AJDO,. 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 § 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% O,, compression to 2.7 atm
absolute) was delivered to patients in a hyperbaric chamber
for 60 min every 24 h (total five treatments/patient).

Table 1 Summary of patients

Age Gender Injury Conslevel  Outcome (GOS)
of pre-HBO  at leaving hospital
Casel 66 M ASDH GCS 9 Unfavorable (SD)
Case2 76 F DAI GCS 11 Unfavorable (SD)
Case3 33 M DAI GCS 11 Favorable (MD)
Case4 32 F ASDH GCS 8 Unfavorable (SD)
Case5 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, DA/ diffuse axonal injury, GCS Glasgow Coma Scale,
GOS Glasgow Outcome Scale, SD severe disability, MD moderate
disability, GR good recovery
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Monitoring

Cerebral circulation monitoring (mean flow velocity: mFV,
and pulsatility index: PI) and cerebral metabolism monitor-
ing (arterio-jugular venous difference of oxygen: AJDO,
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 AJDO, was calculated by multiplying the
difference between arterial (SaO,) and jugular venous
(SjO,) by the hemoglobin concentration (Hb) and 1.34,
divided by 100: [AJDO,=1.34Hb(Sa0,—Sj0,)/100].

Statistical analysis

Differences between the levels of each monitoring param-
eter (mFV, PI, AJDO, and lac-JV) before and after the set
of HBO treatments were analysed by unpaired s-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, AJDO, and lac-JV were measured before and
after therapy (Fig. lc,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 AJDO,.

Relation of cerebral circulation and metabolism

Figure 2 shows a linear regression of PI (cerebral
circulation) versus lac-JV (cerebral metabolism), including
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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 (AJDO,, ¢) and jugular venous
lactate (d) before and after HBO treatment

values both before and after HBO treatments. The PI and
lac-JV were significantly related (»=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
AJDO, 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 (CMRO,) and
CBF are normally coupled, the ratio between them
(AJDO,=CMRO,/CBF) does not change [9]. In the
present study, there were no significant changes in
AJDO, before and after HBO treatment. Rockswold et al.
[10] also showed that AJDO, 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

Pulsatility Index

0 T T T
0 5 10 15
Jugular Venous Lactate (mg/dl)
Fig. 2 Linear regression of pulsatility index versus levels of jugular

venous lactate, including values both before and after hyperbaric
oxygen therapy
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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.

Acknowledgments The authors thank Prof. Shinji Ogra (Gifu
University Hospital) for excellent technical assistance. We also thank
Prof. Richard F. Keep (University of Michigan) for providing useful
suggestions.

Conflict of interest statement We declare that we have no conflict
of interest.

References

1. DeSalles AAF, Muizelaar JP, Young HF (1987) Hyperglycemia,
cerebrospinal fluid lactatic acidosis, and cerebral blood flow in
severely head-injured patients. Neurosurgery 21:45-50

@ Springer

10.

. Golden ZL, Neubauer R, Golden CJ, Greene L, Marsh J, Mleko A

(2002) Improvement in cerebral metabolism in chronic brain
injury after hyperbaric oxygen therapy. Int J Neurosci 112:119—
131

. Goodman JC, Valadka AB, Gopinath SP, Uzura M, Robertson CS

(1999) Extracellular lactate and glucose alterations in the brain
after head injury measured by microdialysis. Crit Care Med
27:1965-1973

. McDonagh M, Helfand M, Carson S, Russman BS (2004)

Hyperbaric oxygen therapy for traumatic brain injury: a systematic
review of the evidence. Arch Phys Med Rehabil 85:1198-1204

. Menzel M, Doppenberg EM, Zauner A, Soukup J, Reinert MM,

Bullock R (1999) Increased inspired oxygen concentration as a
factor in improved brain tissue oxygenation and tissue lactate
levels after severe human head injury. J Neurosurg 91:1-10

. Moreno JA, Mesalles E, Gener J, Tomasa A, Ley A, Roca J,

Fernandez-Llamazares J (2000) Evaluating the outcome of severe
head injury with transcranial Doppler ultrasonography. Neurosurg
Focus 8:e8

. Nakamura T, Nagao S, Kawai N, Honma Y, Kuyama H (1998)

Significance of multimodal cerebral monitoring under therapeu-
tic hypothermia severe head injury. Acta Neurochir (Suppl)
71:85-87

. Nakamura T, Tatara N, Morisaki K, Kawakita K, Nagao S (2002)

Cerebral oxygen metabolism monitoring under hypothermia for
severe subarachnoid hemorrhage: report of eight cases. Acta
Neurol Scand 106:314-318

. Robertson CS, Narayan RK, Gokaslan ZL, Pahwa R, Grossman

RG, Caram P Jr, Allen E (1989) Cerebral arteriovenous oxygen
difference as an estimate of cerebral blood flow in comatose
patients. J Neurosurg 70:222-230

Rockswold SB, Rockswold GL, Vargo JM, Erickson CA, Sutton
RL, Bergman TA, Biros MH (2001) Effects of hyperbaric
oxygenation therapy on cerebral metabolism and intracranial
pressure in severely brain injured patients. J Neurosurg 94:403—
411



Acta Neurochir Suppl (2008) 102: 25-28
© Springer-Verlag 2008

Gender-related differences in intracranial hypertension
and outcome after traumatic brain injury
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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
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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 (PaCO, 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].
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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.



Gender-related differences in intracranial hypertension and outcome after traumatic brain injury 27

2 %0 e Y S o U
i |

P ‘ :
[- ] 401 - AR -
6 207" ol
e 101 ‘ . !

108 ‘ n - -
§ m . . ‘ . l. [ et .".E" .
[ o
&
Y e
o 05
= 0
[ 4
& .05

Time %3

PRx [au]

<50 429 460 2.0 54,0 8.0
CPP [mmHg]
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(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
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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.
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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.

Conflict of interest statement We declare that we have no conflict

of interest.

References

1. Alkayed NJ, Harukuni I, Kimes AS, London ED, Traystman RJ,
Hurn PD (1998) Gender-linked brain injury in experimental
stroke. Stroke 29:159-165

2. Balestreri M, Czosnyka M, Steiner LA, Schmidt E, Smielewski P,
Matta B, Pickard JD (2004) Intracranial hypertension: what
additional information can be derived from ICP waveform after
head injury? Acta Neurochir (Wien) 146:131-141

3. Balestreri M, Steiner LA, Czosnyka M (2003) Sex-related differ-
ences and traumatic brain injury. J Neurosurg 99(3):616

4. Bramlett HM, Dietrich WD (2001) Neuropathological protection
after traumatic brain injury in intact female rats versus males or
ovariectomized females. J Neurotrauma 18:891-900

5. Coimbra R, Hoyt DB, Potenza BM, Fortlage D, Hollingsworth-Fridlund
P (2003) Does sexual dimorphism influence outcome of traumatic brain
injury patients? The answer is no!. J Trauma 54:689—700

6. Czosnyka M, Balestreri M, Steiner L, Smielewski P, Hutchinson PJ,
Matta B, Pickard JD (2005) Age, intracranial pressure, autoregula-
tion, and outcome after brain trauma. J Neurosurg 102(3):450-454

7. Deitch EA, Livingston DH, Lavery RF, Monaghan SF, Bongu A,
Machiedo GW (2007) Hormonally active women tolerate shock-
trauma better than do men: a prospective study of over 4000
trauma patients. Ann Surg 246(3):447-455

8. Farin A, Deutsch R, Biegon A, Marshall LF (2003) Sex-related
differences in patients with severe head injury: greater suscepti-
bility to brain swelling in female patients 50 years of age and
younger. J Neurosurg 98:32-36

9. Patel HC, Menon DK, Tebbs S, Hawker R, Hutchinson PJ,
Kirkpatrick PJ (2002) Specialist neurocritical care and outcome
from head injury. Intensive Care Med 28:547-553

10. Singer CA, Rogers KL, Strickland TM, Dorsa DM (1996)
Estrogen protects primary cortical neurons from glutamate
toxicity. Neurosci Lett 212:13-16

11. Smielewski P, Czosnyka M, Steiner L, Belestri M, Piechnik S, Pickard
JD (2005) ICM+: software for on-line analysis of bedside monitoring
data after severe head trauma. Acta Neurochir Suppl; 95:43—49

12. Steiner LA, Czosnyka M, Piechnik SK, Smielewski P, Chatfield D,
Menon DK, Pickard JD (2002) Continuous monitoring of cerebro-
vascular pressure reactivity allows determination of optimal
cerebral perfusion pressure in patients with traumatic brain injury.
Crit Care Med 30(4):733-738



Acta Neurochir Suppl (2008) 102: 29-31
© Springer-Verlag 2008

Long term outcomes following decompressive
craniectomy for severe head injury
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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.
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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 7-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
n=123 association with worse GOS scores

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

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

Midline Shift Spearman 0.041 Patients with a large midline shift had significantly poorer
SpC=-0.186 GOS scores
n=121

Clotting disorders T*test and MWT 0.000 Clotting disorders were associated with significantly
n=131 poorer outcomes

Glucose (from 2001) Spearman 0.001 Preoperative hyperglycaemia (>6 mmol/L) was associated
SpC=-0.382 with significantly worse GOS scores
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
SpC=0.285 GOS scores, while alkalosis appeared
n=75 to have a protective effect.

T-test and MWT

Cut off=(<7.34 mmol/L)
Post-traumatic hydrocephalus internus  X°

n=2

0.001

0.000 and 0.002

Significantly poorer outcomes were observed in cases of
post-traumatic hydrocephalus internus

Spearman correlation analysis was used for non-parametric values and the 7-test and Mann—Whitney test were used for parametric data.
GCS Glasgow Coma Scale, cCT cranial computer tomography, SpC Spearman coefficient, x> Chi-square test, MWT Mann-Whitney test
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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 cCT was 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

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.
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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 #-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 #-test, presented in

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

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,
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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 #-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
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5 34
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=
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Fig. 3 Representation of autoregulation over time in one patient (/eff) 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
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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

@ Springer



38

N. Narayanan et al.

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
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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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ICP Recordings of Plateau Wave and Intractable Intracranial
Hypertension and Brief Interval of Actual and Simulated ICP
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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.
¢ 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

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. 2¢). 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 ICP CPP HMF Sim. resist. SimR vs CPP r value (£SD)
(#SD, mmHg) (+SD, mmHg) (£SD, mmHg) (+SD, Hz)  (+SD, mmHg ml ' s™")

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)°
During 5 108.5 (£9.6) 44.4 (+4.4)* 67.1 (+3.1)>  15.3 (+3.0)° 4.1 (x1.3)* 0.98 (£0.02)°

After 5 1004 (£7.1) 257 @3.1"  76.1 (3.2 6.9 (#2.1)° 9.8 (£1.3) 0.97 (+0.02)°
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)°

End 5 135.3 (£5.2) 98.1 (£2.5)* 439 (+3.8)* 5.4 (£0.8) 12.4 (+1.4)" —0.98 (£0.04)°

#Level of significance between mean values at p<0.001
®Level of significance between mean values at p<0.005
¢ Level of significance of each individual correlation (n=>5) at p<0.001
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Changes of HMF Values of Numerical and Biomechanical
Models and Simulated Arterial-Arteriolar Bed Resistance

During Plateau Wave and Intractable Hypertension

Plateau Wave Intractable Hypertension
a HMTF Values of Models C HMTF Values of Models
B 17
= g
0 0 1 | 0 ~1 1 1
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EOr F or
a g
8T -
2 L g L
E ~
oL CIN R
L 1 J 1 1 1
0 30 0
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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 ' s7'. ¢ 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 " ™!

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
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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-
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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).
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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 (V,5p=0.36%0.28) is signif-
icantly smaller than that of the volunteers (V,3p=0.70+
0.25) with p=7x107. Interestingly, the corresponding
variabilities of MCA flow velocity for both cohorts are
comparable. V;c4=0.83+0.65 of the brain injury patients is
not statistically different from that of the volunteers V¢ =
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 CO, 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 CO,
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
(MCATfv) 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.
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We use time averaged moduli of complex Morlet
wavelet coefficients W(f, #) as a frequency-dependent
measure of variability of the signal s(¥):

Vi) = (IWs(F 0)l),,

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:

y st (f) = (sin Ag)>+(cos Ag)?,

where A¢ = ¢; — ¢, 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 < y < 1. A vanishing index
=0 corresponds to a uniform distribution of the phase
differences (no synchronization) while y=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 7) defined as the ratio of time averaged wavelet
coefficients of the corresponding signals:

([Whca(f, t0)])
(IWasp(f,t0)])

n'ish (f) =

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. la,
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) VAgp=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 (V,5p=0.36+0.28) is a factor of two smaller than
that of the volunteers (V,3p=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 Vyca=0.8340.65 is
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Fig. 1 Group averaged wavelet a ABP b MCA FV
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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 1!

and synchronization parameter %<4 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 n*C! =0.99 +0.43 is
more than a factor of two smaller than that of the controls
(Yl = 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: n's# =3.09 +2.41and the
controls: n¥<4 = 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 y*C! =
0.18+0.14 and the healthy individuals y*< = 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
yMC = 0.20 4 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.

f [Hz]

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.

Fig. 2 Group averaged wavelet

The high value of the synchronization parameter %<4 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 y¥<d 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 CO, fluctuations significantly
influences MCAfv dynamics. In addition, the work of
Mitsis et al [9] emphasizes the considerable effect of
nonlinear interactions between ABP and CO, 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

gain (a) and synchronization a ABP-MCA b ABP-MCA
parameter (b) are plotted as a 5.0 —T— T 1.0 —T— T
. . Brain injury Brain injury
function of frequency. The solid Control -------- Control --=-----
line corresponds to the cohort of 4.0 -
patients with low intracranial = /_/\\ S
pressure and the dashed line to -g 3.0 B
the control group. The thin lines o //M T e S z
denote the error of the mean. - 20 PR S -\_ _g
The wavelet gain is given in 3 ‘-\\\}-ﬁ-_- """ T g
(cm/s)/mmHg o 1.0 a3
0.0
0.0 0.1 0.2 0.3 0.4 0.5

f [Hz]
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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. Klingelhofer

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
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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
nlCP 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, Uberlingen,
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-
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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

—— ABP FV

TCD characteristics
{ted; }; 0 .

Linear transformation
matrix A

Impulse response
ABP — ICP
{Witico.on

— nICP

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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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

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

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

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

Fig. 3 Comparison between 250 | FV 250 | m FV | n
ICP, standard nICP and cali- cm/s I cm/s JALLAARCARARRAARRAAARARRRARLAARARAARRARRARLA

b A
brated nICP in a patient with 0 ““““‘“"“““““““ 0 it (VAT i
subarachnoidal hemorrhage dur- ‘ ‘
ing day 2 (leff) and day 4 (right) _ ABP _ ABP

i i 200 200 '

recordings. In both recordings NITTITTITVIVIVITYEVTIeTTeT ,pm|ﬁpm|]pnmhmmpmnmmmnl
similarity in terms of mean mm Hg mm Hg AR A A R AR RN ATAA
values as well as shapes of pulse 0 0
waves was visibly higher be-
tween calibrated nICP and ICP 50 | ICP 50 ICP
than it was between standard mm Hg mm Hg
recording mean FV has been 0 0
increased above 110 cm/s indi-
cating the development of vaso- 50 | nICP (standard model) 50 nICP (standard model)
spasm in this patient. Vz?sospasm mm Hg mm Hg T VTV VTV TVVTTVvvevT
was an exclusion criterion for
the application of the standard 0 0
nICP method in former studies
[8, 12]. This might explain the 50 | nICP (calibrated model) 50 1 nICP (calibrated model)
high deviation between standard H H
nICP and ICP in this recording mm Hg 0 mm Hg 0

~-30s--
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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.
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The Chinese University of Hong Kong,

Shatin, New Territories, Hong Kong SAR, China
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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
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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 #-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.”’
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.

Conflict of interest statement We declare that we have no conflict
of interest.

Reference

1. Alleyne CH, Hassan M, Zabramski JM (2000) The efficacy and
cost of prophylactic and periprocedural antibiotics in patients with
external ventricular drains. Neurosurgery 47:1124-1129

2. Bayston R, Lambert E (1997) Duration of protective activities of
cerebrospinal fluid infection shunt catheters impregnated with
antimicrobial agents to prevent bacterial catheter-related infection.
J Neurosurg 87:247-251

3. Gaskin PR, St John MA, Cave CT, Clarke H, Bayston R, Levett
PN (1994) Cerebrospinal fluid shunt infection due to corynebac-
terium xerosis. J Infect 28:323-325

4. Holloway KL, Barnes T, Choi S, Bullock R, Marshall LF, Eisenberg
HM, Jane JA, Ward JD, Young HF, Marmarou A (1996) Ventricu-
lostomy infections: the effects of monitoring duration and catheter
exchange in 584 patients. J Neurosurg 85:419-426

5. Mayhall CG, Archer NH, Lamb VA, Spadora AC, Baggett JW,
Ward JD, Narayan RK (1984) Ventriculostomy-related infections:
a prospective epidemiological study. N Engl J Med 310:553-559

6. Paramore CG, Turner DA (1994) Relative risks of ventriculos-
tomy infection and morbidity. Acta Neurochir (Wien) 127:79-84

7. Pattavilakom A, Kotasnas D, Korman TM, Xenos C, Danks A (2006)
Duration of in vivo antimicrobial activity of antibiotic-impregnated
cerebrospinal fluid catheters. Neurosurgery 58:930-935

8. Poon WS, Ng S, Wai S (1998) CSF antibiotic prophylaxis for
neurosurgical patients with ventriculostomy: a randomized study.
Acta Neurochir Suppl (Wien) 71:146—148

9. Rebuck JA, Murry KR, Rhoney DH, Michael DB, Coplin WM
(2000) Infection related to intracranial pressure monitors in adults:
analysis of risk factors and antibiotic prophylaxis. J Neurol
Neurosurg Psychiatry 69(3):381-389

10. Rosner MJ, Becker DP (1976) ICP monitoring: complications and
associated factors. Clin Neurosurg 23:494-519

11. Rossi S, Buzzi F, Paparella A, Mainini P, Stocchetti N (1998)
Complications and safety associated with ICP monitoring: a study
of 542 patients. Acta Neurochir Suppl (Wien) 71:91-93

12. Winfield JA, Rosenthal P, Kanter RK, Casella G (1993) Duration
of intracranial pressure monitoring does not predict daily risk of
infective complications. Neurosurgery 33:424-431

13. Wong GK, Poon WS, Wai S, Yu LM, Lyon D, Lam JM (2002)
Failure of regular external ventricular drain exchange to reduce
cerebrospinal fluid infection: result of a randomized controlled
trial. J Neurol Neurosurg Psychiatry 73:759-761

14. Zabramski JM, Whiting D, Darouiche RO, Horner TG, Olson J,
Robertson C, Hamilton JA (2003) Efficacy of antimicrobial-
impregnated external ventricular drain catheters: a prospective,
randomized, controlled trial. J Neurosurg 98:725-730

@ Springer



Acta Neurochir Suppl (2008) 102: 57-61
© Springer-Verlag 2008

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
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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 (‘"HMRS) 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 '"HMRS. 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
"HMRS and ADC studies.

MRI-"HMRS acquisition technique and data analysis

After stabilization into the magnet, T1 and T2 weighted
pulse sequences were used to produce images in the axial
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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 cm® 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/mm?. Twenty five
slices were generated with 5 mm slice thickness, 2 mm gap,
26x%26 cm FOV, 96132 matrix.

Statistical analysis

The NAA/Cr, CBF and ADC values were compared
with controls for each ROI with an independent ¢ 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.

"HMRS, CBF and ADC in healthy controls

After obtaining informed consent, 'HMRS 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.

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

"HMRS 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
(»=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 37.074+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.51.24+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 'H MR Spectroscopy
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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
(»=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
'"HMRS 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

"HMRS, 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].
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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, '"HMRS
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
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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 the MCA, 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 CBFYV,
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 7 is equal to the
ratio of Cerebral Blood Flow (CBF) through the vessel, and
its area, as follows:

CBF

CBFV = — (1)

r

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

Figure la 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

JO) = > wild)li) =30, 0) (2)
=1 =1

where N is the total number of measurements, L is the total
number of outputs, 0 is the unknown parameter vector, y,(i)
is the /"™ measurement of output 7, 3;(i, 0) is the ith output
[ generated by the model using parameter 6, and w(i) is
some weighting function. In our case, we use the weighting
function that weights every variable y, inversely propor-
tional to the energy of the signal y,(i).

The models considered in this work are nonlinear, and
hence Eq. 2 will in general be a non-convex function of 6.
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-

Model Training
Optimization
Parameters
Cerebral Outputs
Tpur Hemodynamics Model | (ICP, CBFV)
(ABP)
Measurements
(ICP, CBFV)
State Estimation Y ﬁ
L Parameters
Cerebral T State
erevra utputs Estimates
Tpm’Hemodynamics Model | (ICP, CBFV)
—>
(ABP) Arterial
Radii

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(¢) and x(f) are
vectors corresponding to the state of the system at time ¢
and its derivative with respect to time, respectively, y(¢) is
its output vector, u(?) is the input, v(f) and w(¢) are process
noise and measurement noise, respectively, and fand g are
some nonlinear functions that may change with time.

x(1) = f(x(t),u(t),v(1),1) (3)
y(t) = glx(2),w(t),1)

Let X(¢|¢t) denote the minimum mean-square error
(MMSE) estimate of x(#) given all observations y(f) up to
time ¢ 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 DD?2 filters [6], which have been shown to provide
better performance than the EKF. In this work we use DD1
and DD?2 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
P,=P,.. 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 7
represents the radii of the arteries at compartment 7, 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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Fig. 2 The more general model 1 (/eff) and the simpler model 2 (right)

radius. The four states 7y are related to the corresponding
resistances via

4
L jed{1,2},
Jk

Rjx = R, kE{V,n}

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

R; tot R; tot .
R'V,O =0 5 R'L,O == L 3 J S {172}
I Ky o 1 — ky,
where £, 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

where [, and r, 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 7, over a length k,l,, where k; 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

8n ki pq ?
Rla,v = 7’/3 ( kd)l + kdl + = 27 7’3 < S 1)

where ¢, is the flow through the vasospastic arteries
(through R,,,). The CBFV at the affected arteries is
CBFV, = q,/(nr?%).
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The vasospastic radius 7, is assumed to fluctuate over its
nominal value according to the following equation

~ |1 P, — P;.
ry =TIy kf ln j +1

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

Ptk — Pic(rix + hix) = T + Ty + T
je{1,2}, ke {v,n}

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

hjk:—i’j-k+,/lfi2,c+2rjohjo+h0 je{1,2}, k€ {v,n}

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

Vik — Fjo
Tejk = hjk{cfoj [exp <kej¥> — 1:| — O-col[i}
rjo

Vik — 'mj
s = T+ ) [

N
> ,  with

I"[j — ij

Minin + Mias exp (i / ki)
1+ exp (xjx /kin )

My =

Volume is related to radius according to the following
equation

ij :vak")'zk VS {lvz}z?je {1?2}
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Table 1 Parameters for model 1

Parameters

Fixed parameters

P,=6.07437 mmHg 7,7=0.027 cm
P,,=100 mmHg 7m2=0.0128 cm
gp=125mls”" 7;=0.018 cm
Picn:9'5 mmHg r,2=0.0174 cm
Plan:92-5 mmHg nm;:1.83

P 11ormai=85 mmHg n,,=1.75

P_.,=25 mmHg

Riator=(Pan-Plan)/q, mmHg s ml”'

R} 10/=2(P1an=P 1normar)/q, mmHg s ml”!
R2,10=(Pian-Pen)/@uR1te mmHg s mI™" 55,=11.19 mmHg
p =7.87563¢-4 mmHg s*/cm? ks1=10

k=1 ky»=4.5

7;=232 mmHg s
1,=47.8 mmHg s
09;=0.1425 mmHg

k=12 Oeon1=62.79 mmHg
kn=0.5 Oeon2=41.32 mmHg
R,,=0.875 mmHg s ml™’ G;=0.02 mmHg "'
R’,;=0.3656 mmHg s ml ' 7=10s

P,;=—2.5 mmHg G,=5.2 mmHg "
R/~2.38¢3 mmHg s ml"' 75=20s

Ry=0.526¢3 mmHg s ml"
Myin="1
MmaX:1
Tnax,1=2.16 mmHg cm
Tax,2=1.50 mmHg cm
k,;=4640 cm
k,>=154320 cm
Vessel parameters for different arteries
MCA: k,=0.3, r,=0.14 cm, /,=10.87 cm
ACA: k,=0.1, ,=0.09 cm, /,=5.57 cm
PCA: k,=0.1, ,=0.095 cm, [,=6.92 cm
Trained parameters (nominal)

rip=1.5e—2 cm
r0=7.5¢—3 cm
h;jp=3e-3 cm
h>p=2.5¢-3 cm
F1nom=0.023435 cm
F2nom=0.007346 cm

k,=0.11 ml™! kyen=0.31 ml ™’
Crax=0.2 ml mmHgfl Reon1 =56 mmHg s ml™!
k;=0.368 Reon»=56 mmHg s ml™!

Initial values of states (nominal)

r7,=0.023435 cm P;.=9.5 mmHg

T1p="rp, cm X1y=X1n =Xy =X2n =0
75,=0.007346 cm P,=14.0682 mmHg
r2,=r>, CM

where K,;,=k,K,; and K,;,,=(1-k,,)K,,, for je{1,2}, from

which we obtain

dVik
dt

dl”‘k
= ZKV/k I”jk d_][

Since dV/dt represents the current (or flow) from node
Py to node P;., we readily obtain four equations for dV/dt
through conservation of flow at the four nodes Pj.

In order to compute state equations dry/dt, we need to
compute first the value of R, ,, which at the same time
depends on P;,, which can be computed from dr,/dt.

Solving for dry,/dt, we obtain a third order equation in Ry, ,,

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

The remaining states are the pressure on the venous bed
P, the intracranial pressure P,., and the four Autoregulation
variables x, je{1,2}, ke{v,n}. The state equations for these
variables are

dx

le—dll‘k-i-XIk:Gl(Pa_Pic_(Pa/1_Picn))7 kE{V,I’l}
dxy,

Tk~ + x2 = G2 g2k — G2tn) / G2kn ke {v,n}

where g, is the flow through R, ke{vn}, and g, is the
nominal value of g5, and is given by q2,,=k,.q, and ¢2,,,=
(1=k,,)q,. Finally, state equations for P, and P, 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 P, to P, and from P,. to
P,. We also need the resistance R,; = R, (P, — Py)/
(P, — P;) and the capacitances C,;=1/kye,(P,—P;c—P,1)
and C;.=1/kgP;..

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, P;,, pressure at pial arteries, P,,, intra-
cranial pressure, P;., and capacitance at pial arteries, C,.
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 (¥,
and Via,0, k€{1,p})
Via = Cka(Pka — Pic) ke {l,p} (4)
From these volumes we can readily compute the
resistances at the large and pial arteries as follows

Ria = Ria Vi / Vi ke{lp}

Another simplification of the model is the assumption
that P,=P,., which climinates one state variable. This
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assumption was introduced in [9]. State equations for P,,,
and P,,, can now be obtained by differentiating (4). Care
must be exercised while differentiating (4) since C,, also
depends on time due to autoregulation. Using C;.=1/kgP;,.,
a state equation for state P;,. may be obtained through the
conservation of flow at node P;.

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

dcC,,
TautTf + Cpa — paOG(x)v X = Gaut (qpa - q0)/q0

(1+Ac/2)+ (1 — Ac/2).exp(4x/Ac)

o) = 1 + exp(4x/Ao)

where g, is the flow through R,,,, and Ac=A0 . if x<0
and Ao, if x>0. Finally, the radius at the large arteries is
given by r,a:(k,,a/R,a)4. The total CBFV at the large arteries
is given by vla:q,a/wr,az, where ¢, is the flow through R,,.
CBFV at the MCA is approximated by a sixth of the total, i.
e., CBFVyc4=vi/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.

@ Springer

Table 2 Parameters for model 2

Parameters

Fixed parameters

P,;=6.07437 mmHg

q,=12.5 ml s!

P;.p=9.5 mmHg

Ppap=58.75 mmHg

Gaui=2 mmHg71

Taur=20 8

k,1.=3.04e—4 mmHg s cm
Trained parameters (nominal)

k,=0.11 mI™!

C1e=2.5/(P)~P;;) ml mmHg™"

Cpa0=0.202 ml mmHg '
Initial values of states (nominal)

P,,=92.5 mmHg

P,,=58.75 mmHg

Ao—max:6

AO'mm:O.6

R,,=0.875 mmHg s ml™'
R',s=0.3656 mmHg s ml ™'
R¢=2.38¢3 mmHg s ml™'
R,=0.526¢3 mmHg s ml ™'

V,a0=2.5 CI'Il3
R1,0=0.6 mmHg s ml™!
Rya0=5.4 mmHg s ml™!

P;.=9.5 mmHg
Cpa=0.202 ml mmHg !

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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Intracranial pressure in patients with sepsis

D. Pfister - B. Schmidt - P. Smielewski - M. Siegemund -
S. P. Strebel - S. Riiegg - 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
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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-1003 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-1003 (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-1003

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-1003 was determined at each
monitoring session (Roche Diagnostics GmbH, D-68298
Mannheim, Germany). The manufacturer proposes a cutoff
of 0.105 pg/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
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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. la). ICP
correlated strongly with MAP (»=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-100f3 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-100{3. The
maximal S-100f3 levels were higher in non-survivors
(0.21+0.11 pg/l) than in survivors (0.12+0.06 pg/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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Fig. 1 a Distribution of daily values of intracranial pressure (/CP). b Distribution of daily values of cerebral perfusion pressure (CPP)

find a significant correlation between ICP and fluid
administration. In contrast, we found a strong correlation
between low CPP and elevated S-1003. 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
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Fig. 2 Cerebral perfusion (CPP) plotted against S-1003. Dotted line
indicates upper normal limit for S-100f3 at our institution (0.105 pg/l).
Solid lines: regression line and 95% confidence intervals

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
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Fig. 3 Intracranial pressure (/CP) and cumulative fluid balance
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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-100f3. This suggests that brain injury in sepsis may
at least partly be caused by inadequate cerebral perfusion.
Earlier work using the '**Xe clearance technique showed
reduced cerebral blood flow in patients with sepsis [4],
supporting this concept. An increase in S-100f3, 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-100(3 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-1003 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-1003 and NSE
levels, with S-1003 being a better predictor of disease
severity [9]. Extracranial sources of S-1003 including
heart, skeletal muscle, and kidneys have been described
[2]. In the cited study [9] there was no increase in S-1003
in a group of postoperative control patients, and acute renal
failure which often accompanies sepsis did not significantly
influence S-100p3 levels.

A significant association between mortality and low
CPP, high ICP, or elevated S-100(3 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
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between CPP and outcome in sepsis. In a group of 170
patients with severe sepsis or septic shock a significant
association between elevated S-1003 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-10033. However, the interpretation of
S-100(3 wvalues 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 1CP 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
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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
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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+154 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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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

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
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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
of interest.
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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
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the outcomes were different (p=0.03), with 6 vs 4 GOSI1
(died), 2 vs 4 GOS3 (severely disabled), 5 vs 16 GOS4
(moderately disabled) and 23 vs 14 GOSS5 (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 = ) (CPPyeshold — CPP) X fsample
mmHg min, where cPTI is the cumulative pressure time
index, and ¢ 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 SPSSO 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
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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 PTlicp and PTIcpp by year (see Fig. 3) for all 76
patients from 1989 to 2006, and the median amount of
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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 GOSI dead, GOS3
severe disability, GOS4 moderate disability, and GOS5 good recovery
(note there were no cases of GOS2 vegetative state)
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Fig. 2 Referral pattern year by year. Since 2001 the referral pattern has
changed, with more children being admitted from peripheral hospitals

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,
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the outcomes were 9, 5, 14 and 29, compared to 1, 1, 8 and 9,
for GOSI1, 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
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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
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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 GOSS5 (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 GOSS5
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
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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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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. /CPm mean intracranial

“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

@ Springer

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

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

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 22.3 mmHg 11-44 mmHg

ICP during slow
wave episodes
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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 O, saturation recording

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; <I 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.
HRYV 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.
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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.
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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 (pCO,=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 H,0 (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.
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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 Ist 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 H,O

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)

Fig. 1 a, b Pattern of ICP
before and after lumbar CSF
drain (LD) placement in two
patients. Parameters such as
serum sodium (Na), pCO,,
patient temperature (F) at the i
time of LD placemen are shown
(bold arrow indicates when LD | |
was placed) |

Na 136

|
. |1
241 | |

Patient transferred with lumbar drains
Patients without ventriculostomy catheters
Patients age 018

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 (pCO,=
30-35), and sedation. A lumbar drain was placed if ICP

EVD
Na152
pCO2 32
98F

Sedated

|

NS BN e BN BN BN N B BN BN BN SN EEN EEN B SN RN SN RSN e Em
||

30

25

- n
] 1=}
L

ICP {(mm Hg)

-
=)

1 2 3 4 5
Time (days)

EVD
Na154
pCo2 36
99F
Sedated
-— -

@ Springer

2
Time (days)



Controlled lumbar drainage in medically refractory increased ICP

91

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 H,O 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 2051 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 H,O
(»<0.05). The reduction of ICP was seen in a clear and
sustained manner in all patients, as illustrated in two
patients shown (Fig. la,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 when medical
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.
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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
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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 10x12 c¢cm was removed, bone resection was extended to
the temporal base. The dura was opened by straight incisions
(n=4; lenght 68 cm) from parasagitally to the lower inferior
temporal gyrus (Fig. 1).

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

Table 1 Demographic data of study patients

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)

removal of the bone flap, each durotomy and skin closure).
In the postoperative period, ICP was recorded until day 10.
ICP, MABP, etpCO,, 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

Impact TBI H & H GCS Marshall  CT Fisher Level of ICP Surgery (DC) GOS Comments
grading scale CT grading scale [indication for DC] [days after [3 months]
(mmHg) impact]

TBI fall from stairway 11 4 DI3 ~50 8 4

TBI fall from stairway 11 DI 3 ~35 2 3

TBI car accident I 3 DI4 ~35 1 2 Anisocoria
before DC

TBI public bus accident  1II 3 DI4 ~58 1 3

TBI bicycle accident I 4 DI3 ~70 0 2 Anisocoria
before DC

TBI fall from stairway I 3 DI3 ~21 3 3 Early DC due
to CAT scan

TBI fall from scaffolding 1II 3 DI3 ~42 0

TBI car accident I DI 3 ~25 4 3

SAH ICA-aneurysm v 3 v ~38 3 3 No ischemia,
massive brain
edema

SAH PCA-aneurysm v 3 11 ~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].
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etpCO, 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
(»=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 pCO, 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)O, showed that ICP continuously dropped to low
pathological values during DC and duroplasty whereas
brain p(ti)O, tremendeously improved to normal values
[16, 27, 32]. Interestingly, brain p(ti)O, 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.

Conflict of interest statement We declare that we have no conflict
of interest.
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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 (PbtO,) 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
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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 PbtO,. Improvement
in lactate/pyruvate ratio, a marker of energy metabolism,
was correlated with the increase in PbtO,.

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 0.3uL/
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 (PbtO,), extracellular pH (pHb), PCO,
(PbCO,) 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 PaCO,) 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
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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 (A).
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 PbtO, (Fig. 2b) and CPP
despite lower values of MAP. There was no significant
change in cerebrovascular pressure-reactivity (the PRx
index), pHb, PbCO,, 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
(AICP) and corresponding increase in PbtO, (APbtO,).
This increase in PbtO, did not depend on the PbtO, level,
prior to ventriculostomy (» = 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 (ALP) did not depend on AICP or improvement in
CPP (ACPP) and overall mean values were not statistically
different before and after EVD insertion in either group
(Fig. 2¢). However, there was a significant correlation (» =
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Fig. 1 Hourly dynamics (a) and mean values (b) of ICP before and after EVD, demonstrating two types of ICP response to ventriculostomy

0.560, p = 0.019) between APbtO, and decrease in LP
ratio, indicating that patients in whom PbtO, increased
more also sustained larger improvement in LP ratio
(Fig. 2d). A significant relationship between the initial
level of LP ratio and ALP (r = 0.45, p = 0.34) and the
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length of time from injury to EVD insertion and ALP (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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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
PbtO, (kPa) 2.3+1.2 3.2+1.1 0.036 3.4+£2.5 3.4+32 0.917
Lactate (mmol/L) 32+14 3.7£1.5 0.055 3.1£1.2 3.8+1.4 0.008

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

Table 2 Patients, injury and outcome characteristics

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
(Sj0,) 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 SjO, 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

Overall n=24

Response—"“no”

Response—*“yes”

Differences between the

n=11 n=13 response groups (p value)
Age 4116 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) Diftuse=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+£34 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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Fig. 3 a Calculation of frontal horns/inner diameter (FH/ID) ratio as an estimate of ventricular size b Ventricular size (FH/ID ratio) in two

different response groups

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 PaO, for each
patient, the significant correlation that we observed between
APbtO, and AICP, suggests that reduction in ICP by
ventriculostomy played at least some role in increasing
PbtO, 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
PbtO,) 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
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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 1CP 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 Extended Glasgow Outcome 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 1CP variability indices were better predictors of 6-
month outcome than mean ICP. Survival was significantly
associated with greater 5-s ICP wvariability (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.

This study was funded by NIH NINR ROINR004901.

C. J. Kirkness (P<)) - R. L. Burr - P. H. Mitchell
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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
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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)

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

ICPMeanLevel
ICPSD 24r 1—|
ICP SD 60in — i
1CP SD Sin —e i
ICPRVESD Ssec ——
0 2 4 6 8 1 12

Odds Ratio (95% CI) for Discharge Survival

*Controlling for ICP level

(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 »=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 wvariability 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

IcPMenloel | o—
icPsD2ar| |o—i
IcPSDBOTin|  [—e i
IcPSD5min]  [—e :
IPAVESDSeec | | —e——
0 W D D H 0 6

Odds Ratio (95% ClI) for Discharge Survival
*Controlling for ICP level, age, gender,
GCS motor score, craniectomy

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

@ Springer



ICP variability and long-term outcome following TBI

ICPMeanLevel I—L—l
ICPSD 24hr H——
ICPSD 60min I » |
ICPSD5min I * {
ICPRMSSD5sec I » {
05 10 15 20 25 30 35

Odds Ratio (95% Cl) for 6 Month GOSE > 4
*Controlling for ICP level

107
ICPMeanLevel IL-l
ICPSD 24hr i |
ICPSD 60min ——
ICPSD5min ——
ICPRMSSD5sec —tp—]
0 5 10 B 20 25

Odds Ratio (95% CI) for 6 Month GOSE > 4
*Controlling for ICP level, age, gender,
GCS motor score, craniectomy

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

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

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

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

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

Ax* 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
2Ax? between base model (controlling for ICP level, age, gender,
GCS-M, and craniectomy) and base model with ICP variability
measure added

GOSE category

1 2 3 4 5 6 7 8
Percentage of lower RMSSD 39 3 15 3 26 10 3 3
group in GOSE category
Percentage of higher RMSSD 8 1 22 5 36 15 3 11

group in GOSE category

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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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
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at time of discharge was measured with the Glasgow Outcome
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 3549 years (»=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, 3549, 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 3549 years.

Table 1 Age group characteristics and correlation between GCS and GCS

Age group Number of ISS mean GCS median GOS median Mortality GCS-GOS correlation P
(years) patients +SD (IQR) (IQR) (%) coefficient value
<35 26 31.9+£7.9 7.5 (3-12) 3 (14 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 0.011*
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, /QR interquartile range

#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 3549 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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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 MR

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 (PG, ,) and intracranial volume
changes (VC, ;) during a cardiac cycle were calculated.
Findings The compliance index (CI=VC,, /PG, ) 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
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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, 140140 mm rectan-
gular field of view, and 256 x 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 [V.(?)],
displacement of cord [V(f)], arterial inflow (the sum of both
internal carotid arteries and both vertebral arteries) [V,(¢)],
and venous outflow (the sum of both internal jugular veins)
[V.(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(¢t) = j {Va(t) = Vo (2) — Ve(2) — Vs(2) }de. (1)

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

@ Springer

NS
01+ |I NS || NS |‘
—_——
. 0.084 T
E |
&
3 0.06 4 n i
Qo
0]
% 0.04; J_ J_ J_
0.02
0 T

control vD I-NPH

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

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

oP ow Pw  FPw
VP=%= ”(W B2 )

oz Por +
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 p and y are the fluid density (CSF=1.0007 g/cm’) and
viscosity (CSF=1.1 cP), respectively.

Finally, the CI (CI=VC, /PG, ;) was obtained by
dividing the peak-to-peak CSF pressure gradient change
(PG,_p,) into the peak-to-peak intracranial volume change
(VCpp).

(2)
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Fig. 3 Peak to peak intracranial volume change (VC,) of each
group is shown in box—whisker plots. A black square shows a mean
value of VC,,,, in each group. VC,_, in I-NPH group is significantly
lower than in the control and VD groups (*p<0.05). NS not significant
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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 [-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 PG, , among groups (Fig. 2).
In contrast, the VC,_, 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 [-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 PG, ,,
but rather a significant decrease of VC,, ,,. 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 (VC,_,,) [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 VC,_;, could become a new parameter for
the diagnosis of [-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.
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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.

F. T. Al-Zain (<) - U. Meier - J. Lemcke

Department of Neurosurgery, Unfallkrankenhaus Berlin,
‘Warener Strasse 7,

12683 Berlin, Germany
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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

@ Springer



120

F.T. Al-Zain et al.

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, 256x256 matrix, slice thickness=5 mm, flow
compensation (Fig. 1a). For accurate measurements of the
velocity of CSF flow through the aqueduct, the single slice

FFE/M
Sch1
Ph 14 230/

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
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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

MRT-LiquorfluBmessung / 9.1: QF 20 cm/s N
19-Mai-2006 / 14:57 46

G-Fluss

20 cm/s (not validated)

Flut results (slice 1)

—— Vessal 1

-— Vessel 2

mlinin

<0 N\
0 S50 100 150 200 250 300 350 400 450 500 SSO 600 650 700 750
time (m3)

RR-interval: 753 ms {from heart rate)

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).

Kiefer score pre—operatively_Kiefer SCOTE post—operatively «

NPH — RR = 10

Kiefer score pre—operatively

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

75D=

flow rate ml/min

T T
iNPH cerebral atrophy

diagnosis

Fig. 2 Using the Wilcoxon test. A significant statistical difference
(»<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

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).
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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

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
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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 pl/cc and
a favourable shunting outcome. Of the group of patients
(n=6) having a CSF stroke volume of 42 ul/cc or less,
three improved after shunting, while three did not. The
relationship between a CSF stroke volume greater than
42 ul/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.
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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

U. Meier - J. Lemcke - F. Al-Zain

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 (2=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.
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Department of Neurosurgery, Unfallkrankenhaus Berlin,
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12683 Berlin, Germany
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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 - Programmable Medos-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 pathway was used with 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
>(.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 (R,,) 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

B Kiefer Scorepreoperative —Kiefer Scorepostoperative <10

Kiefer Scorepreoperative

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.
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Fig. 1 Responder rate 2, 3, 4 and 5 years after shunt surgery

@ Springer

100%
90% " —
7
80% 3 26 —
70%
60% 10 4 F—
25
50%
13 2
40%
[ 7
30% 17 10
20%
10% A 13
0% + T T T
2years 3years 4 years Syears
Oexcelent @ far
mgood W poor

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

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-
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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, Boargesen [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

W. S. Poon - S. C. P. Ng - G. K. C. Wong -
L. Y. C. Wong - M. T. V. Chan

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 WEFNS
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.
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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 ¢ 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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Table 1 Demographic and outcome data

Patient demographics and outcome

Sex

Male 33 (30%)

Female 78 (70%)

Age (meantstandard deviation) 58.5+
12.9 years

WEFNS 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 [24]
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

[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
WEFNS 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).

Table 2 Results of outcome analysis

n GOSE at 6 months p value
WEFNS 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

@ Springer

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

Implanted Not p value
implanted

Implantation of shunt 0.028
n 30 81
WENS grading 4 [1-5] 2 [1-5]
WEFNS grading [1-3], n=66 0.016
n 14 52
GOSE at 6 months 3.5 [2-8] 7 [1-8]
WEFNS 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

Those 30 patients of CHS were associated with a poor
WENS grading (median 4 versus 2, p=0.028) (Table 3).
However, when patients with poor WEFNS 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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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 (P;), the second (P,), and the third peaks (P;) (or
inflection points in the absence of peaks).

Findings 1t was found that ratios of P, amplitude to P,
amplitude and P; amplitude to P; 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
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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 (P;), the second
(P»), 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
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Fig. 1 Illustration of the basic definitions for the proposed morpho-
logical analysis of ICP pulses

between QRS peak and the first ICP peak. A point % is
considered the location of an ICP peak if ICP;_;<ICP;<
ICP;, is satisfied. However, this condition is often too
restrictive as ICP peaks, including the P; and the P;, may
become “shoulder” points in many conditions. To
accommodate this, the necessary condition for a point
k to be considered as P, is LICP < 0 and dzlg% > 0. The

dr
.. . : dZICPkfl
necessary condition for a P; candidate is ;7' > 0 and

dzétczpk < 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 PV or from an upward

concave one to a downward one (for Py’

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
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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 3; < p; < «;, where p; is the
location, relative to its corresponding QRS peak, of the
global peak of the ith ICP pulse candidate, §; and «; 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-

Adaptive beat- J

ECG QRS Bandpass | | -
Detection | | filtering ICP | by b?at ICP peak
ocation I
- Formulate Calculate
(I:(I:l:ftsz;;g > Dominant {»|Morphological
ICP Pulse Features

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

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 3; and «; can change
from beat to beat. The adjustment algorithm for f3; and «;
was designed with the objective of maintaining a window
of a constant length around p; for its robust detection, i.e.,
pi — B; = Ao and ¢; — p; = A;. Since p; can change from
beat-by-beat, the requirement of a constant window length
hence implies that §; and «; are adjusted beat-by-beat
accordingly. This can be viewed as an adaptive interval
determination such that the true but unknown p; is always
trapped within the detection window. An equation for
adapting «; from its value at previous beat «;—; in a beat-
by-beat fashion can be implemented as:

O = Qi1 + Apos[A1 — (@im1 — pi-1)]
+lpre(pi—l _pi—Z) (1)

where 4,5 and A, are weighting coefficient within [0, 1].
The correction added to «;—; 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 p; relative to p;_ based on the change from p,_, to
pi—1. Similar idea can be applied to derive [3; as B, =

ﬁifl ""_ipos[(pifl _ﬁifl) - AO] +/1pre (]?571 _pi72)-
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.
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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
Py, P,, and Ps, 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 P, P,, and Pz 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

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

Patient 1 2 3 4

Sex Female  Female Female Female

Age 51 47 18 28

(years)

CT brain D, D, Dy, D, D, D3y Dy D, D; Dy D, D,
date

Ventricle 29 29 20 20 23 25 30 30 33 33 33 37
size

(cm)

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

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: x = ¢ ICP/(H_ (dlCP) ) ’

P2/P1 Ratio

ICP Onset Latency

15
0 200 400 600 800
Time (ms)

12
0 200 400 6w 8w C
Tme(mrs)

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 P,/P; ratio
and the ICP onset latency (LT) are reported here.

Results

Panels A and B of Fig. 3 show a summary plot of the
P,/P; and the LT trends for all four patients, respectively.
The linear increasing trend of P,/P; is significant for
patient #4 as it approximately increased from a value of
one to two in a period of 41 h. P,/P; 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 P,/P; ratio and
latency of ICP pulse onset to the ECG QRS. It is found that
the P,/P, ratio showed a significant increasing trend in a
40-h period as the ventricles dilated. On the other hand, the
P,/P; ratio did not show a monotonic trend for three cases
where no significant ventricle dilatation occurred. This
result indicates that the P,/P; 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 P;, P, and P; 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
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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.
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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 Resf 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.
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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)

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
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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)
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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 /CP and R (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 (Resf>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 Resf 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 Resf; 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.
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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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Table 1 Co-morbidity index

(CML; Kiefer et al. [7]) Risk factors

1 point

2 points 3 points

Vascular

Stent
Cerebrovascular
ICA stenosis

Hypertension
Aortofemoral bypass

Posterior circulatory insufficiency

Diabetes mellitus
Peripheral vascular disease
Vascular occlusion
Vascular encephalopathy
TIA/PRIND

Cerebral infarction

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

Parkinson’s disease

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):

NPH Recovery Rate

_ NPH Gradingpreoperative — NPH Gradingposwpera‘ive
NPH Grading (Kiefer)

x 10.

preoperative
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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%,

80%
60%
40%
20%
0% T ]
0--1 2-3 4--5 6--8
HEpoor Cgood

Msatisfactory  [Jexcellent

Fig. 1 Responder rate
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Fig. 2 Kiefer’s CMI on postoperative outcomes in patients with iNPH
is associated with a sensitivity of 80% and a specificity of 68%

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
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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 CPPopr 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 CPPopr 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-

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

A}

SO
A e

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
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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. la). 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: CO, 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

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

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 (CPPgpr) in our original paper
from 2002 [9]. Examining PRx—CPP curves in individual
patients revealed that CPPopr 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 CPPgpt 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 PbtO, [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].
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Fig. 2 a—c Screen shots examples showing CPPopt curves in one patient at different times during his stay on the unit. Note how CPPgpt value
(denoted with vertical arrows beneath the charts) shifted from 65 to 75 and then to 90 over a period of 24 h

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

@ Springer

Fig. 3 Example of automatic detection of artifacts associated with P
arterial line flushing. a Raw signals of ABP and ICP, with artifact
periods marked with horizontal lines above it. b and ¢ 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
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that is accurate enough to be clinically useful. CPPopr-
based management is one possible autoregulation-oriented
strategy, as proposed in [9]. In contrast to a simple
threshold above which CPP is held, CPPgpr-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 I[CM+.

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.

@ Springer

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.

Conflict of interest statement We declare that we have no conflict

of interest.
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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 7,-weighted fast-spin-echo
sequence can clearly demonstrate the site of CSF leakage.
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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 mmH,O) 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-

@ Springer



154

K. Shima et al.

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
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(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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[1]. In addition, the early appearance of tracer in the [Evidence o - eak (spina an |
bladder which is used as a typical finding is not ye sOv 5 : no i o mo
pathognomonic sign for SIH [3]. | ‘er so minor criteria |
3. SIH diagnostic criteria according to the revised Inter- vv v _vy%
. ) . . L The onset within 30 days after trauma
national Classification of Headache Disorders Criteria and no other cause than trauma i
[2] promote uncertain diagnosis and treatment of SIH in ¥ yes v "o H '
Japan. Although the sensitivity of RI cisternography is Traumatic Non-traumatic Other
not high and the punctured area can be pseudopositive Intracranial hypotension || Intracranial hypotension | | diseases

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

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

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.

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

Neurotraumatology 2006)

Diagnostic criteria

Essential symptoms

Major criteria

Orthostatic headache that worsen within 15 min
Posture-related associated symptoms®
Diffuse dural enhancement on gadolinium-enhanced MRI

CSF leakage on spinal MRI or CT myelography
CSF opening pressure less than 60 mmH,0

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

#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
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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 7-14um 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

@ Springer



160

A. Nakagawa et al.

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-['*’I] iodoamphet-
amine single-photon emission computed tomography ('**I-
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 x 240pixels) shows the area of 110 x 82mm using F50
IR lens. IR sensor element’s sensitivity wavelength is 7 to
14pum. 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
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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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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

32

temporary occlusion

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)

Gradation value

-64

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 (/y.x) Was determined, and the

" f
e \eyﬂ.mm o Vo

10 15 20

25
Time (sec)

30 35 40 45

processed value of the gradient G(f) was given by
calculating the following formula. We calculated (*1) in
all frame and all pixels:

G(f) = (U(fo) = 1(f))/Ivax - .- (*1)

f : frame number/f; : frame number of process started/

I(f) : luminance value at f[frame]

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 Iy, 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 f; frame for any purpose. In case of an
observation of perfusion after removal of clip at the blood
vessel, fo should be during clipping frames. On the other
hands, f; 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 '**I-
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
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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
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Abstract
Background The ability to quantify non-invasively the
effect of posture on intracranial physiology by using cine
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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 1.0x1.0.
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 AP2=18% and
AP3=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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Fig. 1 The display panel of the non-invasive Vittamed monitor for
intracranial blood volume pulse wave shape comparison. Two 1BV
pulse waves are shown in normalised window with dimensions 1.0%

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
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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
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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 1.0x1.0 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.

Supine body position

Upright body
“position - -

-

3=11%

Normalized amplitude of IBV pulse waves @

02 03 0.4 0.5 06 Q7 08 09 1

Normalized cardiac cycle, s

o

6
Upright body
position

Supine lbody positiqn

IBV pulse wave, ns
w

0 01 02 03 04 05 06 07 08 09 1
Normalized cardiac cycle, s

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 AP2=18% and AP3=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 »=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 AP2=18% and AP3=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

@ Springer

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 CO, reactivity in severe head injury. A transcranial

Doppler study

C. Puppo - G. Fariia - L. Lépez Franco - E. Caragna -
A. Biestro

Abstract

Background Cerebral circulation is profoundly affected by
changes in PaCO,. CO, manipulation plays a basic role in
the management of intracranial hypertension, CO, re-
activity (CO,R) defines the changes in CBF in response
to changes in PaCO,. Transcranial Doppler has allowed
exploring its effects “on line”.
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Materials and methods We conducted a prospective clinical
trial, with the objective of studying CO,R in severe head
injury patients. Sixteen severe traumatic brain injury patients,
mechanically ventilated, were included. Monitoring of MAP,
ICP, CPP, SjO,, ETCO,, 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”) APCO,. CO,R was
calculated as: CO,R=%ACBFV/AETCO, in mmHg (normal
value 3.7+1% /mmHg). CO,R was compared with AICP/
APCO, in each patient.

Findings Three patients were excluded because the change
in ETCO, was too low (AETCO, < 3 mmHg). The median
value of CO,R 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 CO,R values in “A” and none in “B”. There was no
significant correlation between CO,R and AICP/APCO..
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 CO, that may increase ICP. The absence of correlation
between CO,R and AICP/APCO, 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 CO, reactivity - Transcranial Doppler -
Intracranial hypertension - Head injury

Introduction

CO, is a major stimulus for cerebral arteriolar contraction
and dilatation. The response of brain vessels to CO, has
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Table 1 Patients' characteristics

Patient Age Gender Glasgow coma Marshall Study Glasgow outcome ICP MAP FV PI  §jO2 Delta COsR
number score day score ETCO,

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 56 129 66 11 5.84

7 56 1 7 2 4 Unfavorable 12101 52 091 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 36 142 66 -8 2.78

10 19 1 7 2 4 Favorable 19 77 46 093 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 8 64 090 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

been used for many decades. Lundberg et al reported its use  perfusion pressure (CPP)>60 mmHg after hydrostatic

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 CO, reactivity (CO,R). There are other
means of diminish CBYV, for example by the use of certain
drugs, like indomethacin, which also cause microvascular
arteriolar contraction. This trial of CO, reactivity was
performed as the first part of an indomethacin trial in head
injury, in which this CO, 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
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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
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Fig. 1 Bars showing the change in cerebral blood flow velocity and
intracranial pressure compared to the positive or negative change in
CO,
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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 CO, was decreased and
the two boxplots at the right show the results of the 4 patients in
whom CO, was increased. MAP Mean arterial pressure, CPP cerebral

through a headband. Heart rate, mean arterial blood
pressure (MAP), ICP, CBFV, ETCO,, arterial oxygen
saturation (Sa0,) 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.

CO, reactivity testing CO,R [5, 7, 9, 10] was performed by
modifying minute ventilation, (tidal volume, or respiratory
frequency). The change in ventilation was controlled with
CO, and ETCO, change. CO,R was calculated as the
percentage change in CBF per mmHg change in CO,. ICP-
CO, reactivity was calculated as the mmHg change in ICP
per mmHg change in CO,. CO,R and ICP-CO, 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
ETCO, was too low (AETCO,<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

total CO2 CO2
increase decrease

IcP 1co2

perfusion pressure, F'/ mean cerebral flow velocity, SjO2 jugular bulb
oxygen saturation, /CP intracranial pressure, ETCO, end tidal CO,.
Right panel: Boxplots showing the median, interquartile range,
minimum and maximum values of CO, reactivity. From left to right:
the whole group of 13 patients, the nine hyperventilated patients and
the four patients in whom APCO, was decreased

changes in CBFV and ICP in each patient are shown in
Fig. 1, compared with the change in ETCO,.

The median value of CO,R 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 APCO, was decreased, (group “A”), and
it was increased in four (group “B”). There were four low
CO,R values in “A” and none in “B”. See reactivity and
ICP-CO3R results in Table 2.

There was no significant correlation between CO,R and
AICP/APCO,. (Pearson Correlation 0.338, significance
0.258). When comparing the three groups of CO,R
(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, CO,R 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 CO,R in the CO, decrease
group (group “A”), related to the CO, 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.

Table 2 Reactivity results in total group, A and B groups

CO, increase
group

CO, decrease
group

Parameter Total group

CO, reactivity 3.38 (1.02-5.84) 2.78 (1.02-5.41) 5.38 (3.03-5.84)
ICP-CO,R 113 (0.43-2.29) 0.89 (0.43-2.29) 1.28 (1.13-1.78)

@ Springer



174

C. Puppo et al.

low reactivity

normal reactivity

Fig. 3 Relationship between CO, reactivity and outcome (GOS) at
discharge. CO, reactivity has been divided in three: 1) low: lower than
2.7%/mmHg, 2) normal: between 2.7 and 4.7%/mmHg, and 3) high:
higher than 4.%/mmHg. The four patients who showed a normal

The absence of significant changes in systemic hemo-
dynamic variables can be seen in Fig. 2. Systemic effects of
changes in CO, 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 CO, 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 CO,R and AICP/APCO, 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
CO,R and favorable outcome, and its difference with the
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high reactivity

B favorable

n=a Pies show counts

response to CO, challenge had a good outcome, three of the four
patients with a low CO,R had an unfavorable outcome, as did three of
the five patients with high CO, reactivity

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 CO, 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
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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
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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 (%A) 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 () of CVR between PHI and CDS parameters.
Utilizing a paired #-test, a non-paired #-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
Diagnosis®
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

2 JCAO Internal carotid artery occlusion, ICAS internal carotid artery
stenosis, MCAO middle cerebral artery occlusion, MCAS middle
cerebral artery stenosis, /CH intracerebral hemorrhage, SAH subarach-
noid hemorrhage
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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, ¢ right) and after (b left, d

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.
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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]

Side differences of CVR in all PHI parameters were not
significant in either group.

(¢) 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
PCA Vm. 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.
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Fig. 2 Time-intensity curve (TIC) analysis before (a and ¢) 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

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
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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).
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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
Parameters® ACZ  ACZ (%) ACZ ACZ (%) SD* ACZ ACZ (%) ACZ ACZ (%) SD®
MCA Vm  62+28 93+53" 47+61 74427 106+48""" 4243 ns  41+15 56+18"" 43+42 48+12 58+20 21+31 ns
PCAVm 45420 62+30"" 39437 42413 51+14" 31447 ns  26+7 35+12"7 38433 33+8 45+117° 37+21 ns
Size 10+7  14+5"  65+69 1043 14+4" 46+61 ns 15412 18+12"° 44495 1044 1445 52476 ns
PI 1345 1544 2335 1545 17410 19+49 ns  17£10 19+£11 13243 1423 17+£5" 21428 ns
TPI 24+5 2248 820518 2619 2246" —124207EY png 23410 25411 17+£54 27+11 2749 20+36% ns

*p<0.05 in comparison with parameters before ACZ based on paired #-test.
" p<0.01 in comparison with parameters before ACZ based on paired r-test.
»<0.001 in comparison with parameters before ACZ based on paired #test.

ek

*p<0.05 in comparison with MCA Vm based on non-paired #-test.

¥ p<0.01 in comparison with MCA Vm based on non-paired #test.
#15<0.001 in comparison with MCA Vm based on non-paired r-test.
§ p<0.05 in comparison with PCA Vm based on non-paired #-test.

%% p<0.01 in comparison with PCA Vm based on non-paired #-test.

® Vm Time-averaged maximum velocity (cm/s), MCA middle cerebral artery, PCA posterior cerebral artery, Size contrast area size (cm?*), PI peak

intensity (AU?), TPI time-to-peak intensity (s)
°SD Side differences, ns not significant.

In the studies of ACZ CVR utilizing TCD and CBF
measurements, CVR derived from TCD was significantly
higher than that from '**Xe 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 (%ACBF) was not always lower than CVR (%AVm)
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 3 Correlation between transcranial CDS and PHI CVR in occlusive and non-occlusive groups

Correlation Coefficient (p value®)

Occlusive group (n=15)

Non-occlusive group (n=16)

Parameters® Lesion side Non-lesion side Lesion side Non-lesion side
MCA Vm vs. contrast area size 0.45 (ns) 0.69 (p<0.01) 0.26 (ns) 0.76 (p<0.05)
MCA Vm vs. P1 0.48 (ns) 0.64 (p<0.05) 0.21 (ns) 0.82 (p<0.01)
MCA Vm vs. TPL —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)

% MCA Middle cerebral artery, Vim time-averaged maximum velocity, PCA posterior cerebral artery, PI peak intensity, TPI time-to-peak intensity

® Analysis of variance, ns Not significant
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correlation of TCD was observed with '**Xe CBF in normal
subjects ( = 0.75, p < 0.001) [26], with '**Xe SPECT in
cerebrovascular patients (r = 0.63, p < 0.019) [2] and in
obstructive carotid diseases (symptomatic side: » = 0.59, p <
0.004, asymptomatic side: » = 0.45, p = 0.04) [14], and with
Xe-CT in occlusive ICA diseases (» = 0.458, p < 0.04) [12].
However, there were no close correlations of TCD with Xe-
CT (regional CBF: r = 0.23, global CBF: » = 0.36) in a
vascular stenosis group [1], with '**Xe SPECT (regional
CBF: » = 0.08, hemispheric CBF » = 0.111) in unselected
neurological patients [4] or normal subjects (» = 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: » = 0.48—0.67, non-occlusive
group: 7 = 0.21-0.82) than in the lesion side (occlusive
group: » = 0.17-0.50, non-occlusive group: » = 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.

Conflict of interest statement We declare that we have no conflict

of interest.
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A new semi-invasive method for two dimensional pO,
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 pO,.

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 pO, 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 0.03x
0.03 mm®.

Findings The mean pO, 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 pO, showed a good correlation
to the pO, in the ROIs (»=0.46-0.72, p<0.0001, n=198).
Comparing groups with different p,0, and p,CO, we found
significantly different pO, values in the ROIs of the cortex.
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Conclusions This prototype is capable of obtaining cortical
pO, 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 py,O, 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 p,O, reflects
the regional oxygen concentration in the surrounding area of
the probe, probably equating to the end-capillary pO, [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 pO,
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 pO, and
pCO; on cortical pO, 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 mm?) was placed gently on the cortex and
was fixed with a holder. The colour CCD camera (AVT,
Germany; resolution 780x580, 10 bit=1,024 grey scale
values) was placed on axis over the probe. A ring of LED
light sources (A=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 pO,-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 p,O, was
varied by altering the FiO, between ~10% and ~100%.
Additionally, the p,CO, was modified by the ventilation
settings while the FiO, 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.
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Data processing and analysis of pO, 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 pO, 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:

0.95 1
1275
22-0.05

pO2[mmHe] = =0

Regions of interest containing 10X 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 pO, 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 30x30 pum?® per measurement pixel resulting in an
acceptable picture resolution. Structures of the cortex were
well recognizable (Fig. 1). Changes of cortical pO, due to
variation of the FiO, 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 pO, (in all ROIs, p>0.05, n=198). The arterial pO,
changed throughout the experiments between 13.0 and
4247 mmHg. The average arterial pO, was 157.5+
102.2 mmHg. The p,CO, ranged from 33.5 to 46.0 mmHg
except for the pCO, reactivity studies for which p,CO, was
altered between 25 and 68 mmHg. The body core
temperature remained relatively constant (36.8+0.6°C).

The mean cortical pO, over arterial vessels was 20.3+
10.8 mmHg, over veins 16.948.0 mmHg and over the
parenchyma 9.4+7.7 mmHg. These groups were signifi-
cantly different (p<0.0005). The relationship of p,0, and
the cortex pO, over an arteriole and a vein is shown in
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Fig. 1 a Conventional camera view through the PMMA cylinder.
Venous vessels can be recognized. b Calculated online pO, map of the
same measurement. Bright pixels correspond to high pO, values
indicating e.g. arterial vessels. Square ROl defined over an arterial
vessel. ¢ Three-dimensional representation. The artefacts surrounding
the central measurement area may be excluded by further processing

Fig 2. Arterial systemic pO, correlated well with the
cortical pO, over arteries (correlation coefficient 0.72, p<
0.001). Smaller, but still strong correlations (p<0.001) were
found between p,0, and pO, 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
p.CO, and p,0, effects. An increase of either p,0, or
p.CO, was followed by an increase of cortical vein pO,.
The comparison of groups with a p,0, below 80 mmHg,
between 80 and 120 mmHg and above 120 mmHg showed
significant (p<0.001) differences in mean cortical pO,
values: 8.1, 15.7 and 20.3 mmHg respectively. Groups with
a p,CO, below 30 mmHg, between 30 and 40 mmHg and
above 40 mmHg also showed an increasing and signifi-
cantly different cortical pO, of 12.9, 14.3 and 16.9 mmHg
(»<0.009).

In order to evaluate the reproducibility we analyzed 106
randomly chosen sets of five subsequent measurements.
The average standard deviation for the pO, was 1.78% of
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Fig. 2 Relationship of arterial oxygen tension (p,0,) with cortical
O, over an arteriole (a) and a vein (b). Individual data points of one
representative experiment
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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 pO, 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 pO, 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 pO, image maps of the cortex. The fast reaction
of the system even to smaller changes in FiO, was
recognisable in the online maps and is resembled by the
strong correlation of the systemic arterial pO, 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 pO, values
available. Data from intraparenchymal probes (e.g. Licox,
Rehau) may not be comparable, because these devices
measure an average pQO, in their surroundings and
moreover, are usually placed in the white matter with
unclear relation to the cortical vessels.

Single consecutive pO, measures with polarographic
microelectrodes have been utilized to investigate the pO,
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 pO,-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 N,O content of the
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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 pO,. A different local pO, may occur in some
distance to the sensor foil which then will not be detected.
This limitation applies for all local pO, 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 (PyO,),
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 PO, 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 PO,
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
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were consistently greater than 30 mmHg (»<0.001). With
respect to Py, O,, 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 PO,, and may indicate the need for earlier management
of ICP after TBIL

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 (P,0,). 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 PO, 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. P, O, 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 PO, 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
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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 Py,,O, 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®
PO, 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 PO,
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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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

were apparent for the remainder of the 4 h monitoring
period. In contrast, induction of TBI resulted in a highly
significant increase in ICP wvalues 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 PO, 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 PO, sensors. Despite the time necessary
for stabilization of the probe, there was a highly significant
(ANOVA, p<0.001) and early decrease in PO, recorded
following TBI. By 30 min after injury, P,O, was
approximately 35 mmHg, while by 60 min, it had decreased
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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 PO, value after
probe stabilization. *p<0.05, **p<0.01, ***p<0.001 versus sham
controls

to 20£4 mmHg (p<0.001 versus controls). The P,O,
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 PO, changes
are summarized in Fig. 3. The data was best fitted with a
sigmoidal curve (*=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 (+*=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 PO, after brain injury. Prior to injury,
the normal ICP value in sham, control animals was
13 mmHg, while the normal P, O, value was 44 mmHg.
Both values are similar to normal ICP and PO, values
previously reported in clinical studies [7]. Similarly, the
temporal kinetics and absolute values of ICP and PO,
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
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Fig. 3 Relationship between ICP and PO, after traumatic brain
injury in sheep. *=0.66
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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
PpO,. Indeed, in the current study, P,O, had already
declined by approximately 33% by the time ICP has risen
to this value. As ICP increased to 25 mmHg, PO, 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 P, O, (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 PO, 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 P,O, when ICP is between 13 and
27 mmHg. Given the ability of the ovine TBI model to
reproduce the clinical profile for ICP and PyO,, further
studies using this model will be extremely useful in the
characterization of current and future ICP management
therapies.
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Dual microdialysis probe monitoring for patients

with traumatic brain injury
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Masami Fujii - Michiyasu Suzuki

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.
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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 SjvO,. 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. Engstrom
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 pul/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 lefi). In Case 2, an acute
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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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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

L/P ratio
120 —e— remote region (Rt. Temporal)

—0O— penumbra zone (Rt. Frontal)

(upper). Extracellular levels of 0 " " " s s s
glutamate were higher in the 0 24 48 72 95 120 Hours
remote region than in the
penumbra zone (lower) Glutamate

80 —e— remote region (Rt. Temporal) —DO— penumbra zone (Rt. Frontal)

pM /L

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).

Fig. 3 Also in Case 2, similar
to Case 1, the changes in extra- 260
cellular levels of glutamate

were higher in the remote region

than in the penumbra zone 200

Hours

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

Glutamate
—&— remote region (Lt. Frontal)

—0O— penumbra zone (Lt. Temporal)

72 96 120 144 168  Hours
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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 Engstrom 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.
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These issues might be related to the discrepancy found in
the present investigation. In addition, Engstrom 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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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.
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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 135424 s for
Paratrend (n=6, each probe), with second generation probes
at 134+4 and 116=£16 s respectively. At pO, 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 pO, 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 pO, 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 (PbtO,) measurement is
available clinically since 1996 [17]. Depth and duration of

low PbtO, 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 pO, probe”, model Cl1. 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 pO,
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 O,, CO, and N, just prior to use. In 1999 a
second generation sensor designed for intracranial tissue
monitoring, the Neurotrend, was introduced. The oxygen
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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 Cl, C8 and
Paratrend) were compared at 37°C with each of the
following four gas mixtures in random order: a (0% O,
2% COy, 98% N3), b (2.5% O, 5% CO,, 92.5% Ny), ¢ (10%
0,, 10% CO,, 80% N,), d (21% O,, 2% CO,, 77% N)

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 pO, and measured pO, 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 pO, for each probe
generation. Error is taken as an absolute number, with
means of both actual and percentage pO, error shown with
standard deviation. For statistical analysis two tailed #-tests
were performed, a p-value of <0.05 was considered to be
statistically significant.

Results

At 37°C and 0% O, the C1 and Paratrend devices measured
0.03£0.08 and 0.33+0.5 mmHg O, (Table 1). At 2.5% O,
(pO, calculated is 17.8 mmHg) the Cl1 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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Table 1 Absolute and relative errors of pO, measurements at different pO, levels at 37°Celsius for first generation catheters

Oxygen % Calculated pO, (mmHg) pO, error£SD Measured pO,
Absolute error (mmHg) Percent error mm Hg
C1 Paratrend C1 Paratrend Cl 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

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%
O, 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 PCO, measurements were always within
4.5% of the calculated values. The absolute error at a PCO,
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.
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Fig. 1 Absolute measurement error at pO, 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

@ Springer



200

1. Haitsma et al.

Table 2 Absolute and relative errors of pO, measurements at different pO, levels at 37°Celsius for second generation catheters

Oxygen % Calculated pO, (mmHg) pO; error£SD Measured pO,

Absolute error mmHg Percent error mmHg

CISB Neurotrend CISB Neurotrend CISB 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
Discussion show slightly higher values for the Para/Neurotrend system

Several studies have tried to define a PbtO, value that is
critical for ischemia. However it is probably not possible to
have a clear cut off since PbtO, is influenced by a great
number of factors, including PaCO,, PaO, 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

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 O, 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 pO, values.
Conversely, the oxygen sensing area of the Licox catheter is

Fig. 2 Measurement error of 20
Licox C1.Sb and Neurotrend

probes at 37°C at five different
0O, levels, individual results are
plotted against calculated values
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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 Cl 37 - +6 0.3+0.3
Dings [3] 1998 Cl 12 - <3.9 -0.21£0.25
Hoelper [7] 2005 C1.Sb 12 129 (7 to 4.5t 9 -

56 mmHg)
Hoelper [7] 2005 Neurotrend 12 55 (7 to 56 mmHg) 4.8 to 26 -

located near the tip, typically located in the white matter
which has lower pO, values than grey matter. This effect can
also be enhanced by the smaller O, 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
PbtO, 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 O,
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 pO, lead to a
plateau phase in PbtO, 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% O, 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 7148 s (Neurotrend) for a
change of 0% to 21% O,.

The accuracy we found with the Neurotrend catheters
was within 3.5% for CO, 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 O, 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 O, sensing
areas of the devices may contribute to discrepancy. The fact
that the Licox catheter measures O, near the tip of the device
which is typically located in the white matter versus the
Paratrend/Neurotrend catheter that measures O, more prox-
imately nearer, or even in, the gray matter which has higher
reported O, values is the most likely explanation for these
differences in reported critical thresholds.
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Cerebral metabolism monitoring during hypothermia
following resuscitation from cardiopulmonary arrest

Takehiro Nakamura - Yasuhiro Kuroda -
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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 (SjO,) 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 (SaO,)
and SjO,. '®F-fluorodeoxyglucose (FDG) PET was per-
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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.
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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 (SjO,) 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 SjO, is from 55% to 75%. The OEF was calculated as
follows: [OEF = (1 — SjO,/Sa0,) x 100]. 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 '®F-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].
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Fig. 1 Jugular venous oxygen saturation (SjO,, left panel), oxygen
extraction fraction (OEF, middle panel), and jugular venous lactate
(right panel) at onset and end of hypothermia therapy (HT). The
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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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Fig. 2 Cerebral glucose metabolism (CMRGlc) evaluated by 'SF-
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)

Statistical analysis

Differences between the values of each parameter (SjO,,
OEF and lac-JV) at the start of and the end of hypothermia
treatment were analysed by unpaired ¢ test. Differences
were considered statistically significant at P<0.05.

Table 1 Summary of patients

Results

In three cases of favorable outcome (defined as moderate,
or good on the Glasgow Outcome Scale), the SjO, and OEF
were normalized by hypothermia. Although there were no
significant SjO, changes in patients with favorable out-
come, the OEF was significantly increased at the end of
hypothermia in the